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Abstract

Objective: To compare plasma inflammatory biomarker concentrations to 6 months in young and
older adults with and without mild traumatic brain injury (TBI).

Setting: Level | Trauma Center.

Participants: Younger (21-54 years) and older (55+) adults diagnosed with mild TBI along with
age/sex-matched non-injured controls (N=313).

Design: Prospective cohort study.

Main Measures: Multiplex assays were used to quantify concentrations of selected plasma
inflammatory markers at Day 0, Month 1 and 6.

Results: Persistent aging related differences were found between control groups in
concentrations of four cytokines up to 6 months. At day 0, IL-6, IL-8 and fractalkine were higher
in the older TBI compared to older control as well as the younger TBI groups, while IL-10 was
higher in older TBI compared to controls. At month one, significantly higher concentrations of
IL-8, fractalkine and TNF-alpha were seen. At 6 months post-injury significantly higher
concentrations of IL-6 and IL-8 were seen, while a lower concentration of IL-7 was found in older
versus younger TBI groups.

Conclusion: The neuroinflammatory signature that accompanies mild TBI in older adults differs
from that of younger adults. The differences seen are notable for their roles in neutrophil attraction
(IL-8), neuronal-microglial-immune cell interactions (fractalkine), and chronic inflammation
(IL-6).

Contact Information: Dr. Hilaire Thompson, Box 357266 Seattle, WA 98195-7266, hilairet@uw.edu, Fax 206-543-4771.
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According to the Centers for Disease Control and Prevention, traumatic brain injury (TBI) is
a “silent” epidemic that affects more than 2.87 million persons in the US annually.> Within
this silent epidemic, there is a growing, yet understudied, population of concern, the older
adult. Injuries in older adults account for more than 22% of all incident TBIs, despite the
fact that they comprise only about 13% of the total population.2 The vast majority of these
brain injuries (>75%) are classified as mild.1 Despite efforts to highlight prevention of brain
injury in the Healthy People 2020 initiative, the incidence of TBI continues to increase,
especially in persons older than 65.2 Not only do older adults experience TBI at
disproportionately higher rates, their outcomes following injury have been reported to be
worse than younger patients with similar injuries.3 Prior studies have shown that as we age
our ability to regenerate nerve tissue and recover from a brain injury diminishes, potentially
contributing to the negative outcomes seen in these individuals compared with younger
adults.* There is limited work examining the effects of the physiologic changes associated
with aging which may influence pathophysiologic responses and subsequent outcomes
following TBI in humans. We hypothesize that aging may contribute to the pathological
response to TBI in older adults by modulating the inflammatory response. This is important
to study, as the natural history of inflammatory cytokine expression following injury is not
well characterized in large clinical samples of older adults.®’

Inflammation is one of the primary responses of the brain to TBI. Inflammatory mediators
such as cytokines and chemokines are released both locally at the site of injury and
systemically in response to injury.8 Increases in proinflammatory chemokines and
cytokines have been reported following experimental and clinical TBI and may be related to
sequelae of injury.10-12 For example, IL-1p may exacerbate injury by potentiating leukocyte
recruitment to the site of central nervous system injury. In a transgenic mouse model,
sustained overexpression of IL-1 f was reported to be responsible for localized, persistent
leukocyte infiltration within the brain parenchyma.l3 Administration of additional I1L-1 at
30 minutes or 24 hours post injury also worsened contusion volume and increased loss of
hippocampal neurons in rat.® In humans following isolated TBI (n=48), serum IL-1pB
concentrations significantly correlate with Glasgow coma scale and Glasgow outcome score.
14 However, no correlation was found between parenchymal levels of I1L-1@ obtained from
microdialysis and outcome in a small sample of 12 subjects.1® At this time, there remains
much debate over the role of specific inflammatory mediators in TBI.10.11

Aging is a pathological state. The stochastic theory of aging posits that various factors such
as molecular damage via free radical accumulation, changes in gene expression over time,
genetic damage, and mitochondrial dysfunction cause progressive neurodegeneration. Aging
itself has been associated with a proinflammatory state, and aging related elevations in
cytokine concentrations have been reported.16-19 Peripheral increases in certain cytokines
(IL-6, TNF-a) in older adults have been associated with conditions of aging such as macular
degeneration, atherosclerosis, heart failure, stroke, cognitive impairment, as well as declines
in muscle strength and frailty.20-26 Further, persistent inflammation has been associated with
increased morbidity and mortality in older adults.16:21 Age-related increases in IL-1p have
been reported in the hippocampus of the rat and are associated with changes in long term
potentiation?” and memory.28 In the rat, age-related decreases in fractalkine mRNA and
protein expression have also been reported in the hippocampus, which are accompanied by

J Head Trauma Rehabil. Author manuscript; available in PMC 2021 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Thompson et al.

