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Background: Traumatic injury can lead to a compromised intestinal epithelial barrier and
inflammation. While alterations in the gut microbiome of critically injured patients may influence
clinical outcomes, the impact of trauma on gut microbial composition is unknown. Our objective
was to determine if the gut microbiome is altered in severely injured patients and begin to
characterize changes in the gut microbiome due to time and therapeutic intervention.

Methods: We conducted a prospective, observational study in adult patients (n=72) sustaining
severe injury admitted to a Level I Trauma Center. Healthy volunteers (n=13) were also examined.
Fecal specimens were collected on admission to the Emergency Department (ED) and at 3, 7, 10,
and 13 (£2) days following injury. Microbial DNA was isolated for 16s rRNA sequencing, and a.-
and B-diversity were estimated, according to taxonomic classification against the Greengenes
database.

Results: The gut microbiome of trauma patients was altered on admission (i.e., within 30
minutes following injury) compared to healthy volunteers. Patients with an unchanged gut
microbiome on admission were transfused more RBCs than those with an altered gut microbiome
(p<0.001). Although the gut microbiome started to return to a B-diversity profile similar to that of
healthy volunteers over time, it remained different from healthy controls. Alternatively, a-diversity
initially increased post-injury, but subsequently decreased during the hospitalization. Injured
patients on admission had a decreased abundance of traditionally beneficial microbial phyla (e.g.,
Firmicutes) with a concomitant decrease in opportunistic phyla (e.g., Proteobacteria) compared to
healthy controls (p< 0.05). Large amounts of blood products and RBCs were both associated with
higher a-diversity (p<0.001) and a B-diversity clustering closer to healthy controls.

Conclusions: The human gut microbiome changes early after trauma and may be aided by early
massive transfusion. Ultimately, the gut microbiome of trauma patients may provide valuable
diagnostic and therapeutic insight for the improvement of outcomes post-injury.

Level of Evidence: Level 111

Study Type: Prognostic and Epidemiological

Keywords

trauma; injury; gut microbiome; dysbiosis; transfusion

Introduction:

The human microbiome contains 100-fold more genes than the human genome and
encompasses a vast network of symbiotic microbes, which outnumber mammalian cells (1,
2). The human gut microbiome plays a vital role in host development and homeostasis,
including cellular metabolism, nutrient digestion and absorption, development and
maintenance of the immune system, and control of the inflammatory response (3, 4). The
distribution of intestinal microbes changes with age and is also influenced by diet and
disease (5, 6). The majority of gut microbes belong to the phyla Firmicutes, Bacteroidetes,
Proteobacteria, Actinobacteria, and Verrucomicrobia and are known contributors to the
intestinal epithelial barrier (7-9). These microbes provide tonic stimulation to the innate
immune system, via toll-like receptor (TLR) signaling, resulting in increased intestinal
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motility, reinforcement of epithelial integrity, and increased production of metabolites (10,
11). This process ultimately leads to a preserved distribution of mutualistic and commensal
organisms that protect against transiently invading pathogens.

Alterations in intestinal microbiome diversity have been identified in various disease states,
including obesity, cardiovascular disease, asthma, inflammatory bowel disease, Clostridium
difficile (c.diff) colitis and colorectal carcinoma cancer (12—15). Recent data also
characterize the consequences of an altered distribution of gut microbes, termed dysbiosis.
Rapid dysbiosis is seen in critical illness and worsens during a prolonged hospitalization
(16). Intestinal dysbiosis has also been attributed to septic complications in critically ill
patients, likely due to the critical role that symbiont organisms play in colonization
resistance against acquired pathogens (17, 18). Furthermore, in critically ill patients with a
prolonged hospitalization, the gut microbial composition dramatically changes causing
pathogen communities of extremely low diversity to emerge, triggering further virulence
(19).

Although reductions in intestinal microbial diversity have been linked to increased mortality
in critically ill patients, less defined is the impact of trauma on the intestinal microbial
community of severely injured humans and the consequences of dysbiosis in this population.
Trauma patients are susceptible to multiple organ dysfunction syndrome, hospital acquired
infection, and the systemic inflammatory response syndrome occurring days to weeks after
injury (20, 21). Several early clinical studies in small patient populations have demonstrated
phylogenetic changes among gut microbial populations following traumatic and burn injury,
yet these studies have lacked the power and the inclusion of clinical intervention analysis to
be conclusive (22-25). Preclinical data from various injury models including polytrauma,
burn injury, traumatic brain injury (TBI) and spinal cord injury (SCI) also support the
concept that traumatic injury alters the gut microbiome which impacts outcome (24, 26-31).
Larger clinical studies are needed to address this gap and better understand the microbial
changes occurring in the gut following injury especially in the context of early resuscitation.

To further characterize the impact of traumatic injury on the human gut microbiome, we
conducted a prospective, observational cohort study of severely injured patients. The aim of
this study was to characterize differences in gut microbial communities in trauma patients,
identify changes in gut bacterial composition across time in these patients, and begin to
elucidate the potential impact of therapeutic intervention. We hypothesized that the gut
microbiome is altered in severely injured patients, which is also differentially affected
depending on the resuscitation strategy.

