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Abstract

Trauma is the leading cause of morbidity and mortality worldwide for individuals under
the age of 45. Despite advances in emergency care, infection continues to be a major
complication contributing to significantly high death rates. This is prevalent because traumatic
injuries induce a complex host response mediated by pattern recognition receptors that disrupt
immune homeostasis and predispose trauma patients to opportunistic infections. Recent studies
have demonstrated the immunotherapeutic benefits of using a TLR9 agonist, CpG-ODN in
mouse models of trauma. Therefore, it is imperative to continue to investigate the biological
effects of CpG-ODN as well as other TLR agonists in order to develop an approach that can
protect injured people from infections, restore immune system homeostasis and reduce mortality
rates among trauma patients.

We hypothesize that human immune cells will react to TLR9 stimulation to suggest
translation capability of TLR9 agonist immunotherapy. In addition, we predict that an A-Class
CpG-ODN will stimulate beneficial self-regulating immune stimulatory responses.

We looked at human peripheral blood immune cells. These cells were stimulated with
either CpG-ODN 2336 or LPS. After stimulation, we used Luminex technology as a systems
immunology research tool to identify specific cytokine responses to CpG-ODN 2336 and LPS
activation.

We report that human immune cells have significant cytokine production when

stimulated with CpG-ODN 2336 and LPS. Some of these signature cytokines include TNFa, IL-
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la, IL-1a, IL-6, IL-10, MCP-1, IL-1RA, MIP-1B, RANTES and GM-CSF. Stimulation with
CpG-ODN 2336 produced a much less potent inflammatory response than LPS, suggesting its
non-toxic properties. However, it still induced a sufficient response to potentially activate cells to

fight infection.

These results indicate that signature cytokine concentrations are induced or sustained
when human immune cells are activated with TLR9 agonists. In addition, TLR9 agonists have
implications for fighting infection and restoring immune system homeostasis. Further research is
necessary to understand the immunotherapeutic potential of using CpG-ODNs to improve

outcomes for trauma and infection.
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Chapter 1: Background

According to the Centers for Disease Control and Prevention, trauma is the leading cause
of morbidity and mortality worldwide for individuals under the age of 45 years old. It is also the
third leading cause of death in all age populations (1). Severe traumatic injuries can be organized
into several groups to include radiation injury, blunt-force trauma, bone fracture and much more.
Some of the unfortunate, yet common events that can lead to such injuries can range from motor-
vehicle accidents to natural disasters such as earthquakes (2). Given the significant amount of
people who suffer from traumatic injuries, it is imperative to develop strategies for emergency

preparedness and trauma treatment.

Common causes of death in patients who suffer from severe physical trauma can be
immediate and include heart rupture and disruption of the cervical spine. Other causes occur
after 24 hours and are usually a result of massive blood loss and subsequent hemorrhagic shock.
However, rapid blood volume replacement and other medical advancements have been made to
control for massive blood loss (3). Despite these critical advancements in emergency care and
medical technology, nosocomial (hospital-acquired) infections, sepsis and multiorgan failure
(MOF) are still major complications of trauma that contribute to death. Nosocomial infections
are the most common cause of late death occurring between 3 days and 3 weeks after injury (4).
The incidence of sepsis occurs in approximately 10% of these trauma patients and is associated
with severity of injury and an increase in mortality compared with non-septic patients (3).
Patients who initially survive traumatic injuries undergo invasive procedures such as emergent
intubation and high-volume blood transfusions that disrupts natural innate barriers and puts them

at an increased risk for infection. This gives a chance for commensal bacteria or other
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microorganisms such as Pseudomonas aeruginosa, Streptococcus pneumoniae and

Staphylococcus aureus to spread throughout the lower respiratory tract or through skin wounds,
contributing to early or late-onset pneumonia (5). In addition, patients who suffer massive blood
loss experience a significant decrease in the amount of immune cells, further increasing the risk
for infection. Necessary multiple surgeries and administration of sedatives also puts trauma

patients at increased risk for infection (6).