Page 3

increases in 1L-1p.2%:30 These changes may indicate a “homeostatic shift” in the aged brain,
denoted by increased reactivity to stress indicated by increased numbers of activated and
primed microglia which may produce higher concentrations of cytokines when stimulated,

resulting in a larger neuroinflammatory response, increased neuronal injury and impairment.
28

Peripheral increases in cytokines in aging populations have generally been predictive of
disease and outcome across studies in various conditions; however, much less is known
about the inflammatory response to TBI in the aged brain. While plasma granulocyte
colony-stimulating factor (G-CSF) was found to be elevated in the first 24 hours following
mild-moderate TBI in adults compared to non-injured controls, this elevation was blunted in
persons older than 55 years of age.3! G-CSF promotes production of neutrophils, has
neuroprotective properties and has been associated with improved functional outcome and
reduced lesion volumes in other forms of brain injury.31 Work in an experimental model of
brain injury found increased mRNA levels of pro-inflammatory cytokines IL-1p, IL-6, and
TNF-a (> 3 times relative control) at 6 hours post-injury in aged compared to adult rats.32 In
another study using controlled cortical impact (CCI) in aged mice, the permeability of the
blood-brain barrier was found to be significantly more compromised than in adult animals
(5-6 months).34 This could be important to movement of molecules, such as cytokines,
across the blood-brain barrier. In the same CCI model, differential gene expression of TNF-
a in aged animals was seen at one day post-injury in thalamus (4.6 fold over basal levels).35
This level was significantly higher than young brain-injured animals (3.8 fold). In addition,
Interferon-vy levels were reduced in aging brain injured mice at 1 and 3 days post-injury
compared to young mice.3® Our review of the literature has identified a paucity of studies in
older humans; therefore, this is a gap in knowledge.

Older adults are at higher risk for TBI and TBI-related disability. However, we have limited
knowledge about differences in the pathophysiologic response to TBI that result from age-
related changes. In this study, we examine the neuroinflammatory response following TBI in
younger and older adults. We hypothesized that a heightened acute proinflammatory
response and sustained chronic inflammatory response would be more likely to occur in
older adults following mild TBI.

METHODS
Study Design:

A prospective 4-group cohort design was used to assess the effects of aging and TBI on
inflammatory makers. Older adults (> 55 years of age) with mild TBI (Group 1) were
enrolled in an equal number in each of three comparison groups: younger adults (21-54
years of age) with mild TBI (Group 2), non-injured older adults (> 55 years of age) (Group
3) and non-injured young adults (21-54 years of age) (Group 4). Groups 3 and 4 were age
(+/- 3 years) and sex-matched to the TBI participants enrolled in Groups 1 and 2.
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Settings, Recruitment and Screening:

Older adult and younger adult TBI study participants (Groups 1 and 2) were recruited
prospectively in a consecutive manner from persons seeking care at a Level 1 Trauma
Center. Healthy non-injured older and younger adults (Groups 3 and 4) were recruited from
the community. For full details on recruitment and screening please see Thompson et al.36

In brief, to be eligible for this study, persons in Groups 1 and 2 must have received a clinical
diagnosis of mild TBI (via CDC criteria) within the past 24 hours. In order to better
distinguish the inflammatory effects of TBI from other non-head injury, we excluded
persons with injuries to other body regions that were classified as greater than a moderate
injury (using listing of abbreviated injury scale (AIS) codes >2). As the following conditions
significantly alter the recovery pattern from mild TBI, we excluded persons who have
cervical spine trauma at time of injury; previous head injury or stroke in the past year; or
with a diagnosis of dementia. As specific drugs alter cytokine concentrations, we excluded
persons with use at time of screening of oral or injectable steroids within the last 30 days;
biologic inhibitors of cytokines, immune suppressive agents; NSAIDS more than 3 days per
week; or COX-2 inhibitors. To be eligible, control subjects (Groups 3 and 4) must have been
able to independently perform activities of daily life; speak and read English and lived in
Western Washington State. We excluded those individuals who had a prior head injury or
stroke; diagnosed dementia; had been hospitalized in the past 6 months; as well as the
specific drug categories noted above. All participants provided written informed consent to
participate, and study procedures were approved by the University of Washington’s
Institutional Review Board.

PROCEDURES

Older and Younger Participants with Traumatic Brain Injury (Groups 1 and 2):

Blood samples were collected from participants at time 0 in hospital by licensed personnel
following enrollment. The timing for the initial day 0 sample was as close as possible to
time of admission to the emergency department and was within 24 hours of injury. Data on
demographics, injury data (type, location, mechanism, and severity) and comorbid
conditions were extracted from the medical record. Blood samples were again collected
from participants at 1 and 6 months post-injury.