Approval was obtained from the University of Texas Health San Antonio Institutional
Review Board to conduct this study. Adult patients (age >18 years; n=72) sustaining a
severe injury from blunt or penetrating trauma admitted to University Hospital (UH), a Level
1 Adult and Pediatric Trauma Center in San Antonio, Texas were enrolled prospectively
from 2015 to 2016. Enrollment criteria included age >18 years, Injury Severity Score (ISS)
>15, ground transport to UH from the scene, and admission to the UH Surgical Intensive
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Care Unit (SICU). Exclusion criteria included: prisoners, age < 18 years, pregnancy, and
patients transferred from outside hospitals. Patients were initially enrolled under a waiver of
consent on admission to the UH Emergency Department (ED). Consent to participate and
continue the study was obtained from the patient or a legal authorized representative as soon
as possible following admission. Healthy volunteers (n=13) were also enrolled for

comparison.

Sample collection

Fecal specimens were collected on admission to the UH Emergency Department (Day 0) by
rectal swab (COPAN, California, USA) on routine trauma evaluation. Stool was then
collected on days 3, 7, 10 and 13 (+ 2 days) following injury at the time of defecation using
a sterile collection method. All fecal samples were stored at —80°C within 20 minutes of
sampled collection for DNA isolation at a later time. Extensive demographic, injury, clinical
and outcome data were prospectively collected on all patients. We stratified the number of
total blood products (RBCs, fresh frozen plasma, platelets and cryoprecipitate) that patients
received into the following groups: none, low (1-5 units), medium (6-10 units), high (11-19
units), and extreme ( 20 units). Similarly, we stratified the number of RBCs transfused into
none, low (1-3 units), medium (4-6 units), and high ( 3/ units).

Gut microbiome analysis

Microbial DNA was isolated from all fecal samples using the QTAGEN QIAamp® DNA
Stool Mini Kit (QIAGEN, Hilden, Germany). DNA was quantified using the Thermo
Scientific NanoDrop 1000 Spectrophotometer. Extracted genomic DNA was then used to
amplify the V1-V2 variable region of the 16S rRNA genes with custom-designed primers
(F27/R355) using PCR. The Forward Bosshard sequence was
AGAGTTTGATCMTGGCTCAG (27F) and the Reverse Bosshard sequence was
GCTGCCTCCCGTAGGAGT (355R) with the amplicon size of V1-V2 about 340bp
(355-27). Subsequently, raw data were processed through the software package Quantitative
Insights Into Microbial Ecology (QIIME). Samples were sequenced in duplicate runs to
increase available data; since no differences in a or P diversity were seen, these runs were
combined for analysis (data not shown). Libraries for all samples were prepared and
sequenced by Paired-end sequencing (2 x 300 bp) using the Illumina MiSeq platform. A
mean of 164,813 pair-end raw reads (median of 165,738 pair-end raw reads) per sample
were generated with read length of 301bps. Raw sequences were quality trimmed by
removing reads shorter than 200 bases, resulting in a median quality score of 36 for forward
reads, and 30 for reverse reads. The operational taxonomic units (OTU) were clustered based
on at 97% similarity. Taxonomic classifications were made using the QIIME-formatted
Greengenes (gg_13_8) 16S rRNA gene database according to standard phylogenetic
methods. The OTU table was further filtered by removing OTUs found in only one sample.
Rarefaction was performed to a depth of 28000 base pairs, which allowed inclusion of all

samples.

Alpha (a) diversity, or the intra-population diversity (microbial diversity within individual
patients at each time point), was estimated by calculating the number of observed OTUs
(richness), evenness of OTU abundance, and diversity using the Faith_ PD and Shannon
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Diversity Indices. The Kruskal-Wallis test was used to identify differences. Beta (8)
diversity, or the inter-population diversity (the microbial diversity between patients at each
time point), was estimated by constructing principal coordinate analysis plots for the
following B-diversity measures: weighted and unweighted UniFrac distances, Bray-Curtis,
and Jaccard Indices using QIIME. Statistical analysis of these measures were performed
with a permutational analysis of variance (PERMANOVA) for overall significance, with
post-hoc pairwise PERMANOVAs run to assess differences across groups. Two way
ANOVA with Tukey’s multiple comparisons was used to perform statistical analyses on
remaining data. Alpha < 0.05 was considered significant for all analyses. QIIME, STAMP
and GraphPad Prism were used for the visualization and the statistics of the comparative
metagenomics data sets.

Results:

Patient population

Characteristics of enrolled patients are shown in Table 1. A total of 72 patients and 13
healthy controls were enrolled with a similar age. The majority of the patients were male
with a mean ISS of 21 and suffered from primarily blunt trauma. The mean shock index was
0.95. The mean total blood products transfused was 6 units within the first 72 hours for all of
the patients enrolled. The mean total RBCs transfused for all of the enrolled patients was
also 6 units within 72 hours. Of note, the majority of the blood and products was transfused
in the first 12 hours of admission with only 8 units of RBCs and 2 units of platelets in total
given after 12 hours for all of the enrolled patients. Ten percent of the injured patients
received a massive transfusion protocol (MTP), defined as 10 or more units of RBCs
transfused in 24 hours, while 28% received >4 units of RBCs in the ED on admission.