Infection is prevalent in trauma patients because traumatic injuries induce a complex
physiological immune response mediated by pattern recognition receptors (PRRs) that disrupts
immune system homeostasis. PRRs are proteins expressed on innate immune cells that are able
to recognize pathogen associated molecular patterns (PAMPs) from microbes. They are also able
to detect alarmins or damage associated molecular patterns (DAMPs) from necrotic cells. With
the disruption of the immune system homeostasis and the activation of PRRs, opportunistic
infections and other injury-associated inflammatory complications become more prevalent (1).
While injuries occur in different ways and the level and type of injury may vary, they all share a
common component which is severe tissue damage. And this damaged tissue is what usually

initiates the early immune system host response.

After severe tissue damage, alarmins and DAMPs released from damaged tissue, such as
heat shock proteins (HSPs), Adenosine Triphosphate (ATP), uric acid, mitochondrial DNA
(mtDNA) and high-mobility group box nuclear protein 1 (HMGBI1) alert the immune system that
damage is present (6). Innate immune cells such as neutrophils, dendritic cells and macrophages
contain these PRRs that detect these alarmins and DAMPS. This interaction is driven by a certain
class of PRRs called toll-like receptors (TLRs) which are prominent in traumatic injury and

alarmin detection (7). The figure below highlights how these alarmins initiate the immune
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response to traumatic injuries. It also illustrates the different responses that can occur after a
system has been primed by alarmins from a physical injury. The response to traumatic injury can
be moderate leading to proper resolution and recovery. However, the response can also be

excessive or inadequate, which can then lead to further complications.

,gﬂg
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“Two-hit" response
Organ dysfunction

Damaged tissue clearance
\ / Infection control

Owverwhelming infection
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Figure 1.1 Traumatic injury primes the immune system. This schematic depicts the potential responses that can
occur after the immune system has been primed by alarmins as a result of physical traumatic injury. The immune
response is usually mild or moderate and resolves the tissue damage. However, the primed immune system can
trigger a severe response which can lead to the two-hit response or organ dysfunction. It can also trigger an

inadequate response which can lead to overwhelming infection or sepsis.

Many studies have already demonstrated that toll-like receptors on innate immune cells
are critical mediators of the early response to bacterial infection. And the lack of increased TLR
expression in some individuals is associated with severe infection (8). Other studies have shown
that TLR4, a specific type of TLR located in the plasma membrane is a primary receptor for
danger and is often highly activated in cases of trauma (9). Additional TLRs such as TLRS have
also been proven to react to alarmins and other danger signals (10). Once alarmins engage these

TLRs, adaptor proteins such as myeloid differentiation primary response gene 88 (MyD88) and
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TIR-domain-containing adapter-inducing interferon-f (TRIF) control the initiation of TLR
responses. Activation of MyD88 initiates a signaling cascade that leads to immune cell activation
and cytokine production through the nuclear factor kappa light chain enhancer of activated B
cells (NFkB) pathway. The TRIF-dependent pathway also induces a signaling cascade leading
to Type I IFN production through the transcription factor, IFN regulatory factor 3 (11). A
schematic demonstrating the TLR activation pathways and subsequent signaling is indicated in
Figure 1.2 (12). Other studies have identified the p38 (mitogen-activated protein kinase

(MAPK) signaling pathway in mediating amplified TLR responses within traumatic injuries (13).
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Figure 1.2 Mammalian TLR signaling pathways. Toll-like receptors recognize various pathogen associated
molecular patterns and play a significant role in the immune response. TLRs follow various signaling pathways as

indicated.
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Proinflammatory and anti-inflammatory immune responses follow after this initial