Older and Younger Control Participants (Groups 3 and 4):

For participants in Groups 3 and 4, interested participants identified self to study staff and
underwent phone screening for eligibility. Following phone screen, an initial visit was
scheduled. At this visit and following written informed consent, participants answered
demographic questionnaires and a blood sample was obtained. Blood samples were again
obtained at 1 and 6 months post-enroliment.

Blood sampling procedures:

blood was collected from each subject and used for the detection of inflammatory cytokines
using 2-6mL EDTA-anticoagulated blood tubes (Becton Dickinson, Franklin Lakes, NJ).
Samples were transported by the research team and processed for plasma within 2 hours of
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collection. All blood draws after Day 0 in participants with TBI, and all draws in control
participants were completed before 10:00AM to minimize circadian variability. Plasma
samples were stored at —70°C until batch evaluation.

Multiplex Cytokine Assays:

Multiplex cytokine assays, using a fluorescent microsphere suspension array on the the Bio-
PlexTM Suspension Array System (Bio-Rad Laboratories; Hercules, CA), were used to
detect and quantitate protein concentrations of selected inflammatory chemokine/cytokines.
Commercially available kits were used (Milliplex MAP hs13-plex cytokine and Milliplex 2-
plex kits, Millipore). All measures were run in duplicate using the overnight protocol. Lab
personnel were blinded to case or control status. Quality controls included the use of a
pooled sample across all plates tested to assess inter-assay variability. Mean value of the
paired observed concentration was used for analysis of each analyte.

STATISTICAL ANALYSIS

Measurements of inflammatory cytokines were log-transformed in order to obtain normality
of distribution within groups. Means, standard deviations and distributions werre to describe
inflammatory biomarkers at each time point. Linear mixed models for longitudinal data was
used to estimate the average inflammatory biomarker concentrations across time for the four
groups. This model allows for estimating the response to injury relative to a non-injured
control for both younger and older adults. An alpha of 0.05 was set. Effect sizes were then
calculated using Glass’s delta.

Three-hundred thirteen participants enrolled in the study. The average age of younger
participants with mild TBI (n=96) was 35 years (SD 9.4), while older participants with TBI
(n=75) were 66.5 years of age on average (SD 8.9). Both groups were predominantly male
(62.5% and 65.3%, respectively). Due to matching, controls had similar age and sex
distribution (Table 1). Older persons with mild TBI in the sample were more likely to have
received pre-hospital care and were more likely to be admitted to the intensive care unit than
younger adults with TBI (Table 1). However, there was no difference between groups in the
percentage of participants with positive CT scan on admission (Table 1).

We first examined the effect of aging alone on cytokine concentrations over time by
comparing older to younger age andsex-matched controls. Persistent age-related differences
were found between control groups in the concentrations of five cytokines from baseline to 6
months: IL-2, IL-5, IL-8, TNF-alpha, GM-CSF (See Table 2; Supplemental Digital Content
Table 1). We then examined the influence of TBI by comparing cytokine concentrations of
younger persons with mild TBI to their controls, as well as those of older adults following
TBI to their control group. Within 24 hours of injury, concentrations of IL-1, I1L-2, IL-4,
IL-5, IL-6, IL-7, IL-8, IL-10, IL-12, GM-CSF, IFN-Y, and TNF-a were significantly
elevated above that of controls (See Table 2; Supplemental Digital Content Table 1). At 6
months, only IL-5, IL-7, IL-8, IL-12, GM-CSF and TNF-a concentrations persisted above
that of controls. In contrast, while similar elevations were seen across time compared to
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younger controls in all cytokines noted at 24 hours, when examining differences compared
to similar aged controls, only IL-6, IL-8 and IL-10 had a significant elevation. Notably,
fractalkine was higher in only in older persons following TBI compared to older controls at
<24 hours post-injury and 6 months (Table 2).

We then compared the patterns of neuroinflammatory signatures that accompany mild TBI
in persons without other significant extracranial injuries across time in older and younger
individuals. At <24 hours post-injury, IL-6, IL-8 and fractalkine concentrations were
significantly higher in older persons with mild TBI compared to younger adults with mild
TBI. At one month, significantly higher concentrations of IL-8, fractalkine and TNF-alpha
were seen. At 6 months post-injury, significantly higher concentrations of IL-6 and I1L-8
were seen, while a lower concentration of IL-7 was found in older versus younger TBI
groups (Table 2). The largest effect size was seen in fractalkine concentrations (1.0, .27 and
2.2 at day 0, month 1 and 6, respectively) when comparing older TBI to their age-matched
controls. This was followed in order by by IL-8, IL-5 (medium), IL-6 and IL-7 (small). In
contrast, in younger adults with mild TBI, the largest effect was seen in IL-7.