a and B diversity analyses

The a-diversity, intra-population diversity as measured by observed OTUs, demonstrated an
initial increase compared to healthy controls but decreased significantly by days 5-8 and
remained lower compared to admission for the duration of the stay (Fig 1A). The Faith_PD
and the Shannon Indices demonstrated a trend toward lower number of species by day 5, but
this measure of a-diversity did not reach significance (Fig 1A). Conversely, differences in -
diversity (inter-population diversity) and microbial profile, as depicted in the principle
components analysis (PCA) plots, were observed on day O for patients (depicted in red in
Fig 1B-D) versus controls (yellow in Fig 1B-D). While the microbial profile in the injured
patients shifted to more closely resemble the microbiome of the healthy controls over time,
B-diversity remained significantly different in the injured patients over all time points
compared to both healthy controls and day O for patients by all B diversity measures (Bray
Curtis, (un)weighted UniFrac, Jaccard; Fig 1B-D). PERMANOVA analysis confirmed a
significant effect longitudinally and compared to healthy controls (p< 0.05). These PCA
results suggest that injury disrupts the gut microbiome as early as 30 minutes from the time
of injury since samples were taken on arrival to the ED and mean transport time was less
than 30 minutes.
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The gut microbiome in 26% of the injured patients more closely resembled the microbial
profile of the healthy controls as demonstrated by the B-diversity (Fig 1). When these
patients were separated (Table 2), the patients whose gut microbiome was similar to controls
received significantly more units of RBCs and total blood products in 12 hours versus those
whose microbiome differed (7 units RBCs and 14 units of total blood products versus 2 units
RBCs and 3 units total blood products respectively, p <0.05; Table 2). Conversely, there
were no differences between these groups in the proportion of blunt injuries, ISS, or Shock
Index.

To confirm this observation, a- and B-diversity were estimated for all samples according to
RBCs, total blood products transfused, ISS, shock index and blunt vs penetrating trauma.
PERMANOVA values for all B-diversity indices on these metrics are shown in Table 3. The
weighted UniFrac Index was significantly different according to amount of both RBCs and
total blood products transfused (Table 3, Fig 2A-B). When post-hoc pairwise testing was
performed for weighted UniFrac B diversity, patients that received over 20 units of blood
products were significantly different than patients that received no products (p = 0.002), 1-5
units (p = 0.02), and 6-10 units (p=0.017), but not different than patients who received 11-19
units (p=0.171). More specifically, similar results were observed for the amount of RBCs in
that patients who received greater than 6 units of RBCs had a microbial profile that was
significantly different than patients who received no RBCs (p=0.001), 1-3 units of RBCs
(p=0.005), and 4-6 units of RBCs (p=.047). Similarly, a.-diversity, (i.e., observed OTUs) was
significantly greater in patients receiving more than 6 units RBCs and at least 10 units of
total blood products (Fig 2A-B).

These results suggest early massive transfusion is associated with preservation of species
diversity. Table 3 reveals that B-diversity also differed according to ISS by Weighted
UniFrac (Fig 2C) and Bray-Curtis analyses (Plot not shown) suggesting that injury severity
also affects the diversity of the gut microbiome. However, a-diversity was similar between
severely injured and less severely injured patients (Fig 2C). While there was no difference in
B-diversity by shock index or by blunt versus penetrating trauma (Table 3), patients
sustaining a blunt trauma had a significantly lower a-diversity than those with a penetrating
injury (P=0.0025, Supplemental Digital Content 1, .tiff file of graphs of a-diversity by 1SS
and blunt ver sus penetrating trauma).

Organism classifications

The representative and most abundant phyla included Firmicutes, Bacteroidetes,
Proteobacteria, Actinobacteria, Fusobacteria, Verrucomicrobia, and Tenericutes in all
samples, irrespective of the time after injury (Fig 3). The dominant phyla in both healthy
controls and the post-injury groups at all time points were Firmicutes and Bacteroidetes.
These two phyla comprised 95% of the bacteria in the healthy control group and total levels
of these two phyla were decreased by 14% in the injured patients at day 0. Combined levels
of Firmicutes and Bacteroidetes further decreased in patients hospitalized longer than 13
days with both phyla comprising 74% of the bacteria present. There were significant
decreases in relative abundance at the phylum level seen in Firmicutes at days 0 (p<0.0001),
days 1-4 (p=0.0015), days 5-8 (p<0.0001), days 9-12 (p<0.0001), and >13 days (p<0.0001)
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compared to healthy controls (Fig 3). Conversely, an increased relative abundance in the
phylum of Profeobacteria was observed at day 0 following injury and at each time point
compared to controls (day 0 p=0.0003, days 1-4 p=0.0166, days 5-8 p<0.0001, days 9-12
p=0.0008, and days >13 p<0.0001; Fig 3). Furthermore, there was a significant increase in
Proteobacteria in patients hospitalized for >13 days compared to patients on admission
(p=0.001; Fig 3). There was also an overall significant loss in Bacteroidetes in patients with
a prolonged hospitalization greater than 13 days compared to patients on admission (p=0.03,
Fig 3).

Discussion:

The role of the gut microbiome in health and disease has been increasingly recognized with
recent attention given to its role in critical illness and injury. However, there is insufficient
clinical evidence to further characterize this association. To our knowledge, we have
compiled the largest prospective study using non-culture based sequencing techniques of
injured patients to date. We demonstrated that severe injury alters the gut microbiome within
30 minutes of injury with continued dysbiosis during a prolonged hospitalization. Despite
these distinct differences, there was a subpopulation of patients whose microbiome more
closely resembled that of an uninjured individual. Patients in this subpopulation received
more RBCs and total blood products within the first 12 hours with a greater percentage of
patients receiving a MTP compared to patients whose microbiome differed from uninjured

individuals.

