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Abstract

Background—The overall immunopathology of the T-helper cell (Th)-17 immune response has
been implicated in various inflammatory diseases including pulmonary inflammation; however its
potential role in acute respiratory distress syndrome (ARDS) is not defined. This study aimed to
evaluate the Th-17 response in bronchoalveolar lavage fluid (BALF) and blood and from trauma
patients with pulmonary complications.

Methods—A total of 21 severely injured intensive care unit (ICU) subjects, who were
mechanically ventilated and undergoing bronchoscopy, were enrolled. BALF and blood were
collected and analyzed for Th-1 (interferon [IFN]y), Th-2 (interleukin [IL]-4, -10), Th-17 (IL-17A,
-17F, -22, 23) and pro-inflammatory (IL-1p, IL-6, tumor necrosis factor [TNF]a) cytokine levels.

Results—Significant levels of the Th-17 cytokines IL-17A, -17F and -21 and IL-6 (which can be
classified as a Th-17 cytokine) were observed in the BALF of all subjects. There were no
significant differences in Th-17 cytokines between those subjects with ARDS and those without,
with the exception of plasma and BALF IL-6, which was markedly greater in ARDS subjects, as
compared with controls and non-ARDS subjects.

Conclusions—Trauma patients with pulmonary complications exhibited a significant Th-17
response in the lung and blood, suggesting that this pro-inflammatory milieu may be a
contributing factor to such complications.
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1. Introduction

Traumatic injury is a leading cause of hospitalization and mortality and the clinical course
for severely injured patients is often complicated [1-3]. Acute respiratory distress syndrome
(ARDS) is a pulmonary disease state associated with capillary leak, widespread pulmonary
edema, and poor oxygenation and has been reported in up to 23% of mechanically ventilated
patients and 40% of burn patients admitted to trauma intensive care units (ICUs) [4, 5].
Although recent literature has suggested that the incidence of ARDS has declined over the
years, the mortality in patients that do develop this complication remains high [6]. In this
regard, the overall mortality in ICU patients has been shown to be 3-fold higher when
ARDS was present (62%) as compared with patients that did not develop ARDS [7].
Moreover, this difference in mortality was particularly striking in trauma ICU patients who
had a 56% mortality rate when ARDS was present as compared with a 13% mortality rate in
the absence of ARDS [8]. While a relationship between trauma and pulmonary dysfunction
has been recognized, both clinically and experimentally, the pathogenesis of trauma-induced
lung injury is only partially understood.

Evidence suggests that the activation of a pro-inflammatory cascade plays an important role
in this pathogenic process; however, the identification of specific mediators has been
elusive. The T helper cell (Th)-17 response and its main effector cytokine, interleukin
(IL)-17 have been shown to be intricately involved in non-traumatic lung diseases as well as
multiple other inflammatory diseases and is linked in particular to neutrophil activation and
tissue infiltration in the lung [9-11]. IL-17 also appears to be central in the regulation of the
pulmonary immunoinflammatory response, where excessive IL-17 production plays a role in
autoimmune disease and a lack of IL-17 leads to susceptibility to bacterial pathogens [12,
13]. Recent animal studies from our laboratory have demonstrated that lung cells after burn
injury have enhanced IL-17 production, suggesting a role in the concurrent development of
acute lung injury (ALI) [14]. Moreover, the T-cell subset, v T-cells, which are present in
high numbers in epithelial rich tissue ( such as the lung) have been shown to be a source of
IL-17 [15, 16]. These findings support the concept that tissue injury induces a Th-17
immunoinflammatory response that may potentially contribute to systemic complications at
distal organs.

