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Abstract
Objective—This prospective study aims to address mortality in the context of the early
pulmonary immune response to burn and inhalation injury.

Methods—We collected bronchoalveolar lavage (BAL) fluid from 60 burn patients within 14
hours of their injury when smoke inhalation was suspected. Clinical and laboratory parameters and
immune mediator profiles were compared to patient outcomes.

Results—Patients who succumbed to their injuries were older (p=0.005), had a larger % TBSA
(total body surface area) burn (p<0.001), and required greater 24-hour resuscitative fluids
(p=0.002). Non-survivors had lower BAL fluid concentrations of numerous immunomodulators,
including C5a, IL-1β, IL-1RA, IL-8, IL-10, and IL-13 (p<0.05 for all). Comparing only those with
the highest Baux scores to account for the effects of age and % TBSA burn on mortality, non-

Corresponding Author: Elizabeth J. Kovacs, PhD, Professor and Vice Chair of Research, Department of Surgery, Director of
Research, Burn & Shock Trauma Institute, Director, Alcohol Research Program, Loyola University Medical Center, Stritch School of
Medicine, Building 110, Room 4232, 2160 South First Avenue, Maywood, IL 60153, Office: 708-327-2477, Fax: 708-327-2813, Lab:
708-327-2438, ekovacs@lumc.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
J Burn Care Res. Author manuscript; available in PMC 2013 January 01.

Published in final edited form as:
J Burn Care Res. 2012 ; 33(1): 26–35. doi:10.1097/BCR.0b013e318234d903.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



survivors also had reduced levels of IL-2, IL-4, G-CSF, IFN-γ, MIP-1β, and TNF-α (p<0.05 for
all). The apparent pulmonary immune hyporesponsiveness in those who died was confirmed by in
vitro culture, which revealed that pulmonary leukocytes from non-survivors had a blunted
production of numerous immune mediators.

Conclusions—Our study demonstrates that the early pulmonary immune response to burn and
smoke inhalation may be attenuated in patients who succumb to their injuries.
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Introduction
Enhanced resuscitative efforts, advancements in wound care and closure, improved
prevention and treatment of infections, and more directed pulmonary management strategies
have improved survival of burn-injured patients since the 1950’s.1 Yet, according to the
National Burn Repository 2007 Report, there were only minimal changes in overall
mortality during the previous decade, with the worst survival still in those with an associated
inhalation injury.2 Meanwhile, and despite promising bench-level research, numerous trials
designed to modulate the immune response to injury have fallen short of demonstrating a
clear benefit to improving mortality.3–20 Indeed, this may be a function of the complex
interplay between the severity of injury and inherent patient parameters such as age, gender,
comorbidity, genetic polymorphisms, or even study design. As such, it appears that the
immune response to injury remains incompletely understood and that additional effort is
required to further improve survival of the burn-injured patient.

Our prospective study which targets the pulmonary immune response to burn and smoke
inhalation injury demonstrates a pattern of early post-injury immune dysfunction that may
be associated with burn patient mortality. These findings may explain failure of earlier trials
designed to modulate the immune response to injury.