These data have similarities to recently published clinical pilot studies, however, our
methods and results have some notable differences that provide guidance for developing
future studies. Howard et al. found changes in phylogenetic composition and relative
abundance within 72 hours of injury in a population of 12 severely injured trauma patients
(22). However, they found no difference in composition on admission compared to their
controls. Our study had the power to detect a difference; however, it is important to note that
we also found a small subpopulation of patients in whom the gut microbiome was not
different compared to our healthy controls. Moreover, Howard et al. utilized patients that
sustained a trauma but were not found to have injuries as their controls as opposed to our
control population of healthy, uninjured volunteers. In this light, it can be speculated that the
stress of transport to the hospital has effects on microbial flora in the gut. Future studies
might incorporate both this control group and normal healthy individuals to explore this
possibility. The findings from our study concerning changes with hospital longevity are also
consistent with previous studies performed in critically ill patients with prolonged
hospitalization demonstrating dysbiosis and the emergence of low diversity communities
(16-19).

We also found that massive transfusion was associated with significant changes in 3
diversity and demonstrated increased species diversity with more units transfused. This
suggests that early massive transfusion may preserve the gut microbiome by increasing gut
perfusion. This discovery holds the possibility to inform resuscitative strategies by initiating
prehospital transfusion at an early point in time and potentially adjusting resuscitation
according to patients’ gut microbial profile. Alternatively, these differences may represent a
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physiological response from a less injured patient with an intact immune response. However,
there was a significantly increased species diversity in patients receiving more blood with a
microbial profile more closely resembling that of a healthy control. The finding that
increased ISS has similar changes in B-diversity is congruent with these same patients
receiving more blood; however, there was no difference in a-diversity according to ISS.

Traditionally, the phylum Firmicutes contains more “health-promoting” bacteria whereas the
phylum Proteobacteria contains more pathogenic bacteria. Our data reveal rapid dysbiosis
seen on admission following trauma. Injured patients already exhibited elevated levels of
pathogenic bacteria (Proteobacteria) at day 0 and loss of beneficial bacteria (Firmicutes)
compared to healthy controls. This trend continued during the hospitalization also indicating
sustained dysbiosis following injury and hospitalization. As Krezalek et al. have suggested,
this supports the development of a pathobiome following injury, critical illness and
prolonged hospitalization that could significantly alter patient outcomes and contribute to
morbidity and mortality. While their study found that this difference was more pronounced
in patients that die later in their hospital stay, whether this is true in the trauma population
requires investigation (32).

Extensive evidence supports the gut as an immune organ, especially given its intimate
relationship with the gut microbiota (9, 33-35). Trauma-induced injury to the
gastrointestinal system can produce profound effects on the gut microbiome and the
immunoinflammatory response with resultant consequences on clinical outcome. Increased
inflammation at the intestinal level and decreased antimicrobial peptides appear to influence
the pathophysiologic processes following injury (24). Damage to the intestinal wall leads to
mucosal barrier inflammation, resulting in higher gut nitrate levels and an abnormal mucosal
oxygen gradient (36-38). These environmental and metabolic changes lead to proliferation
of pathogenic microbes in the Profeobacteria phylum (including Pseudomonas aeruginosa
and Escherichia coli), in addition to pathogenic species from the normally health-promoting
Firmicutes phylum (including Staphylococcus aureus and Enterococcus spp.) (38—40). This
new unstable microbiome ecosystem that emerges more closely resembles that of an
infectious state with low diversity microbial communities (38). Targeting this pathobiome
with alternatives to antibiotics (e.g., probiotic adjuncts or virulence directed medications)
also has the potential to improve outcomes.

Physiologic stressors such as hypoperfusion and vasoconstriction also impair gut motility
and alter the intestinal flora. The resulting ischemia reperfusion injury has been shown to
induce changes in ileal and colonic microbiota (41-43). Thus, our finding that resuscitation
seemingly protects gut microbiota is intriguing. However, the brain-gut axis and central
nervous system dysfunction may also impact the gut microbiome through bidirectional vagal
pathways between the CNS and the gut, neuroendocrine signaling, immunologic signaling,
and the effects of microbe-derived metabolites such as butyrate on the blood brain barrier
(27, 44-46). In other types of trauma, intestinal permeability allows for translocation of
certain types of bacteria, which may be related to ZO-1, occluding, or mucin levels (24, 47,
48) Additional insults during the hospitalization such as subsequent episodes of hypoxia,
prolonged exposure to medications (e.g., antibiotics, opiates, vasopressors, steroids, proton
pump inhibitors), multiple procedures and trips to the operating room, and periods of
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inadequate or artificial nutrition can all further disturb the gut microbiota (32). These
aberrations may then influence clinical outcomes such as mortality from late onset sepsis
and inflammatory disorders, hospital and ICU length of stay, infection rates, and

inflammatory disorders.

There are several limitations to our study. While associations can be inferred, the findings do
not prove causality. Future preclinical studies could elucidate some of the mechanisms
involved that may be causing the changes observed in the gut microbiome following injury.
In our study, controls were healthy volunteers with some included from hospital personnel.
Future clinical studies could expand the control population to include patients sustaining
trauma but found to be uninjured. Also, subsequent samples after admission swabs were
taken from stool at the time of defecation; this led to inexact time points, which we
subsequently pooled. While rectal swabs may provide consistency in the future, it has been
shown that rectal swabs have the same integrity of isolated DNA (49, 50). Furthermore, the
use of antibiotics was not accounted for in the current study which would almost assuredly
influence the gut flora during the hospitalization. The microbiome of antibiotic exposed
subjects (trauma patients) is likely different than healthy volunteers not exposed to
antibiotics. In addition, massively transfused subjects are known to be depleted of infused
drugs, especially antibiotics, which could affect the transfusion-related differences. Of note,
no antibiotics were given in the prehospital setting prior to admission to the ED and rectal
swabs: therefore, antibiotics likely had little effect admission samples. Future microbial
diversity analyses could attempt to account for antibiotic usage.