Materials and methods

2.1. Subjects and Sample Collection

A prospective observational trial was designed to enroll subjects from the surgical and
trauma ICU that had severe traumatic injury and potential pulmonary complications. This
study was conducted over a 1-year period and informed consent was obtained from patients
and/or their legally authorized representative. Approval for this project was obtained from
the University Hospital and The University of Texas Health Science Center at San Antonio
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Institutional Review Boards. A total of 21 severely injured and mechanically ventilated
subjects were enrolled and compared to six healthy volunteers. Severe traumatic injury for
this study was defined as at least one body region injury defined with an Abbreviated Injury
Score (AIS) of 3 or greater. Traumatic brain injury (TBI) is known to cause immune
dysregulation independent of other injury types; therefore TBI was not an inclusion criterion
alone [17]. Inclusion injuries are shown in Table 1. Exclusion criteria included only those
patients who fell within protected populations: those that were pregnant, less than 18 years
of age, or prisoners. The subjects were enrolled and informed consent was obtained at the
time of bronchoscopy. Bronchoalveolar fluid (BALF) samples were obtained by the surgical
and trauma ICU team for clinical care. A minimum of 2 mL of normally discarded BALF
was collected for the research team. Samples were aliquoted for storage at —70° C until
analysis. A blood sample of approximately 6 mL was collected in an
ethylenediaminetetraacetic acid (EDTA) tube and processed within 1 hour. Other patient
information was captured in the following categories: demographics, injury severity scoring
(1SS), injury mechanism, length of stay (LOS), mortality and outcomes. For comparison, 6
normal volunteers also provided a blood sample for analysis of their systemic cytokine
levels.

2.2. Processing of BALF

Large particulate matter was removed from the BALF by passage through a 100 um filter.
The cellular and fluid fractions were separated by centrifugation (400 x g for 10 min at
4°C). Analysis of cytokine content was performed on the fluid fraction by Bioplex™ assay
(Bio-Rad Laboratories, Hercules, CA).

2.3. Processing Blood Sample

Blood samples (6 mL) were collected from an existing central line into an EDTA tube.
Samples were centrifuged (400 x g for 10 min at 4°C) in order to separate the plasma
component, which was aliquoted and stored at —70°C until analysis for cytokine content.

2.4. Cytokine Analysis

Cytokines in plasma and BALF were analyzed using the Bio-Plex™ Pro human cytokine
panel 15-plex immunoassay. Sample preparation, assay procedure, and analysis were
performed according to the manufacturer’s recommendations. Cytokines analyzed were:
IL-1pB, -4, -6, -10, -17A, -17F, -21, -22, -23, interferon (IFN)-vy, and tumor necrosis factor
(TNF)-a. The BALF was collected during clinical diagnostic tests; therefore the amount of
saline infused and collected was not standardized. For analysis the BALF cytokines were
normalized against total protein content of the BALF as determined by bicinchoninic acid
(BCA) assay.

2.5. Data and Statistical Analysis

All data were handled confidentially and results were stored in a secure database. The data
were maintained according to institutional policy. Access to study data was limited to the
research team. Protected health information was deleted from the database prior to final
study analysis. All data were tested for normality as well as outliers. Demographic
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information was analyzed using a student’s two tailed t-test when normally distributed and
via a Mann-Whitney U test when not normally distributed. All cytokine profiles failed the
normality test and were thus analyzed via the Mann-Whitney U test and are represented
graphically as median with first and third quartiles. Data is presented in the text as mean +
SD unless otherwise indicated.

3.1. Subject demographics

The basic demographics of the 21 enrolled subjects are shown in Table 2. The mean age was
40.7 £ 19.7 years with a mean ISS of 31 + 11. Eighteen of the 21 subjects (86%) were male
and consisted of 43% non-Hispanic whites and 57% Hispanics or Latinos. Seventy-one
percent had a chest AIS score equal to or greater than 3 and 43% had a TBI along with
another injury. The subjects were enrolled in the study after the ICU team deemed a
bronchoscopy was indicated for clinical reasons. In most cases this was for suspected
pneumonia, therefore the hospital day in which the patient underwent bronchoscopy varied.
The median hospital day when the subjects were enrolled was 5 days after admission (range
2-19).