Methods
Patients and Parameters

From January 2007 to April 2010, bronchoalveolar lavage (BAL) fluid was collected from
60 patients admitted to the Burn Intensive Care Unit when inhalation injury was suspected
by history, physical, and/or laboratory findings. Exclusion criteria were age less than 18
years, malignancy, use of immunosuppressive medications, or known autoimmune or
chronic inflammatory diseases. Clinical variables and outcomes collected were: age, gender,
race/ethnicity, presenting weight in kilograms (kg), presenting carboxyhemoglobin (COHb)
level, % total body surface area (% TBSA) burn, presence of inhalation injury, inhalation
injury grade, ratio of partial pressure of oxygen in arterial blood to fraction of inspired
oxygen (PaO2/FiO2) at the time of bronchoscopy, BAL fluid cell count and differential,
initial 24- and 72-hour fluid requirements (cc/kg), incidence of pneumonia, incidence of
sepsis, incidence of tracheostomy, ICU and hospital length of stay, and mortality.
Pneumonia and sepsis were defined according to American Burn Association Consensus
Conference criteria.21 All BAL fluid samples were collected before any aerosolized
pulmonary medications had been administered (β-agonists, heparin, etc.). This study was
approved by the Institutional Review Board.
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Bronchoalveolar Lavage
Following a standardized protocol, bronchoscopy and BAL were performed within 14 hours
of injury in all subjects.22 In brief, the bronchoscope was directed into the left lower lobe,
wedged, and 20 cc of saline instilled, aspirated, and discarded. After repositioning of the
bronchoscope into a different subsegmental bronchus in the same lobe, another 20 cc of
saline was instilled and then aspirated into a sterile Lukens’s fluid trap. Subsequently, up to
four 20 cc aliquots were collected from the other four lobes as tolerated by the patient. A
portion of the sample was sent for fluid cell count, differential, and culture. Any remaining
BAL fluid not required for clinical analysis was then aliquoted for research purposes.

Grading of Inhalation Injury
Using a standardized bronchoscopic scoring system based on Abbreviated Injury Score
Criteria the grade of inhalation injury was assessed, as previously described.23 Specifically,
the severity of inhalation injury was categorized into one of five grades (0, 1, 2, 3, and 4)
with 0 being the absence of visible injury (Figure 1).

Sample Processing, Pulmonary Leukocyte Culture, and Immunomodulator Detection
BAL samples were initially strained through sterile 100 micron nylon cell strainers (BD
Biosciences, Bedford, MA) and the raw filtrate centrifuged at 1200 RPM for 5 minutes to
separate the supernatant from the cellular component. The supernatant was then harvested,
aliquoted, and frozen at −80° C. After re-suspending the cell pellet in culture medium
(RPMI with 5% FBS and 1% PSG), leukocytes were assessed for viability with trypan blue
dye exclusion, plated in duplicate at 105 cells/ml with or without LPS, and cultured at 37° C
for 20 hours. Finally, the pulmonary culture supernatants were harvested, aliquoted, and
frozen at −80° C.

The concentrations of 28 immunomodulating proteins were assayed in BAL fluid and
culture supernatants via Bio-Rad Multiplex (Hercules, CA).24 In short, 50 µl of each sample
was added to a 96 well filter-bottom plate containing 50 µl of antibody coated fluorescent
beads. Following several incubation and washing steps, biotinylated detection and
streptavidin-PE antibodies were added to the plate per manufacturer instructions. After re-
suspension of the beads the plate was read on a Bio-Rad Multiplex reader. All samples were
assayed in duplicate and the results analyzed using the Bio-Plex manager software, version
5.0. Enzyme linked immunosorbant assays (ELISA) were utilized to measure sample
concentrations of complement component 5a (C5a), as it was not part of the multiplex assay,
and interleukin (IL)-8, as concentrations were initially out of testing range requiring dilution
and re-measurement. These assays were performed in duplicate according to manufacturer
instructions (R&D Systems, Minneapolis, MN).

Statistical analysis
Patient demographics, outcomes, and immunomodulator concentrations were assessed for
normality and parametric or non-parametric tests applied where appropriate. Continuous
variables of parametric tests are reported as mean with standard deviation, and non-
parametric tests reported as median with 25th and 75th percentiles. Otherwise dichotomous
variables are reported as a number and percent. Logistic regression was performed based on
log-transformed data in order to generate odds ratios and control for relevant confounders.
Statistical analyses were calculated with SAS Version 9.1 (SAS Institute Inc., Cary, NC) and
corresponding graphs created with GraphPad Prism 5 for Windows (GraphPad Software, La
Jolla, CA). A difference between observed variables was considered significant when p <
0.05.
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Results
Patient Demographics, Clinical Characteristics, and Outcomes