In conclusion, traumatic injury has an early and profound effect on the gut microbiome with
continued dysbiosis (i.e. loss of health promoting microbes and increased pathogenic
bacteria) throughout the hospital stay. Differences in diversity are also seen with massive
blood transfusion compared to limited or no transfusion implying that early transfusion may
confer a protective effect on the gut by improving perfusion and limiting reperfusion injury.
Further understanding of the gut’s response to traumatic injury holds the potential to inform
resuscitative strategies and offer therapeutic strategies such as early transfusion, fecal
transplant, administration of probiotics or prebiotics, other nutritional interventions, and the
development of virulence directed medications to limit antibiotic usage.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments and Source of Funding:

These findings were presented in part at the Military Health System Research Symposium August 19-23, 2016.
Kissimmee, Florida and will be presented at the 77! Annual Meeting of the American Association for the Surgery
of Trauma and the Clinical Congress of Acute Care Surgery and the 4 World Trauma Congress, San Diego, CA.
The project described was supported by the National Center for Advancing Translational Sciences, National
Institutes of Health, through Grant KL 2 TR001118. The content is solely the responsibility of the authors and does
not necessarily represent the official views of the NIH or the Department of the Army and the Department of
Defense. Support was also received by the University of Texas Health San Antonio Military Health Institute and the
Bob Kelso Endowment awarded to the University of Texas Health San Antonio Department of Surgery. The authors
would like to thank the following individuals for their support: Basil A. Pruitt, Jr., Dawn Garcia and Korri S.
Weldon for 16S sequencing sample processing and data generation, Yidong Chen, PhD for bioinformatics support.

J Trauma Acute Care Surg. Author manuscript; available in PMC 2020 April 01.



1duosnuepy Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuepy Joyiny

Nicholson et al.

References
1

10

11.

12.

13.

14.

15.

16.

17.

18.

Page 10

. Backhed F, Ley RE, Sonnenburg JL, Peterson DA, Gordon JI. Host-bacterial mutualism in the

human intestine. Science. 2005;307(5717):1915-20. [PubMed: 15790844]

. Gill SR, Pop M, Deboy RT, Eckburg PB, Turnbaugh PJ, Samuel BS, Gordon JI, Relman DA, Fraser-

Liggett CM, Nelson KE. Metagenomic analysis of the human distal gut microbiome. Science.
2006;312(5778):1355-9. [PubMed: 16741115]

. Round JL, Mazmanian SK. The gut microbiota shapes intestinal immune responses during health

and disease. Nature reviews Immunology. 2009;9(5):313-23.

. Hooper LV, Littman DR, Macpherson AJ. Interactions between the microbiota and the immune

system. Science. 2012;336(6086):1268—73. [PubMed: 22674334]

. Flint HJ, Scott KP, Louis P, Duncan SH. The role of the gut microbiota in nutrition and health. Nat

Rev Gastroenterol Hepatol. 2012;9(10):577-89. [PubMed: 22945443]

. Wu GD, Chen J, Hoffmann C, Bittinger K, Chen Y'Y, Keilbaugh SA, Bewtra M, Knights D, Walters

WA, Knight R, et al. Linking long-term dietary patterns with gut microbial enterotypes. Science.
2011;334(6052):105-8. [PubMed: 21885731]

. Hugon P, Dufour JC, Colson P, Fournier PE, Sallah K, Raoult D. A comprehensive repertoire of

prokaryotic species identified in human beings. Lancet Infect Dis. 2015;15(10):1211-9. [PubMed:
26311042]

.LiJ, Jia H, Cai X, Zhong H, Feng Q, Sunagawa S, Arumugam M, Kultima JR, Prifti E, Nielsen T, et

al. An integrated catalog of reference genes in the human gut microbiome. Nature biotechnology.
2014;32(8):834-41.

. Caricilli AM, Castoldi A, Camara NO. Intestinal barrier: A gentlemen’s agreement between

microbiota and immunity. World journal of gastrointestinal pathophysiology. 2014;5(1):18-32.

[PubMed: 24891972]

. Rakoff-Nahoum S, Paglino J, Eslami-Varzaneh F, Edberg S, Medzhitov R. Recognition of
commensal microflora by toll-like receptors is required for intestinal homeostasis. Cell.
2004;118(2):229-41. [PubMed: 15260992]

Ivanov II, Honda K Intestinal commensal microbes as immune modulators. Cell host & microbe.
2012;12(4):496-508. [PubMed: 23084918]

Jostins L, Ripke S, Weersma RK, Duerr RH, McGovern DP, Hui KY, Lee JC, Schumm LP, Sharma
Y, Anderson CA, et al. Host-microbe interactions have shaped the genetic architecture of
inflammatory bowel disease. Nature. 2012;491(7422):119-24. [PubMed: 23128233]

DuPont AW, DuPont HL. The intestinal microbiota and chronic disorders of the gut. Nat Rev
Gastroenterol Hepatol. 2011;8(9):523-31. [PubMed: 21844910]

Yoshimoto S, Loo TM, Atarashi K, Kanda H, Sato S, Oyadomari S, Iwakura Y, Oshima K, Morita
H, Hattori M, et al. Obesity-induced gut microbial metabolite promotes liver cancer through
senescence secretome. Nature. 2013;499(7456):97-101. [PubMed: 23803760]

Cho I, Blaser MJ. The human microbiome: at the interface of health and disease. Nature reviews
Genetics. 2012;13(4):260-70.