There were 7 subjects classified as having ARDS at the time of enrollment (2 had mild
ARDS, 4 had moderate ARDS, and 1 had severe ARDS, as defined by the Berlin criteria
[18]) and 14 subjects did not meet criteria for an ARDS diagnosis. The average Pa0,/Fi0,
(P/F) ratio for those with ARDS was 167 + 55 and the P/F ratio of those without was 278 +
88. The P/F ratios were significantly different between the two groups, as expected, since
these measurements are part of the clinical ARDS criteria [19]. Of those with ARDS, 5
subjects (71%) also had pneumonia at the time of bronchoscopy. Fourteen of the subjects
did not meet ARDS criteria and 8 (57%) had pneumonia at the time of bronchoscopy.

When examining factors related to resuscitation in the subject population that developed
ARDS and those that did not, there were no statistically significant differences. Both groups
of subjects had the similar amounts of total crystalloid infused for resuscitation and
maintenance prior to bronchoscopy (23.3L vs. 29L); both groups had similar volumes of
blood transfused (2.6U vs. 2.2U) in a similar time period leading up to bronchoscopy (3.2
days prior vs. 3.3 days prior). The overall fluid balance was also identical between those
with ARDS and those without (6L).

3.2. BALF cytokines

Significant levels of the Th-17 cytokines IL-17A, -17F, -21 and -22 were observed in the
BALF (Fig 1A). Of these cytokines IL-21 was the highest, being approximately 5-fold
greater than that of IL-17A, -17F and -22. Significant levels of the Th-1 cytokine, IFNy and
Th-2 cytokine, 1L-10 were also observed in the subject’s BALF (Fig 1B); however their
levels were markedly lower than that of the Th-17 cytokines. Not surprisingly, pro-
inflammatory cytokines (IL-1p, IL-6, TNFa) were also present in the BALF, with IL-6
(which is also considered part of the Th-17 classification) being the greatest (Fig. 1C).
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BALF cytokine levels between subjects without ARDS (n=14) and with ARDS (n=7) were
compared (Table 3). No significant differences in cytokine levels between those subjects
with ARDS and those without was observed with the exception of IL-6, which was 4-fold
greater in the ARDS subjects as compared to those without ARDS (p=0.003).

The amount of total protein in the BALF samples was inversely correlated with the P/F ratio
for the given subject, r?= 0.2, p=0.04 (Fig 2A). This correlation was markedly greater in
ARDS subjects (Fig 2C; r2 = 0.327) than non-ARDS subjects (Fig. 2B; r2 = 0.044).
Moreover, ARDS subjects had greater BALF total protein levels than those subjects without
ARDS (median 2.0 mg/mL and 0.6 mg/mL respectively) (p=0.002).

3.3. Plasma cytokines

Cytokine levels of IL-17A, -17F, -21, and -6 were all measurable in the plasma of intubated
trauma patients. IL-17A was found at the lowest detectable levels of these cytokines
(median = 2 pg/mL), followed by IL-21 (median = 4 pg/mL) and IL-17F (median = 12 pg/
mL). The most abundant cytokine was IL-6, which was levels of magnitude higher than the
Th-17 specific cytokines, (median = 51 pg/mL). IL-22, -23 were not detected in plasma,
while IFN-vy, TNF-a, IL-1f3, IL-4, and IL-10 were present only at very low levels.

When the entire cohort of intubated trauma patients undergoing bronchoscopy is compared
to healthy volunteers (i.e., normals), plasma levels of IL-17A, IL-21 (Fig 3A), and IL-6 (Fig
3C) were all significantly elevated (p<0.05). IFNy and IL-10 plasma levels did not differ
between healthy volunteers and subjects (Fig. 3B). There were no statistically significant
differences in plasma cytokine levels between ARDS and non-ARDS patients, with the
exception of IL-6 (Table 3). IL-6 was markedly increased in those with ARDS as compared
with normals and subjects in the non-ARDS group (Fig. 4). Plasma levels of IL-17A, while
low, were significantly elevated in both the non-ARDS (median = 2 pg/mL) and the ARDS
(median = 3 pg/mL) subjects as compared to healthy volunteers (median = 0 pg/mL).