BAL fluid was collected from 63 patients admitted to the Burn Intensive Care Unit, of
which 3 were excluded from study analysis for declining study participation. The
demographics, clinical characteristics, and outcomes of the remaining 60 patients are shown
in Table 1. As expected, age, % TBSA, Baux score (Age plus % TBSA), and fluid
resuscitation were significantly associated with mortality.25 Further examination of our data
with logistic regression upheld the association between mortality and age (OR 1.26; 95% CI
1.08:1.48) and % TBSA (OR 1.18; 95% CI 1.05:1.32). A subgroup analysis also revealed
that mortality was 50% for those who received greater than 250 cc/kg resuscitation during
the first 24 hr compared to just 21% of those who received less than 250 cc/kg, although this
difference only trended toward statistical significance (p=0.098). Similarly, the percentage
of those developing pneumonia or sepsis was not statistically different between those who
succumbed to their injuries and those who did not (p=0.180 and 0.122, respectively). These
differences may carry clinical relevance, however, in that two-thirds who died developed
pneumonia compared to less than one-half those who survived, and the frequency of sepsis
was twice that in the deceased compared to survivors. Finally, between survivors and non-
survivors there were no differences in terms of inhalation injury frequency, inhalation injury
severity, PaO2/FiO2, COHb levels, requirements for tracheostomy, and ventilator days.

BAL Fluid and Pulmonary Leukocyte Culture Findings
The primary focus of our study was the relationship between the pulmonary immune
response to burn and inhalation injury and the ultimate outcome, that being mortality. The
results of this analysis are shown in Table 2. Fibroblast growth factor was undetectable in
93% of samples and was excluded from statistical interpretation. When we compared the
BAL fluid concentrations of the remaining immunomodulators in the entire study cohort of
survivors and non-survivors we found that the concentrations of complement component 5a
(C5a), interleukin (IL)-1β, IL-1 receptor antagonist (RA), IL-8, IL-10, and IL-13 were
significantly lower in the deceased when normalized to volume of BAL fluid (p≤0.05 for
all); likewise, the BAL fluid concentrations of IL-1RA, IL-4, IL-10, and granulocyte-
macrophage colony-stimulating factor (GM-CSF) were also lower in the deceased when
normalized to total protein concentration (p<0.05 for all). In addition to these results and
those shown in Table 1, survivors and non-survivors were no different in terms of overall
BAL fluid protein concentration, white blood cell (WBC) count, or WBC differential.
Understanding that our results might be explained by differences in age and % TBSA, we
compared only survivors and non-survivors with a Baux score above the median. In this
fashion, the groups did not differ in terms of age, gender, % TBSA, inhalation injury
frequency, inhalation injury severity, COHb level, resuscitation requirements, BAL fluid
WBC differential, and BAL fluid protein concentration; the sole variable that varied
between these groups was the total WBC count, which was lower in those who had died
(median 141 per µL, vs. 1019 per µL from survivors; p=0.036). Interestingly, even after
comparing only those with Baux scores above the median, the BAL fluid concentration
(normalized to volume) of many immune mediators was still lower in the deceased,
including IL-1β, IL-1RA, IL-2, IL-4, IL-8, IL-10, granulocyte-colony stimulating factor (G-
CSF), interferon (IFN)-γ, macrophage inflammatory protein (MIP)-1β, and tumor necrosis
factor (TNF)-α (p<0.05 for all) (Table 3). Finally, these overall results persisted even after
normalizing the BAL fluid immune mediators to total protein concentration (Table 3).