McDonald D, Ackermann G, Khailova L, Baird C, Heyland D, Kozar R, Lemieux M, Derenski K,
King J, Vis-Kampen C, et al. Extreme Dysbiosis of the Microbiome in Critical Illness. mSphere.
2016;1(4).

Pham TA, Lawley TD. Emerging insights on intestinal dysbiosis during bacterial infections. Curr
Opin Microbiol. 2014;17:67-74. [PubMed: 24581695]

Shimizu K, Ogura H, Hamasaki T, Goto M, Tasaki O, Asahara T, Nomoto K, Morotomi M,
Matsushima A, Kuwagata Y, et al. Altered gut flora are associated with septic complications and
death in critically ill patients with systemic inflammatory response syndrome. Digestive diseases
and sciences. 2011;56(4):1171-7. [PubMed: 20931284]

. Zaborin A, Smith D, Garfield K, Quensen J, Shakhsheer B, Kade M, Tirrell M, Tiedje J, Gilbert
JA, Zaborina O, et al. Membership and behavior of ultra-low-diversity pathogen communities
present in the gut of humans during prolonged critical illness. MBio. 2014;5(5):e01361-14.
[PubMed: 25249279]

J Trauma Acute Care Surg. Author manuscript; available in PMC 2020 April 01.



1duosnuepy Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuepy Joyiny

Nicholson et al.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Page 11

Moore FA, Sauaia A, Moore EE, Haenel JB, Burch JM, Lezotte DC. Postinjury multiple organ
failure: a bimodal phenomenon. The Journal of trauma. 1996;40(4):501-10; [PubMed: 8614027]
Papia G, McLellan BA, El-Helou P, Louie M, Rachlis A, Szalai JP, Simor AE. Infection in
hospitalized trauma patients: incidence, risk factors, and complications. The Journal of trauma.
1999:47(5):923-7. [PubMed: 10568723]

Howard BM, Kornblith LZ, Christie SA, Conroy AS, Nelson MF, Campion EM, Callcut RA,
Calfee CS, Lamere BJ, Fadrosh DW, et al. Characterizing the gut microbiome in trauma:
significant changes in microbial diversity occur early after severe injury. Trauma Surg Acute Care
Open. 2017;2(1):e000108. [PubMed: 29766103]

Hayakawa M, Asahara T, Henzan N, Murakami H, Yamamoto H, Mukai N, Minami Y, Sugano M,
Kubota N, Uegaki S, et al. Dramatic changes of the gut flora immediately after severe and sudden
insults. Digestive diseases and sciences. 2011;56(8):2361-5. [PubMed: 21384123]

Earley ZM, Akhtar S, Green SJ, Naqib A, Khan O, Cannon AR, Hammer AM, Morris NL, Li X,
Eberhardt JM, et al. Burn Injury Alters the Intestinal Microbiome and Increases Gut Permeability
and Bacterial Translocation. PloS one. 2015;10(7):e0129996. [PubMed: 26154283]

Shimizu K, Ogura H, Asahara T, Nomoto K, Matsushima A, Hayakawa K, Ikegawa H, Tasaki O,
Kuwagata Y, Shimazu T. Gut microbiota and environment in patients with major burns - A
preliminary report. Burns : journal of the International Society for Burn Injuries. 2014.

Nicholson SE, Merrill D, Zhu C, Burmeister DM, Zou Y, Lai Z, Darlington DN, Lewis AM,
Newton L, Scroggins S, et al. Polytrauma independent of therapeutic intervention alters the
gastrointestinal microbiome. American journal of surgery. 2018.

Houlden A, Goldrick M, Brough D, Vizi ES, Lenart N, Martinecz B, Roberts IS, Denes A. Brain
injury induces specific changes in the caecal microbiota of mice via altered autonomic activity and
mucoprotein production. Brain Behav Immun. 2016;57:10-20. [PubMed: 27060191]

Huang G, Sun K, Yin S, Jiang B, Chen Y, Gong Y, Chen Y, Yang Z, Chen J, Yuan Z, et al. Burn
Injury Leads to Increase in Relative Abundance of Opportunistic Pathogens in the Rat
Gastrointestinal Microbiome. Front Microbiol. 2017;8:1237. [PubMed: 28729860]

Nicholson SE, Watts LT, Burmeister DM, Merrill D, Scroggins S, Zou Y, Lai Z, Grandhi R, Lewis
AM, Newton LM, et al. Moderate Traumatic Brain Injury Alters the Gastrointestinal Microbiome
in a Time-Dependent Manner. Shock. 2018.