4. Discussion

Major injury induces the activation of a complex inflammatory cascade involving pro-
inflammatory cytokines (IL-10, IL-6, TNFa), Th-1 cytokines (IFNy), Th-2 cytokines (IL-4,
IL-10) and potentially Th-17 cytokines (IL-17). In this regard the Th-17 immune response
has been implicated in a number of pulmonary disease states involving neutrophil activation
in lung infiltration [20-22]. Considering the implication of Th-17 profile in pulmonary
disease, the current study was performed to assess the cytokine profile of BALF and blood
in trauma ICU patients with suspected pulmonary complications. The findings demonstrate
the development of significant pro-inflammatory and Th-17 response in both the BALF and
blood of these patients. This cytokine response likely plays an important role in
inflammation and the development of ARDS in this critically ill patient population.

With the publication of the Berlin Criteria, the definition of ARDS has undergone further
refinement, now allowing for easier comparison between individual studies. Under this
definition, ARDS in the critically ill trauma population has been reported between 8% and
82% [23]. Our cohort was defined as patients in the Trauma ICU undergoing bronchoscopy;
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therefore, this is a sub-population of all critically ill trauma patients. The observed ARDS
rate of 33% was not surprising, as these subjects were critically ill trauma patients and
mechanically ventilated with a suspected pneumonia. These two clinical insults place them
at a higher risk of developing ARDS [24-26].

Somewhat surprisingly, in our study, both the ICU and hospital LOS between the ARDS and
non-ARDS populations were not different. This is contradictory to previous studies
reporting an increased hospital and ICU LOS in those patients with ARDS [27, 28]. This
apparent discrepancy is likely due to previous studies utilizing ALI and ARDS as separate
entities (under such a classification, the majority of our ARDS subjects would have been
classified as having ALI). In addition, the non-ARDS subjects enrolled in this study were all
intubated, resulting in a longer ICU LOS and decreasing the difference between those with
ARDS and those without.

Overall, the cohort of 21 patients had a pneumonia rate of 62%. While there was a greater
percentage of pneumonia in the ARDS group (71%), there were no significant differences
between those with and those without pneumonia as it pertained to immune cell phenotypes
or cytokine levels (data not shown). This could be in part due to the heterogeneity of
enrollment day (some enrolled within 2 days of injury, while others enrolled weeks after
admission). It may also speak to the overall systemic response to the injury overwhelming
any noticeable change in response to a subsequent infection. Also, other infections were not
obtained during the chart review and it is possible that the patients without pneumonia had
another infectious source (urinary tract infection, wound infection, intra-abdominal abscess,
etc.).

The factors surrounding the initial and continued resuscitation of both the ARDS cohort as
well as the non-ARDS cohort were examined. The volume of initial crystalloid resuscitation
was identical between the two groups. The overall volume overload was increased in the
group that was enrolled later in their hospital stay; however when normalized to the length
of stay, the degree of overload was similar. In addition, the timing of bronchoscopy in
relation to blood product transfusion was no different and the volume of product transfused
was no different. These aspects are helpful in determining that any differences, or lack
thereof, were not due to differing volume balances or significant blood transfusion causing
pulmonary edema.

The Th-17 response involves T-cells that produce IL-17 and has been shown to play a
central role in chronic inflammation and autoimmune disorders [29, 30]. Different sources
of IL-17 have been identified. These cell types include CD8 T-cells, natural killer (NK)
cells, v8 T-cells and neutrophils [31] and it acts upon a wild range of cell types, which
includes neutrophils, fibroblasts, epithelial cells and endothelial cells [32, 33]. Based on
these observations, an important and unidentified role of Th-17 response in the development
of pulmonary complications after injury likely exists. In the current study several plasma
Th-17 cytokines (IL-17A, -17F, -21) were measurable in the cohort of intubated trauma
patients. Overall, the levels of IL-17A were low, especially when compared with the
elevation of IL-6; however they were above the detectable low limit of the assay and greater
than the level in normal volunteers. This had previously been poorly characterized in a
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trauma population. In addition, the plasma IL-17F and -21 were elevated above that of
normal volunteers and more importantly, elevated to what has been considered to be
clinically relevant levels (> 45 pg/mL) [34, 35]. In contrast, IL-22 and -23 were
immeasurable in plasma from either group. Given that several Th-17 cytokines were
measurable at random time points during disease progression (at the time of bronchoscopy),
a study that obtains longitudinal samples would help to clarify the peak of Th-17 cytokine
production and its possible relation to the onset of given pulmonary complications.