DISCUSSION

Our results revealed insights to the inflammatory response in younger and older mild TBI
adults over 6 months. Plasma samples were collected at three time points (day 0, months 1
and 6) in younger and older adults with and without mild TBI. Inflammation following TBI
is a complex and dynamic process of both the central and peripheral nervous systems, which
may be influenced by age. In this study we evaluated inflammatory cytokines and
chemokine profiles in the acute and post-acute phase of mild TBI. Our findings addressed
the complex nature of how age influences the chronic recovery phase of TBI in adults. Our
data suggests that TBI has particular age-related neuroinflammatory signatures that differ in
older and younger adults experiencing mild TBI.

Pro- and anti-inflammatory cytokine profiles in serum and cerebrospinal fluid (CSF) have
previously been reported within 24 hours following TBI, specifically 1L-6 and IL-8.37-41
Our results demonstrated similar elevated concentrations of IL-6 and IL-8 in both younger
and older mild TBI groups within the first 24 hours but also throughout the study to 6
months. IL-6 has pro- and anti-inflammatory cytokine properties and is known to regulate
inflammation, immunity, and neural development.#2 Elevated plasma IL-6 concentrations
have been seen within the first 24 to 48 hours following severe TBI injury and associated
with severe brain injury, poorer outcomes, and a greater risk for mortality.#3-4% I1L-8 is a pro-
inflammatory cytokine and is produced primarily by monocytes and macrophages and acts
as a chemoattractant for neutrophils.#® Studies show that IL-8 measured in serum and CSF
of persons within 24 hours of severe TBI is associated with increased risk for mortality.47:48
Yan et. al (2014) collected CSF and serum samples (n = 42) over 5 days and measured IL-8
concentrations.*® The highest concentrations were seen within 24 to 48 hours post-injury in
adults following severe TBI.49

Limited studies have evaluated IL-5 and IL-7 in TBI. IL-5 is secreted by Th2 cells and
regulates eosinophil development.50-53 A shift in patterns of T-helper cells to type 2 (Th2)
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has been seen in the sub-acute phase post-traumatic injury, and is associated with a counter-
inflammatory response to trauma.>* IL-5 is thought to be beneficial in the repair of brain
damage and suppression of inflammation.5® IL-7 is required for T-cell development,
function and survival and may play a role in wound healing.%6-58 |L-7 signaling occurs
through the Jak-Stat pathway and promotes T-cell survival through upregulating anti-
apoptotic genes.56 Juengst and colleagues (2015) found significantly elevated IL-7
concentrations in CSF within the first week in adults experiencing moderate to severe TBI (n
= 41) compared to healthy controls (n = 15), while no differences were found in IL-5
concentrations.>® Overall our results revealed elevated plasma IL-5 and IL-7 seen in both
younger and older adults following mild TBI compared to younger controls throughout 6
months. Interestingly, a lower concentration of IL-7 was found in older persons with mild
TBI compared to younger adults experiencing TBI at 6 months. Our findings confirm and
extend prior work in those who have experienced moderate-severe TBI to those experiencing
mild injury as well as extending to chronic time periods post-injury. Additionally, we
identify age-related differences that should be explored in future studies across all severities
of brain injury as well as to examine the role of these changes on outcome.

We found elevated fractalkine concentrations throughout 6 months in a larger sample of
older TBI adults in our study, but did not see a similar difference in younger adults following
mild TBI. Fractalkine (CX3CL1) is the only chemokine that has a sole receptor (CX3CR1)
and is expressed on neurons which directly regulates microglia.59-63 Via this interaction, it
promotes microglial activation and migration to the site of injury and increases other
leukocytes in response to injury. In studies of mice deficient for fractalkine or its receptor,
ischemic injury has been shown to result in smaller infarct volumes and improved mortality
compared to wild type animals. Fractalkine has also been associated with the development
of pain syndromes through induction of the proinflammatory cytokine IL-1, thus it may play
arole in symptom development following TBI. Rancan et al., (2004) found higher
concentrations of fractalkine from serum than CSF samples in patients with severe TBI
(mean age 36 years old; n = 12) compared to controls (n=13) at baseline which declined
over 14 days.54 The differences between the present report and the study by Rancan and
colleagues could be related to differences in detection assay methods (serum vs. plasma,
ELISA vs. Multiplex, antibody manufacturer and differences in the two samples (age, injury
severity).