Without any obvious confounder to explain the lower concentrations of pulmonary
immunomodulators in the deceased, and because those who died from their injuries tended
to have fewer WBCs in the airway, we suspected that a global immune hyporesponsiveness,
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if not paralysis, was responsible for our findings. To investigate these suspicions, we
assessed the immonomodulator production of pulmonary leukocytes in culture with and
without LPS. The immune mediator production by leukocytes derived from patients that
would succumb to their injuries was blunted as compared to survivors, as depicted in Figure
2. This was particularly evident after in vitro stimulation with LPS. Indeed, this pattern
persisted for all immune mediators measured from the culture supernatants except IL-1β,
IL-4, IL-7, and IL-12. Statistical significance may not have been reached for IL-8 given low
sample size as result of needing to repeat measurements. Nonetheless, the obvious pattern of
blunted pulmonary leukocyte responsiveness remained.

Finally, in an effort to direct future research, we incorporated a logistic regression analysis
comparing BAL fluid immunomodulator concentrations between survivors and deceased
which controlled for the effects of age and % TBSA. Shown in Table 4, these results
demonstrate that with increasing BAL fluid concentrations of numerous immunomodulators
there is a concurrent reduction in the odds of death. For the crude analysis, this reduction in
the odds of death with increasing immunomodulator concentrations was statistically
significant for C5a, IL-1RA, IL-8, IL-10, IL-13, and MIP-1β (p<0.05 for all). After
controlling for the effects of age and % TBSA, the adjusted odds for death were reduced
with increasing BAL fluid concentrations of IL-8, IL-10, and MIP-1β with near significance
(p<0.06 for all).

Discussion
As expected, we found that increased age and % TBSA, particularly as manifested together
in the Baux score, were associated with mortality in burn-injured patients. Most importantly,
our results are suggestive that in some patients mortality may be associated with an immune
hyporesponsiveness demonstrable soon after burn and inhalation injury.

The epidemiological importance of smoke inhalation in burn care cannot be overstated, as
up to one-third of those presenting with major burns have a concurrent inhalation
injury.26, 27 Additionally, the pathophysiologic effects of inhalation injury are profound, as
both animal experiments and human observations have shown that smoke inhalation may
decrease PaO2/FiO2 while increasing the following: lung edema, pulmonary artery shunting,
fluid resuscitation requirements, COHb levels, duration of ventilator support, incidence of
pneumonia and sepsis, and length of hospital stay.27–35 Further yet, prior studies have
demonstrated that smoke inhalation evokes an enhanced immune response, with greater
production of pulmonary inflammatory mediators in parallel to activation of neutrophils and
macrophages.36–38 Indeed, our own earlier work showed that BAL fluid concentrations of
numerous pulmonary inflammatory mediators are increased in response to not only the
presence of smoke inhalation, but in particular to worse severities of inhalation injury.39

It has long been held that increasing age, % TBSA, and inhalation injury are amongst the
most important predictors of mortality in burn-injured patients, of which supporting
evidence is found in even the most recent appraisals.2, 40 The Baux score (defined as Age +
% TBSA) has persisted for fifty years as one of the most consistent prognosticators of death
from burn injury and has even been molded into a predictive scale that includes inhalation
injury.2, 25, 41, 42 Likewise, numerous studies indicate that inhalation injury severity, fluid
resuscitation, COHb, PaO2/FiO2, pneumonia, and sepsis have utility in predicting death after
burn injury.2, 23, 43, 44 Specific to our study population of burn-injured patients with
suspected inhalation injury we found that age, % TBSA, Baux score, and fluid resuscitation
had significant associations with mortality. Moreover, the frequency of pneumonia and
sepsis were considerably higher in non-survivors compared to survivors (67% vs 47% and
27% vs 13%, respectively). We would argue that the lack of statistical significance for the
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difference in survival between groups for these latter parameters, as well as inhalation
injury, inhalation injury severity, COHb level, tracheostomy, ventilator days, and PaO2/FiO2
are likely the result of patient selection bias (85% of the study population had a visible
inhalation injury upon bronchoscopy), study sample size, and/or length of survival following
injury. Nonetheless, both the differences and similarities we noted between survivors and
non-survivors were essential to investigating the unexpected and profound differences in the
immune response to injury when comparing these two groups.