reaction to injury takes place. Proinflammatory responses are characterized by immune cells and
molecular mediators that initiate inflammation to protect the body from harmful stimuli.
Alternatively, anti-inflammatory responses are characterized by immune cells and molecular
mediators that suppress inflammation and protect the body from tissue damage. In trauma
patients with no specific complications, the responses are temporary and well balanced between
proinflammatory and anti-inflammatory responses. Damaged tissue is cleared and infection is
controlled. However, after severe injury, there is an increased production of inflammatory
mediators and the immune system usually tends toward a proinflammatory phenotype (3). This
protects the host from secondary infections and heightens anti-microbial immunity. This
proinflammatory response can be severe and can lead to what is called a “two-hit” response,
defined by Moore (1). The “two-hit” response forms when a traumatic injury activates or primes
the host such that the innate immune system, primarily neutrophils and macrophages become
hyper-reactive to bacteria and bacterial toxins. These activated neutrophils and macrophages
produce amplified levels of proinflammatory cytokines leading to systemic inflammation and
detrimental cell-mediated tissue destruction. The clinical term for systemic inflammation is
systemic inflammatory response syndrome (SIRS) (14). SIRS is a serious condition affecting the
entire body and is characterized by an abnormal production and regulation of cytokines, a body
temperature less than 36°C or greater than 38°C, a high respiratory rate and a heart rate greater
than 90 beats per minute (15). These symptoms usually indicate that a severe infection is present
or developing. SIRS can begin rather quickly, within 30 minutes of severe injury and is

accompanied by increased levels of proinflammatory cytokines such as tumor necrosis factor
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alpha (TNFa) and interleukin 6 (IL-6) (16). While this phenomenon can be helpful in protecting
the host from infection, it can also be detrimental. The uncontrolled immunological response to
trauma can lead to the self-destruction of tissues, organ dysfunction and subsequent MOF (17).
MOF or multiple organ dysfunction syndrome (MODS) is a clinical disorder in which several
organs (i.e. liver, kidneys, and lungs) fail simultaneously. In one study, patients involved in road
accidents were assessed for the incidence of MOF and infection. It was found that 56% of
patients died due to MOF and 42% of these patients died of MOF after they developed an
infection (18). The increased production of cytokines and inflammatory mediators in SIRS
ultimately leads to the disruption of immune homeostasis. In response to SIRS, a counter
reaction that is believed to act as a natural compensation to trauma-induced inflammation called
compensatory anti-inflammatory response syndrome (CARS) develops. CARS is characterized
by immunosuppressive activity, an increase in the production of anti-inflammatory cytokines
such as interleukin 10 (IL-10) and interleukin 4 (IL-4), an increase in regulatory T cell (Treg)
production, suppressed T helper 1 (Thl) activity, increased Th2 activity and an increase in
myeloid suppressor cells (19). While this immunosuppressive response protects the host from
inflammation and from the two-hit response, its persistency decreases antimicrobial immunity,
exposing the patient to overwhelming infection and sepsis. This counter-inflammatory phenotype
and immune response also contributes to the development of infection by disrupting immune
homeostasis. It was believed that solely SIRS or CARS was dominant in an individual after
traumatic injury. However, it has recently been proven that both of these opposing immune
response syndromes can occur simultaneously as specified in the term, Mixed Antagonist
Response Syndrome (MARS) (20). Figure 1.3 summarizes the general effects of injury on

immune system homeostasis and the subsequent developments of SIRS and CARS (21). This
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figure also depicts that SIRS and proinflammatory responses are driven by the innate immune
system and are characterized by inflammasome and TLR4 activation in macrophages.
Conversely, CARS and anti-inflammatory responses are driven by the adaptive immune system

which is dominated by the activation of immunosuppressive regulatory T cells.

Innate lmmune System Responss
Macrophage driven
sInflammasome activation
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Figure 1.3 Tissue damage disrupts immune system homeostasis. This diagram illustrates the production of
proinflammatory (SIRS) and anti-inflammatory (CARS) responses after traumatic injury. The incidence of SIRS and
CARS usually disrupts the immune system homeostasis. While the proinflammatory response is driven by the innate
immune system, the anti-inflammatory response is driven by the adaptive immune system. The proinflammatory
response is characterized by inflammasome activation and TLR priming. The anti-inflammatory response is
characterized by regulatory T cell priming. If these syndromes are not resolved in trauma patients, multiple organ

dysfunction syndrome can occur as a result of the two hit response or the increased risk of infection.