Limitations of the present report include recruiting from a single site, which limited the
racial/ethnic diversity of the sample based on the population served by the facility. Another
potential limitation is that peripheral blood samples, rather than a more direct measure of
cerebral inflammation such as cerebral spinal fluid, were used to examine the inflammatory
response post-TBI. Obtaining cerebral spinal fluid from persons following mild TBI was not
chosen due to risk and patient burden, and blood samples are obtained in the ED as part of
usual care. Further, by limiting the sample to those with AIS scores of 2 or less in areas
other than the head, we reduced the potential influence of non-cranial injuries on the
inflammatory measures. We obtained blood samples as soon as possible after enrollment in
those with mild TBI to ensure within 24 hours of injury. This may have increased variability
in the Day 0 cytokine concentrations in the mild TBI groups as there is normally circadian
regulation of innate immunity.
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CONCLUSION

The present report extends prior literature by examining differences across age groups and
focusing on persons following mild TBI to 6 months post-injury. Most prior studies
examining the inflammatory response have focused on the acute phase post-injury, but given
the proinflammatory state that accompanies aging, it was important to study longer-term
outcomes to examine the chronic phase post-injury. The neuroinflammatory signature that
accompanies mild TBI in older adults differs from that of younger adults. The differences
seen are notable for their roles in neutrophil attraction (IL-8), neuronal-microglial-immune
cell interactions (fractalkine), and chronic inflammation (IL-6). It will be important to
examine these differences in relation to symptoms and functional recovery in future studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Conflicts of Interest and Source of Funding:

Dr. Thompson received grant funding for the work FROM the NIH/NINDS 1R01NS07791 and Dr. Martha is
currently supported by NIH/NINR T32NR016913 as a post-doctoral fellow. There are no conflicts of interest to
report. For the remaining authors, none were declared.

References

1. Centers for Disease Control and Prevention. Surveillance Report of Traumatic Brain Injury-related
Emergency Department Visits, Hospitalizations, and Deaths—United States, 2014. . Atlanta, GA:
Centers for Disease Control and Prevention 2019.

2. Taylor CA, Bell JM, Breiding MJ, Xu L. Traumatic Brain Injury-Related Emergency Department
Visits, Hospitalizations, and Deaths - United States, 2007 and 2013. Morbidity and Mortality
Weekly Report (MMWR). 2017;66(SS-9):1-16. [PubMed: 28081055]

3. Gardner RC, Dams-O’Connor K, Morrissey MR, Manley GT. Geriatric Traumatic Brain Injury:
Epidemiology, Outcomes, Knowledge Gaps, and Future Directions. Journal of Neurotrauma. 2018.

4. Thompson HJ, McCormick WC, Kagan SH. Traumatic brain injury in older adults: epidemiology,
outcomes, and future implications. Journal of the American Geriatrics Society. 2006;54(10):1590—
1595. [PubMed: 17038079]

5. Mosenthal AC, Livingston DH, Lavery RF, et al. The effect of age on functional outcome in mild
traumatic brain injury: 6-month report of a prospective multicenter trial. The Journal of Trauma.
2004;56(5):1042-1048. [PubMed: 15179244]

6. Degan D, Ornello R, Tiseo C, Carolei A, Sacco S, Pistoia F. The Role of Inflammation in
Neurological Disorders. Current Pharmaceutical Design. 2018;24(14):1485-1501. [PubMed:
29589534]

7. Marshall JC, Reinhart K. Biomarkers of sepsis. Critical Care Medicine. 2009;37(7):2290-2298.
[PubMed: 19487943]

8. Gosain A, Gamelli RL. A primer in cytokines. The Journal of Burn Care & Tehabilitation.
2005;26(1):7-12.

9. Utagawa A, Truettner JS, Dietrich WD, Bramlett HM. Systemic inflammation exacerbates
behavioral and histopathological consequences of isolated traumatic brain injury in rats.
Experimental Neurology. 2008;211(1):283-291. [PubMed: 18355811]

10. Corps KN, Roth TL, McGavern DB. Inflammation and neuroprotection in traumatic brain injury.

JAMA Neurology. 2015;72(3):355-362. [PubMed: 25599342]
11. Jassam YN, lzzy S, Whalen M, McGavern DB, El Khoury J. Neuroimmunology of Traumatic
Brain Injury: Time for a Paradigm Shift. Neuron. 2017;95(6):1246-1265. [PubMed: 28910616]

J Head Trauma Rehabil. Author manuscript; available in PMC 2021 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Thompson et al.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Page 9

Morganti-Kossmann MC, Rancan M, Stahel PF, Kossmann T. Inflammatory response in acute
traumatic brain injury: a double-edged sword. Current Opinion in Critical care. 2002;8(2):101-
105. [PubMed: 12386508]

Shaftel SS, Carlson TJ, Olschowka JA, Kyrkanides S, Matousek SB, O’Banion MK. Chronic
interleukin-1beta expression in mouse brain leads to leukocyte infiltration and neutrophil-
independent blood brain barrier permeability without overt neurodegeneration. The Journal of
Neurosciencee. 2007;27(35):9301-93009.