The most important finding of our study was an apparent pulmonary immune
hyporesponsiveness pervasive to those who did not survive their injuries. For instance, non-
survivors had lower BAL fluid concentrations of the majority of immune mediators,
differences of which remained even after comparing only those with the highest Baux scores
in order to account for the most likely confounders as well as after normalization of the BAL
fluid results to total protein concentration. Furthermore, these findings were substantiated by
our in vitro culture data, which showed that pulmonary leukocytes from those who perished
had less production of numerous immune mediators, especially in response to culture with
LPS. This finding was particularly intriguing given that non-survivors had fewer total
WBC’s in their BAL fluid than survivors, which is suggestive of impaired leukocyte
migration in the potential setting of immunoparalysis.

The results of our study only allow us to speculate as to the cause of early pulmonary
immune hyporesponsiveness to burn and inhalation injury that were observed in non-
survivors. Review of the literature suggests that the most likely explanations for this finding
are: 1) impaired chemotaxis, 2) genetic permutations, and/or 3) an imbalance of pro- and
anti-inflammatory signaling. First, our study results support the potential for impaired
leukocyte migration and activation as the result of deficient chemotaxis in non-survivors.
For instance, the BAL fluid total WBC count was lower in the deceased, as were the
concentrations of MIP-1β and IL-8. Moreover, with increasing concentrations of these
chemokines there was a nearly significant decrease in the odds of death, even after
controlling for age and % TBSA. These findings do, however, appear to conflict with the
literature to date, which indicates that there is a detrimental effect of increased pulmonary
IL-8 signaling. For instance, in a study of 88 patients with burn injury, Rodriguez et al found
that higher levels of pulmonary IL-8 were linked to early pulmonary physiologic
dysfunction (p=0.006) and lung infection (p=0.040).45 Similarly, in a recent study of sheep
with burn and smoke inhalation, blockade of IL-8 signaling attenuated lung permeability;
yet, the authors of this study found no improvements in oxygenation with inhibition of IL-8
signaling.46 Thus, it appears that the relevance of chemotaxis to the burn-injured patient
may require further study.

Several recent reports have investigated the role of genetic subtypes to outcomes following
trauma and burns. For example, McDaniel et al found that genetic polymorphisms of IL-10
and IFN-γ varied significantly between patients that developed sepsis and those that did
not.7 Similarly, Huebinger et al identified a reduction in the risk of death after burn injury in
carriers of particular alleles of the IL-10 promotor.47 Though our study was not designed to
assess the impact of genetic subtypes on outcomes after burn and inhalation injury such an
investigation might prove useful.

Finally, earlier studies have suggested that some patients have a blunted immune response to
injury. For instance, Mokart et al found that early elevated levels of the anti-inflammatory
cytokine IL-1RA were associated with patients who developed septic shock soon after major
surgical trauma.48 Along these lines, the importance of a balanced inflammatory response to
injury was highlighted by an editorial describing the successes and failures of IFN-γ
treatment after injury.49 In this editorial the authors suggested that an inadequate
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inflammatory response (or “immunoparalysis”) may be just as detrimental to outcome as too
much inflammation. The argument of these authors was supported by the study of Nakos et
al, who found that immunoparalyzed patients (defined as a decreased level of human
leukocyte antigen-DR expression by alveolar macrophages) that were given IFN-γ had a
reduction in the incidence of ventilator-associated pneumonia.50 Indeed, the results of our
own study may lend credence to these earlier suggestions, and reason for a more targeted
approach to immunomodulation in future trials.

We acknowledge several weaknesses of our study. First, our results are subject to
considerable selection bias, as we could only perform the invasiveness of bronchoscopy on
those suspected of inhalation injury; therefore, many patients with isolated burn injury were
excluded. Investigation of how the immune system responds to isolated burn or inhalation
injury may eliminate potential confounding effects. Second, our report lacks data on the
systemic immune response profile as may be derived from analysis of plasma
immunomodulator concentrations and plasma leukocyte functionality. Third, our data are
limited to the first 14 hours following injury, and analysis of later time points may prove
useful in determining which factors may contribute or change in response to events, be they
pneumonia, sepsis, or multiple organ dysfunction. Undoubtedly, such comparisons will be
the target of future research, especially with a greater number of study patients as may be
afforded by collaboration with other centers.