While cytokine levels in the peripheral circulation served as markers of systemic illness,
cytokine levels in BALF served as a marker for pulmonary-specific disease processes. In the
case of BALF Th-17 cytokines, there were higher levels present locally than had been
detected systemically. In addition, the two Th-17 cytokines that had not been detected in the
systemic circulation (IL-22 and -23) were measurable in BALF. This suggests that the
majority of this response is occurring locally at the pulmonary vasculature with only
minimal systemic spillover.

The cytokine levels were elevated in the subjects with ARDS, however, so was the amount
of lung leak as assessed by total protein in the BAL fluid. As expected, a lower P/F ratio
corresponded with an increased amount of total protein in the BAL sample. Data is
presented as both before and after normalization in order to show the effect of such a
mathematical correction. One cytokine (IL-6) remained elevated in ARDS subjects as
compared to non-ARDS subjects both before and after normalization. This is consistent with
published literature [36, 37].

A limitation that the study was unable to overcome was the clinical nature of sample
collection; the research team received varying concentrations of BALF (whether from the
first wash or from subsequent washes). This can be overcome in future studies by
normalizing against a pulmonary protein (such as surfactant A) or by obtaining IRB
approval for research specific bronchoscopy.

In conclusion, the Th-17 response was measurable both locally (in the BALF) and
systemically (in peripheral blood) in a trauma population undergoing bronchoscopy for
suspected pneumonia. BALF Th-17 cytokine levels were not significantly different between
non-ARDS subjects and with ARDS, however they were elevated compared to normal
controls. In addition they were found in higher concentration locally in the lung than
systemically. This suggests the importance of the Th-17 cytokines locally in response to a
pulmonary insult (ARDS, ventilator associated pneumonia, etc.). More study is needed, with
longitudinal samples as well as the addition of intubated trauma patients without pulmonary
complications, in order to determine the prognostic or diagnostic values of the Th-17
cytokines in this population. However, it is proven that the response can be measured in this
population. Also, in the intubated trauma population with suspected pneumonia, 1L-6 was
significantly elevated in BAL fluid and peripheral blood samples of ARDS subjects as
compared to those without ARDS. IL-6 may play an important marker of not only systemic
inflammation in general but pulmonary complication specifically.
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Th-17 cytokine levels were significantly elevated in the BALF and blood of

trauma patients

IL-6 cytokine levels in blood and BALF correlated with ARDS

Highlights
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BALF cytokine levels in all subjects. BALF was collected and analyzed for cytokine content
as described in the materials and methods and categorized into [A] Th-17 cytokines, [B]

Th-1/Th-2 cytokines and [C] pro-inflammatory cytokines. Data are expressed as median and
the 75t percentile (n=21/group). * p<0.05 as compared zero.
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Fig. 2.

P/Ig: ratio versus bronchoalveolar lavage fluid (BALF) protein. The relationship between P/F
ratio and BALF protein content was evaluated in [A] all subjects (n = 21), [B] non-ARDS
subjects (n = 14) and [C] ARDS subjects (n = 7). Significant negative correlation between
P/F ratio and BALF protein was observed in all subjects and ARDS subjects.
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collected and analyzed for cytokine content as described in the materials and methods and

categorized into [A] Th-17 cytokines, Th-1/Th-2 cytokines and [C] pro-inflammatory

cytokines. Data are expressed as median and the 751 percentile (n= 21/group). Normals (n =

6). Subjects (n = 21). * p<0.05 as compared with normals. ND = not detectable.