Tasci A, Okay O, Gezici AR, Ergun R, Ergungor F. Prognostic value of interleukin-1 beta levels
after acute brain injury. Neurological Research. 2003;25(8):871-874. [PubMed: 14669533]

Winter CD, Pringle AK, Clough GF, Church MK. Raised parenchymal interleukin-6 levels
correlate with improved outcome after traumatic brain injury. Brain. 2004;127(Pt 2):315-320.
[PubMed: 14645145]

Bektas A, Schurman SH, Sen R, Ferrucci L. Aging, inflammation and the environment.
Experimental Gerontology. 2018;105:10-18. [PubMed: 29275161]

Warren KN, Beason-Held LL, Carlson O, et al. Elevated Markers of Inflammation Are Associated
With Longitudinal Changes in Brain Function in Older Adults. The Journals of Gerontology Series
A, Biological Sciences and Medical Sciences. 2018;73(6):770-778.

Michaud M, Balardy L, Moulis G, et al. Proinflammatory cytokines, aging, and age-related
diseases. Journal of the American Medical Directors Association. 2013;14(12):877-882. [PubMed:
23792036]

Morrisette-Thomas V, Cohen AA, Fulop T, et al. Inflamm-aging does not simply reflect increases
in pro-inflammatory markers. Mechanisms of Ageing and Development. 2014;139:49-57.
[PubMed: 25011077]

Cesari M, Penninx BW, Newman AB, et al. Inflammatory markers and onset of cardiovascular
events: results from the Health ABC study. Circulation. 2003;108(19):2317-2322. [PubMed:
14568895]

Ferrucci L, Harris TB, Guralnik JM, et al. Serum IL-6 level and the development of disability in
older persons. Journal of the American Geriatrics Society. 1999;47(6):639-646. [PubMed:
10366160]

Franceschi C, Zaikin A, Gordleeva S, et al. Inflammaging 2018: An update and a model. Seminars
in Immunology. 2018;40:1-5. [PubMed: 30392751]

Harris TB, Ferrucci L, Tracy RP, et al. Associations of elevated interleukin-6 and C-reactive
protein levels with mortality in the elderly. The American Journal of Medicine. 1999;106(5):506—
512. [PubMed: 10335721]

Krabbe KS, Pedersen M, Bruunsgaard H. Inflammatory mediators in the elderly. Experimental
Gerontology. 2004;39(5):687-699. [PubMed: 15130663]

Todd MA. Inflammation and Cognition in Older Adults: Evidence from Taiwan. Biodemography
and Social Biology. 2017;63(4):309-323. [PubMed: 29199872]

Zhang Y, Bauersachs J, Langer HF. Immune mechanisms in heart failure. European Journal of
Heart Failure. 2017;19(11):1379-1389. [PubMed: 28891154]

Lynch AM, Lynch MA. The age-related increase in IL-1 type | receptor in rat hippocampus is
coupled with an increase in caspase-3 activation. The European Journal of Neuroscience.
2002;15(11):1779-1788. [PubMed: 12081657]

Sparkman NL, Johnson RW. Neuroinflammation associated with aging sensitizes the brain to the
effects of infection or stress. Neuroimmunomodulation. 2008;15(4-6):323-330. [PubMed:
19047808]

Buchanan JB, Sparkman NL, Chen J, Johnson RW. Cognitive and neuroinflammatory
consequences of mild repeated stress are exacerbated in aged mice. Psychoneuroendocrinology.
2008;33(6):755-765. [PubMed: 18407425]

Lyons A, Lynch AM, Downer EJ, et al. Fractalkine-induced activation of the

phosphatidylinositol-3 kinase pathway attentuates microglial activation in vivo and in vitro.
Journal of Neurochemistry. 2009;110(5):1547-1556. [PubMed: 19627440]

J Head Trauma Rehabil. Author manuscript; available in PMC 2021 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Thompson et al.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Page 10

Banks WA, Dohi K, Hansen K, Thompson HJ. Assessing blood granulocyte colony-stimulating
factor as a potential biomarker of acute traumatic brain injury in mice and humans. Brain,
Behavior, and Immunity. 2016;52:81-87.

Kyrkanides S, O’Banion MK, Whiteley PE, Daeschner JC, Olschowka JA. Enhanced glial
activation and expression of specific CNS inflammation-related molecules in aged versus young
rats following cortical stab injury. Journal of Neuroimmunology. 2001;119(2):269-277. [PubMed:
11585630]

Shah SA, Prough DS, Garcia JM, DeWitt DS, Hellmich HL. Molecular correlates of age-specific
responses to traumatic brain injury in mice. Experimental Gerontology. 2006;41(11):1201-1205.
[PubMed: 16978820]

Onyszchuk G, He Y'Y, Berman NE, Brooks WM. Detrimental effects of aging on outcome from
traumatic brain injury: a behavioral, magnetic resonance imaging, and histological study in mice.
Journal of Neurotrauma. 2008;25(2):153-171. [PubMed: 18260798]

Sandhir R, Puri V, Klein RM, Berman NE. Differential expression of cytokines and chemokines
during secondary neuron death following brain injury in old and young mice. Neuroscience
Letters. 2004;369(1):28-32. [PubMed: 15380302]

Thompson HJ, Rivara F, Becker KJ, Maier R, Temkin N. Impact of aging on the immune response
to traumatic brain injury (Alm:TBI) study protocol. Injury prevention. 2019.