Waligora-Dupriet AJ, Lafleur S, Charrueau C, Choisy C, Cynober L, Butel MJ, Moinard C. Head
injury profoundly affects gut microbiota homeostasis: Results of a pilot study. Nutrition.
2018;45:104-7. [PubMed: 29129229]

Kigerl KA, Hall JC, Wang L, Mo X, Yu Z, Popovich PG. Gut dysbiosis impairs recovery after
spinal cord injury. J Exp Med. 2016;213(12):2603-20. [PubMed: 27810921]

Krezalek MA, DeFazio J, Zaborina O, Zaborin A, Alverdy JC. The Shift of an Intestinal
“Microbiome” to a ‘“Pathobiome” Governs the Course and Outcome of Sepsis Following Surgical
Injury. Shock. 2016;45(5):475-82. [PubMed: 26863118]

McGhan LJ, Jaroszewski DE. The role of toll-like receptor-4 in the development of multi-organ
failure following traumatic haemorrhagic shock and resuscitation. Injury. 2012;43(2):129-36.
[PubMed: 21689818]

Hormann N, Brandao I, Jackel S, Ens N, Lillich M, Walter U, Reinhardt C. Gut microbial
colonization orchestrates TLR2 expression, signaling and epithelial proliferation in the small
intestinal mucosa. PloS one. 2014;9(11):e113080. [PubMed: 25396415]

Kubinak JL, Petersen C, Stephens WZ, Soto R, Bake E, O’Connell RM, Round JL. MyD88
Signaling in T Cells Directs IgA-Mediated Control of the Microbiota to Promote Health. Cell host
& microbe. 2015.

Winter SE, Winter MG, Xavier MN, Thiennimitr P, Poon V, Keestra AM, Laughlin RC, Gomez G,
Wu J, Lawhon SD, et al. Host-derived nitrate boosts growth of E. coli in the inflamed gut. Science.
2013;339(6120):708-11. [PubMed: 23393266]

Albenberg L, Esipova TV, Judge CP, Bittinger K, Chen J, Laughlin A, Grunberg S, Baldassano RN,
Lewis JD, Li H, et al. Correlation between intraluminal oxygen gradient and radial partitioning of
intestinal microbiota. Gastroenterology. 2014;147(5):1055-63 8. [PubMed: 25046162]

J Trauma Acute Care Surg. Author manuscript; available in PMC 2020 April 01.



1duosnuepy Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuepy Joyiny

Nicholson et al.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Page 12

Dickson RP. The microbiome and critical illness. Lancet Respir Med. 2016;4(1):59-72. [PubMed:
26700442]

Honda K, Littman DR. The microbiome in infectious disease and inflammation. Annu Rev
Immunol. 2012;30:759-95. [PubMed: 22224764]

Grootjans J, Lenaerts K, Derikx JP, Matthijsen RA, de Bruine AP, van Bijnen AA, van Dam RM,
Dejong CH, Buurman WA. Human intestinal ischemia-reperfusion-induced inflammation
characterized: experiences from a new translational model. Am J Pathol. 2010;176(5):2283-91.
[PubMed: 20348235]

Moore FA. The role of the gastrointestinal tract in postinjury multiple organ failure. American
journal of surgery. 1999;178(6):449-53. [PubMed: 10670850]

Wang F, Li Q, He Q, Geng Y, Tang C, Wang C, Li J. Temporal variations of the ileal microbiota in
intestinal ischemia and reperfusion. Shock. 2013;39(1):96-103. [PubMed: 23247126]

Wang F, Li Q, Wang C, Tang C, Li J. Dynamic alteration of the colonic microbiota in intestinal
ischemia-reperfusion injury. PloS one. 2012;7(7):e42027. [PubMed: 22848694]

Zhu CS, Grandhi R, Patterson TT, Nicholson SE. A Review of Traumatic Brain Injury and the Gut
Microbiome: Insights into Novel Mechanisms of Secondary Brain Injury and Promising Targets
for Neuroprotection. Brain Sci. 2018;8(6).

Braniste V, Al-Asmakh M, Kowal C, Anuar F, Abbaspour A, Toth M, Korecka A, Bakocevic N, Ng
LG, Kundu P, et al. The gut microbiota influences blood-brain barrier permeability in mice. Sci
Transl Med. 2014;6(263):263ral158.

Singh V, Roth S, Llovera G, Sadler R, Garzetti D, Stecher B, Dichgans M, Liesz A. Microbiota
Dysbiosis Controls the Neuroinflammatory Response after Stroke. J Neurosci. 2016;36(28):7428—
40. [PubMed: 27413153

Bansal V, Costantini T, Kroll L, Peterson C, Loomis W, Eliceiri B, Baird A, Wolf P, Coimbra R.
Traumatic brain injury and intestinal dysfunction: uncovering the neuro-enteric axis. J
Neurotrauma. 2009;26(8):1353-9. [PubMed: 19344293]

Hammer AM, Khan OM, Morris NL, Li X, Movtchan NV, Cannon AR, Choudhry MA. The
Effects of Alcohol Intoxication and Burn Injury on the Expression of Claudins and Mucins in the
Small and Large Intestines. Shock. 2016;45(1):73-81. [PubMed: 26368926]

Budding AE, Grasman ME, Eck A, Bogaards JA, Vandenbroucke-Grauls CM, van Bodegraven
AA, Savelkoul PH. Rectal swabs for analysis of the intestinal microbiota. PloS one.
2014;9(7):e101344. [PubMed: 25020051]

Lerner A, Romano J, Chmelnitsky I, Navon-Venezia S, Edgar R, Carmeli Y. Rectal swabs are
suitable for quantifying the carriage load of KPC-producing carbapenem-resistant
Enterobacteriaceae. Antimicrob Agents Chemother. 2013;57(3):1474-9. [PubMed: 23295937]

J Trauma Acute Care Surg. Author manuscript; available in PMC 2020 April 01.