Research has been conducted by various groups that support the idea that trauma disrupts
immune system homeostasis and predisposes patients to opportunistic infections. Interventional
approaches to reduce this imbalance can be very beneficial in decreasing the incidences of
morbidity and mortality. Nonetheless, it is difficult to develop approaches that are efficient.

Diagnosis of severe infection or sepsis in its early stages is extremely challenging. Clinical signs

7|Page



of MOF usually occur very late and the routine laboratory diagnostic markers such as C-Reactive
protein (CRP) and lactate levels are not very helpful in diagnosing these life-threatening
complications (18).

Still, there have been quite a few approaches to help attenuate SIRS and modulate the
immune response to trauma, using immune response modifiers (IRMs). Immune response
modifiers are molecules or substances that are able to induce functional changes to the immune
system (22). Some of these IRMs include prostaglandin E1, hydrocortisone and monoclonal
antibodies against CD18 (23). Nonetheless, these interventions have not had significant effects
on decreasing the incidences of infection and mortality in trauma patients. The reason for this
may be due to the heterogeneity in the injury response among trauma patients. There are a
number of factors that contribute to the different responses that trauma patients have to different
interventional approaches. Some of these prognostic factors include age, severity of injury,
comorbidities, chronic conditions, gender, and genetic predisposition. These factors make
studying the impact of trauma on the immune system quite challenging because individuals
response vastly different to physical injury. However, advances have been made in
understanding how injuries influence the immune system and the molecular pathways involved.
Particular focus has been made on trying to decipher the development of infections after
sustaining traumatic injuries. In fact, a classification system for predicting sepsis was developed
by a group of clinicians. This classification system is known as the PIRO scoring system whose
acronym stands for — Predisposition, Infection, the Response of the host system and Organ

dysfunction (24, 25). A table depicting this important classification tool is indicated in Table

1.1. There have been many studies within Netherlands, Portugal and the United States that have
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utilized this classification system for sepsis on very large cohorts of patients. And it was found
that when compared to the routine scale that is used called, APACHE - (Acute Physiology and
Chronic Health Evaluation), PIRO had a significantly higher prognostic value when assessing

the risk for infection, MOF and risk of mortality after traumatic injury (26, 27).

Chart 1 - Curtently available and future petspectives for a PIRO based approach in sepsis

P [ R 0
Predisposition Infection Besponsc Organ dysfunction
Available Age Pathogen Clinical Resolution ARDS
Comorbidities Susceptibility Hypoxemia Shock
Chronic conditions Bacteremia Hypotension Acute renal failure
Baseline severity Bacterial load Immune Rcsponsc MODS
Source of admission Site of infection SOFA

Nosocomial or community-
acquired infection

Furure Genetics Genotyping Biomarkers Mithocondrial dysfuncrion
Polymarphisms Assay of microbial products Nonspecific markers of Endothelial damage and
of toll-Hike receptor, tumaor {LPS), mannan and activated inflammation activation
necrasis factor, [L-1 and bacterial DINA (PCT or IL-6}
CD14 Detection of virulence or impaired host
factors responsiveness (HLA-DR)

ARDS - Acute Respiratory Distress Syndrome; MODS - Multiple Organ Dysfunction Syndrome; SOFA - Sequential Organ Failure Assessment;
PCT - procalcitonin; 1L-1 — interleukin 1, [L-6 — interlenkin 6: LPS — lipopolissacaride; DNA — dexoxiribonudleic acid; HLA-DR - I related
human lenkocyte antigens.

Table 1.1 PIRO Scoring System. This table depicts the PIRO scoring system used for predicting the incidence of

sepsis. Factors taken into consideration include age, comorbidities, and site of infection.