Ziebell IM, Morganti-Kossmann MC. Involvement of pro- and anti-inflammatory cytokines and
chemokines in the pathophysiology of traumatic brain injury. Neurotherapeutics. 2010;7(1):22-30.
[PubMed: 20129494]

Inflammation Balu R. and immune system activation after traumatic brain injury. Curr Neurol
Neurosci Rep. 2014;14(10):484. [PubMed: 25138025]

Frugier T, Morganti-Kossmann MC, O’Reilly D, McLean CA. In situ detection of inflammatory
mediators in post mortem human brain tissue after traumatic injury. J Neurotrauma.
2010;27(3):497-507. [PubMed: 20030565]

Singhal A, Baker AJ, Hare GM, Reinders FX, Schlichter LC, Moulton RJ. Association between
cerebrospinal fluid interleukin-6 concentrations and outcome after severe human traumatic brain
injury. J Neurotrauma. 2002;19(8):929-937. [PubMed: 12225653]

Maier B, Schwerdtfeger K, Mautes A, et al. Differential release of interleukines 6, 8, and 10 in
cerebrospinal fluid and plasma after traumatic brain injury. Shock. 2001;15(6):421-426. [PubMed:
11386612]

Romano M, Sironi M, Toniatti C, et al. Role of IL-6 and its soluble receptor in induction of
chemokines and leukocyte recruitment. Immunity. 1997;6(3):315-325. [PubMed: 9075932]
Woiciechowsky C, Schoning B, Cobanov J, Lanksch WR, Volk HD, Docke WD. Early IL-6 plasma
concentrations correlate with severity of brain injury and pneumonia in brain-injured patients. J
Trauma. 2002;52(2):339-345. [PubMed: 11834998]

Yousefzadeh-Chabok S, Dehnadi Moghaddam A, Kazemnejad-Leili E, et al. The Relationship
Between Serum Levels of Interleukins 6, 8, 10 and Clinical Outcome in Patients With Severe
Traumatic Brain Injury. Arch Trauma Res. 2015;4(1):e18357. [PubMed: 26064865]

Lustenberger T, Kern M, Relja B, Wutzler S, Stormann P, Marzi I. The effect of brain injury on the
inflammatory response following severe trauma. Immunobiology. 2016;221(3):427-431.
[PubMed: 26688509]

Bickel M The role of interleukin-8 in inflammation and mechanisms of regulation. J Periodontol.
1993;64(5 Suppl):456-460. [PubMed: 8315568]

Ferreira LC, Regner A, Miotto KD, et al. Increased levels of interleukin-6, -8 and —10 are
associated with fatal outcome following severe traumatic brain injury. Brain Inj.
2014,28(10):1311-1316. [PubMed: 24830571]

Di Battista AP, Rhind SG, Hutchison MG, et al. Inflammatory cytokine and chemokine profiles are
associated with patient outcome and the hyperadrenergic state following acute brain injury. J
Neuroinflammation. 2016;13:40. [PubMed: 26883121]

Yan EB, Satgunaseelan L, Paul E, et al. Post-traumatic hypoxia is associated with prolonged
cerebral cytokine production, higher serum biomarker levels, and poor outcome in patients with
severe traumatic brain injury. J Neurotrauma. 2014;31(7):618-629. [PubMed: 24279428]

J Head Trauma Rehabil. Author manuscript; available in PMC 2021 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Thompson et al.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Page 11

Stein ML, Villanueva JM, Buckmeier BK, et al. Anti-IL-5 (mepolizumab) therapy reduces
eosinophil activation ex vivo and increases IL-5 and IL-5 receptor levels. J Allergy Clin Immunol.
2008;121(6):1473-1483, 1483.e1471-1474. [PubMed: 18410960]

Sehmi R, Wardlaw AJ, Cromwell O, Kurihara K, Waltmann P, Kay AB. Interleukin-5 selectively
enhances the chemotactic response of eosinophils obtained from normal but not eosinophilic
subjects. Blood. 1992;79(11):2952-2959. [PubMed: 1316789]

Butterfield JH, Leiferman KM, Abrams J, et al. Elevated serum levels of interleukin-5 in patients
with the syndrome of episodic angioedema and eosinophilia. Blood. 1992;79(3):688-692.
[PubMed: 1732010]

Tan S, Shan 'Y, Lin Y, et al. Neutralization of interleukin-9 ameliorates experimental stroke by
repairing the blood-brain barrier via down-regulation of astrocyte-derived vascular endothelial
growth factor-A. FASEB J. 2019;33(3):4376-4387. [PubMed: 30694693]