In conclusion, our study has shown that: 1. Some burn and smoke-injured patients have a
pulmonary immune hyporesponsiveness that is evident within 14 hours of injury; and 2.
Immune hyporesponsiveness may be a contributing factor in the subsequent odds of
mortality in these patients. Perhaps a better understanding of this early pulmonary immune
dysfunction will allow for therapies that further improve outcomes in burn care.
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Figure 1.
Bronchoscopic grading of inhalation injury: A. Grade 0 (no injury), absence of
carbonaceous deposits, erythema, edema, bronchorrhea, or obstruction; B. Grade 1 (mild
injury), minor or patchy areas of erythema, carbonaceous deposits in proximal or distal
bronchi (any or combination); C. Grade 2 (moderate injury), moderate degree of erythema,
carbonaceous deposits, bronchorrhea, with or without compromise of the bronchi (any or
combination); D. Grade 3 (severe injury), severe inflammation with friability, copious
carbonaceous deposits, bronchorrea, bronchial obstruction (any or combination); E. Grade 4
(massive injury), evidence of mucosal sloughing, necrosis, endoluminal obliteration (any or
combination).
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Figure 2.
Immune mediator production by pulmonary leukocytes after culture for 20 hours in medium
alone or in medium plus LPS. Comparisons are between survivors and deceased with
medium alone, and survivors and deceased with medium plus LPS. *p< 0.05, vs. survivor
with medium plus LPS.
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Table 1

Demographics, Clinical Characteristics, Outcomes and Mortality

Survivors
n=45

Deceased
n=15

p Value

Age 49 (33–61) 67 (47–80) 0.005

Gender 0.646

   Male 27 (60) 10 (67)

   Female 18 (40) 5 (33)

Race/Ethnicity 0.769

   Caucasian 26 (58) 10 (67)

   African American 12 (27) 2 (13)

   Hispanic 4 (9) 1 (6)

   Asian 1 (2) 1 (6)

   Other/Unknown 2 (4) 1 (6)

TBSA (%) 9 (1–21) 42 (15–71) <0.001

Baux Score (Age + TBSA) 62.4 (± 3.1) 108.5 (±5.9) <0.0001

Initial 24 hr fluid
   resuscitation (cc/kg)

73.3 (40.3–151.4) 202.5 (142.9–305.2) 0.002

Initial 72 hr fluid
   resuscitation (cc/kg)

185.6 (131.3–329.1) 365.0 (285.6–472.2) <0.001

Inhalation Injury 37 (82) 14 (93) 0.427

Inhalation Injury Grade 0.210

   Grade 0 8 (18) 1 (6)

   Grade 1 8 (18) 7 (47)

   Grade 2 13 (29) 2 (13)

   Grade 3 14 (31) 4 (27)

   Grade 4 2 (4) 1 (6)

COHb (%) 7.3 (3.4–12.5) 2.2 (1.0–10.8) 0.074

PaO2/FiO2 340.6 (±18.0) 344.3 (±30.0) 0.917

Pneumonia 21 (47) 10 (67) 0.180

Tracheostomy 16 (36) 5 (33) 0.876

Ventilator days 10 (3–27) 13 (6–34) 0.255

Sepsis 6 (13) 4 (27) 0.122

Data presented as n (%), mean (±SD), or median (interquartile range) where appropriate. COHb, Carboxyhemoglobin; ICU, Intensive Care Unit;
LOS, Length of Stay; PaO2/FiO2, partial pressure of oxygen / fraction of inspired oxygen at the time of bronchoscopy; TBSA, Total Body Surface

Area skin burn.
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