Cytokine. Author manuscript; available in PMC 2016 December 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Holloway et al.

800
*+
£ 600 -
>
2
«©@
—1 400 1
®
e
7}
©
o 200 4
oL 1
Normals All Non-ARDS ARDS
Subjects

Fig. 4.

Page 15

Plasma IL-6 BALF cytokine levels in healthy volunteers and subjects without ARDS and
those with ARDS. Plasma was collected and analyzed for IL-6 content as described in the
materials and methods. *p<0.05 as compared with normal, T p<0.05 as compared with non-

ARDS.
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Table 1

Injuries for inclusion in the study?

Region Inclusion Injuries AIS
Neck Cervical spine fracture with persistent neurologic deficit 4+
Face Lefort 111 facial fracture 4+
Lung Pulmonary contusion in any location 3+
Chest Rib fracture > 3 in any location 3+
Heart Blunt cardiac injury with cardiac failure/valve involvement/septal rupture 4+
Vascular  Aortic laceration/intimal tear 4+
Abdomen  Grade 3 or greater liver, spleen, kidney, pancreas injury 3+
Pelvis Open or displaced pelvic fracture 3+
Extremity  Open or displaced long bone fracture any location 3+
Extremity ~ Amputation above fingers/toes 3+

Page 16

a . i . . . . - . . T
Injury enrollment criteria consisted of Abbreviated Injury Scores (AlSs) of 3 or greater, representing severe injury. Individuals with head injuries

were enrolled, but head injury alone (in the absence of another severe injury) was not sufficient for enroliment.
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Table 2

All Subjects (n=21) Subjects without ARDS (n =14)  Subjects with ARDS (n =7)

Age (years) 40.7+£19.7 41.6 +20.6 39.0+19.3
Gender (% male) 86 86 86

ISS 31+11 33+11 27+ 10
Hospital LOS (days) 37.6+18.38 28.8+10.3 39.6 +26.7
ICU LOS (days) 206+9.8 18+7.0 20+£85
Admission until bronchoscopy (days) 6.6+4.2 6.7+3.3 6.4+59
Pa0,/Fi0, (P/F) Ratio 241+ 94 278+ 88 167 + 55"
Previous transfusion (days prior) 33+27 33+27 32+27
Transfusion amount (units) 23+09 22+08 26+1.1
Total In (liters) 27.1+175 29.0+15.8 233+214
Fluid intake/outtake (1/0) balance (liters) 6.0+5.3 6.0+5.2 6.0+6.0

aThe left-most column shows the demographics for all 21 enrolled subjects. Of these subjects, 14 did not have ARDS while 7 did have a diagnosis
of ARDS. Data are expressed as mean + SD.

*

p < 0.05 as w=compared with Subjects without ARDS.

Cytokine. Author manuscript; available in PMC 2016 December 01.



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Holloway et al.

BALF Cytokine Levels?

Table 3

Cytokine Class Cytokine  Non-ARDS ARDS

Th-17 IL-17A 8 (6,19) 7(4,7)
IL-17F 23(0,67) 11 (7,26)
IL-21 105 (35,191) 41 (25,86)
IL-22 30 (13,62) 12 (5,20)
IL-23 0(0,30) 0(0,10)

Th-1/Th-2 IFNy 22 (2,122) 7(7,14)
IL-4 0(0,0) 0(0,2)
IL-10 10 (4,20) 5(5,13)

Pro-Inflammatory  IL-1B
IL-6

TNFa

114 (18,688) 192 (67,323)

102 (27,404) 469" (375,1099)
16 (2,44) 15 (13,31)
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aCytokine levels were assessed in BALF of all subjects and classified into those without ARDS (non-ARDS) and those with ARDS. Cytokine
levels are depicted as median with the 25 and 75 percentile (in parentheses).

*
p<0.05 as compared with the respective non-ARDS group.
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