Osuka A, Ogura H, Ueyama M, Shimazu T, Lederer JA. Immune response to traumatic injury:
harmony and discordance of immune system homeostasis. Acute Medicine & Surgery.
2014;1(2):63-69. [PubMed: 29930824]

Luk AO, Wang Y, Ma RC, et al. Predictive role of polymorphisms in interleukin-5 receptor alpha-
subunit, lipoprotein lipase, integrin A2 and nitric oxide synthase genes on ischemic stroke in type
2 diabetes--an 8-year prospective cohort analysis of 1327 Chinese patients. Atherosclerosis.
2011;215(1):130-135. [PubMed: 21193198]

ElKassar N, Gress RE. An overview of IL-7 biology and its use in immunotherapy. Journal of
Immunotoxicology. 2010;7(1):1-7. [PubMed: 20017587]

Moors M, Vudattu NK, Abel J, et al. Interleukin-7 (IL-7) and IL-7 splice variants affect
differentiation of human neural progenitor cells. Genes Immun. 2010;11(1):11-20. [PubMed:
19847194]

Bartlett A, Sanders AJ, Ruge F, Harding KG, Jiang WG. Potential implications of interleukin-7 in
chronic wound healing. Experimental and Therapeutic Medicine. 2016;12(1):33-40. [PubMed:
27347014]

Juengst SB, Kumar RG, Failla MD, Goyal A, Wagner AK. Acute inflammatory biomarker profiles
predict depression risk following moderate to severe traumatic brain injury. J Head Trauma
Rehabil. 2015;30(3):207-218. [PubMed: 24590155]

Hatori K, Nagai A, Heisel R, Ryu JK, Kim SU. Fractalkine and fractalkine receptors in human
neurons and glial cells. J Neurosci Res. 2002;69(3):418-426. [PubMed: 12125082]

Harrison JK, Jiang Y, Chen S, et al. Role for neuronally derived fractalkine in mediating
interactions between neurons and CX3CR1-expressing microglia. Proc Natl Acad Sci U S A.
1998;95(18):10896-10901. [PubMed: 9724801]

Bazan JF, Bacon KB, Hardiman G, et al. A new class of membrane-bound chemokine with a CX3C
motif. Nature. 1997;385(6617):640-644. [PubMed: 9024663]

Pan Y, Lloyd C, Zhou H, et al. Neurotactin, a membrane-anchored chemokine upregulated in brain
inflammation. Nature. 1997;387(6633):611-617. [PubMed: 9177350]

Rancan M, Bye N, Otto VI, et al. The chemokine fractalkine in patients with severe traumatic brain
injury and a mouse model of closed head injury. J Cereb Blood Flow Metab. 2004;24(10):1110-
1118. [PubMed: 15529011]

J Head Trauma Rehabil. Author manuscript; available in PMC 2021 September 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Thompson et al. Page 12
Table 1.
Description of Participant Demographics and Care Characteristics.
Total Sample Younger Older Control Younger TBI Older TBI p-valuel
N=313 Control n=80 n=62 n=96 n=75
Age Mean(SD) 48.7(18.0) 35.1(10.0) 65.7(8.1) 35.0(9.4) 66.5(8.9) <0.0001
Male sex 201(64.2) 52(65.0) 40(64.5) 60(62.5) 49(65.3) 0.98
Race 0.71
White | 254(81.2) 63(78.8) 50(80.7) 76(79.2) 65(86.7)
Black/African American | 33(10.5) 10(12.5) 5(8.1) 12(12.5) 6(8.0)
American Indian/Native | 3(1.0) 0(0.0) 0(0.0) 2(2.1) 1(1.3)
American
Asian/Pacific Islander | 15(4.8) 5(6.2) 5(8.0) 4(4.2) 1(1.3)
Other | 8(2.6) 2(2.5) 2(3.2) 2(2.1) 2(2.7)
Hispanic Ethnicity 13(4.1) 4(5.0) 0(0.0) 8(8.3) 1(1.3) 0.02
Pre-hospital care received 135(85.4) NA NA 70(79.5) 65(92.9) 0.02
Positive CT scan
Yes | 41(32.5) NA NA 19(31.7) 22(33.3) 0.84
No | 85(67.5) NA NA 41(68.3) 44(66.7)
Hospital length of stay 1.3(2.6) NA NA 1.2(3.2) 1.4(1.8) 0.55
Mean (SD)
ICU admission 0.02
No | 129(81.1) NA NA 77(87.5) 52(73.2)
Yes | 30(18.9) NA NA 11(12.5) 19(26.8)

7‘Difference reported across all four groups for age, sex, race, ethnicity, and between younger and older TBI for all other characteristics.

All data are presented as n (%) except as noted. NA=not applicable.
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