1duosnuey Joyiny 1duosnuey Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Nicholson et al.

a- diversity

Page 13

T |'| Normal Weighted UniFrac By Timepoint
I .1.1‘ B Admission 4
mm Days 1-4 3
i I II| mm Days 5-8
irni . B Days 9-12
i ]J. m B Days 13+

Bray-Curtis By Timepoint

DO
D1-4
D5-8

D9-12
D13+
e Normal

Figure 1: Alpha (a) and Beta (B) diversity for all injured patients over time and healthy controls.
A. a-diversity, as measured by observed OTUs, was significantly increased on admission

(day 0) compared to healthy controls and subsequently decreased at day 5 (p<0.05). B-
diversity is represented by principle components analysis plots for all injured patients over
time and healthy controls for the following indices: B. Weighted UniFrac (Variability
accounted for PC1=19.6%, PC2=13.4%, PC3=10.3%); C. Jaccard UniFrac (Variability
accounted for PC1=3.5%, PC2=2.3%, PC3=1.8%); D. Bray-Curtis (Variability accounted for
PC1=8.3%, PC2=3.6%, PC3=3.5%). B-diversity was significantly different between injured
patients and healthy controls at all time points and compared to day 0 (p<0.05). Specifically,
admission samples (red dots) displayed a massive spatial shift compared to healthy controls
(yellow dots) indicating substantial dissimilarity in gut flora. While there is a general shift
for the gut microbiome of trauma patients to resemble healthy controls as early as days 1-4
(orange dots), there are still significant differences on days 5-8 (green dots), days 9-12
(purple dots) and days 13+ (blue dots).
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Figure 2: Alpha (a) and Beta (B) diversity for all injured patientsfor total blood products, RBCs,
and injury severity score (1SS).

Top row illustrates B-diversity represented by the Weighted UniFrac principle components
analysis plots, while the bottom row shows a-diversity (i.e., observed OTUs) for total blood
products (A), RBCs (B), and ISS score (C). The weighted UniFrac Index was significantly
different according to amount of total blood products infused (Variability accounted for
PC1=11.2%, PC2=7.2%, PC3=5.5%), wherein patients receiving none (orange dots) or low
(red dots) amounts of total blood products transfused had significantly different microbiome
than those getting large (purple dots) or extreme (green dots) of blood products. The same
can be said RBCs (Variability accounted for PC1=23.0%, PC2=16.6%, PC3=8.8%), wherein
patients receiving no RBCS (blue dots), or a low amount (orange dots) were significantly
different than those receiving large amounts of RBCs (green dots). Additionally, B-diversity
was different for those with an ISS score above 15 (red dots) versus those with an ISS under
15 (orange dots) (Variability accounted for PC1=23.0%, PC2=16.6%, PC3=8.8%). a.-
diversity also differed according to blood products and RBCs infused, but not by ISS score.
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Figure 3: Gut microbial composition following injury over time and healthy controls
characterized by phyla.
The dominant phyla in both healthy controls and the post-injury groups at all time points

were Firmicutes and Bacteroidetes. Relative abundance of the phylum Firmicutes was
significantly decreased at days 0, days 1-4, days 5-8, days 9-12, and >13 days (*-p<0.05,
*##%%_P<0.0001) compared to healthy controls. The relative abundance in the phylum of
Proteobacteria was increased at day 0 following injury and at each time point compared to
admission samples (¢ ©©@©_p<0.0001).
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Table 1.

Characteristics of injured patients and healthy controls.

Control | Total
# of subjects 13 72
Age 43 44
# of Females 6 (46%) | 23 (31.9%)
# of Blunt 57 (79%)
# of Penetrating 15 (21%)
Mean ISS 21
Mean Shock Index (HR/SBP) 0.96
Mean number RBCs (units) in 72 hours 6
Mean Total blood products (units) in 72 hours 6
Number of patients receiving >4 units RBCs in the ED 20 (28%)
Number of patients receiving a MTP 7 (10%)
Transport Time (min) 28.5
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Characteristics of injured patients in whom the gut microbiome was different from controls in injured patients

with a gut microbial profile similar to controls.

Microbiome Different than Microbiome Similar to Controls | p value
Controls
# of subjects 53 (74%) 19 (26%)
Age 45 43 0.89
# of Females 17 (32%) 6 (32%) 1.00
# of Blunt 42 (79%) 15 (79%) 1.00
# of Penetrating 10 (19%) 5 (26%) 0.52
ISS 20 22 0.34
Shock Index (HR/SBP) 1.02 0.84 0.18
RBCs (units) in 12 hours 2 7 0.0014
Total blood products (units) in 12 hours 3 14 0.0014
Number of patients receiving >4 units RBCs in the ED | 12 (22.6%) 7 (36.8%) 0.23
Number of patients receiving a MTP 1 (1.8%) 6 (31.5%) 0.0002
Transport Time (min) 27 27 1.00
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p-values for each of the measured B-diversity indices for total blood products, total RBCs, shock index, ISS

and blunt vs penetrating trauma.

B- diversity Measure Total Blood Products | Total RBCs | Shock Index | 1SS Blunt vs. Penetrating
Bray-Curtis p=0.098 p=0.117 p=0.732 p=0.05 | p=0.247
Jaccard p=0.074 p=0.097 p=0.706 p=0.088 | p=0.123
Unweighted UNIFRAC | p=0.065 p=0.12 p=0.732 p=0.273 | p=0.368
Weighted UNIFRAC p=0.017 p=0.01 p=0.905 p=0.015 | p=0.219
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