Other studies have investigated the usage of TLR agonists as immune response modifiers
after traumatic injury. One study explored the potential beneficial effects of using a TLRS
agonist in mice and non-human primates that were exposed to radiation injuries (10). It was
found that the TLRS agonist, entolimod (CBLB502), which is a polypeptide drug derived from
Salmonella Flagellin protected mice and non-human primates from gastrointestinal and
hematopoietic acute radiation syndromes that are common in individuals who are exposed to
dangerous amounts of radiation. CLB502 injection in mice led to the induction of multiple
cytokines in mouse plasma including radioprotective cytokines such as granulocyte colony-
stimulating factor (G-CSF), IL-6 and TNFa. Survival in mice and non-human primates were also
enhanced. These results suggest the potential immunotherapeutic benefits of the TLRS agonist

for patients who have suffered radiation injuries.
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Another study conducted within my laboratory investigated the beneficial effects of using
a TLRY agonist on trauma and secondary lung infection in mice (6). The authors used CpG
oligodeoxynuncleotide (ODN) which are recognized by the endosomal TLR9. CpG-ODNs are
short single-stranded synthetic DNA molecules that contain cytosine and guanine triphosphate
deoxynucleotides in particular sequence contexts called CpG motifs. CpG motifs are considered
PAMPs because they are abundant in genomic microbial bacterial DNA but are infrequent in
vertebrate genomes. CpG-ODNs were previously shown to have different immunostimulatory
effects on innate cell subsets (28). Further investigation identified several structurally different
classes of CpG-ODNSs, which included Classes A, B, C, P and S. These different CpG-ODNs and

their characteristics are indicated in Table 1.2.

Classifications Sequence Features Biological Activities CpG ODNs
A CpG phosphodiester Activates dendritic cells CpG2336
palindrome, 5" and 3’ and NK cells, IFN CpG1585
phosphorothioate Gs induction CpGMuMito
B CpG phosphorothioate Activates B cells, High IL-
backbone 6 and IL-10 production CpG1826
C CpG phosphorothioate Combines A- and B-like
backbone and 3’ duplex activities CpG2395
formation
P CpG phosphorothioate Strong cytokine induction
backbone and forms similar to Class A CpG CpG21889
multimers and pla ODNS
S CpG phophorothioate Inhibitory CpG ODNSs,
backbone with 3’ G TLR9 antagonists CpG2088

substitutions

Table 1.2 CpG-ODN characteristics. There are a variety of CpG-ODNs with different sequences and

biological activities.

Several CpG-ODNs have already been used as systemic or local adjuvant therapy for
cancer, allergies and vaccinations (29, 30). Specifically, an A-Class CpG-ODN, CpG ODN 2336
was shown to elicit strong Thl responses as well as IFN-a production by plasmacytoid dendritic

cells (31). Therefore, the authors of this study took particular interest in this A-class CpG ODN
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and its potential immunotherapeutic effects on a mouse model of trauma. A two-hit mouse model
was developed where mice were exposed to burn-injury followed by a secondary S. pneumoniae
lung infection 1 day after injury. Some mice were subcutaneously injected with a single
treatment of an A-class CpG ODN 2336 2 hours after injury. It was found that the CpG ODN
treatment significantly improved mouse survival rate, increased pathogen clearance and
enhanced immune responses when compared to mice who did not receive CpG ODN treatment.
Ultimately, CpG-ODN 2336 treatment given after traumatic injury appears to induce heightened
acute antimicrobial immune function, but can also make the host tolerant to infection by
reducing immune-mediated tissue damage and systemic inflammation. This data also implicated
the efficacy of immune response modifying drugs on survival after trauma and early-onset

pneumonia. A summary of the procedure and results are indicated in Figure 1.4.

CpG-0ODN2336
_— ‘ 2 hrs
f = 14 day survival
1 day 1 l
25% burn or 5. pneumoniae
sham injury lung infection BAL, day1 BAL, day 3
Infection Survival Response CFU 8. pneumoniae in BAL
- w00 A Sham Z.8m1p0 Dy’ 1 At Dy 3
-E ® Burn FEELE m—— =
z ® Bumn-CpGI3le £ ”-“:;l ; i
" |ARE N - =0 i
50 i =il
E : E :‘:::: —lu_ REal —I—
& 4-1&-: L
rnnj . 5
g : 18 15 Burn-  Bum-Cpo Burmn-  Bum-Cpé
Days after infection m=1Bigroup Infectad  Infacted Infacted  Infectad

‘<004 Log-rank
Figure 1.4 CpG-DNA treatment restores anti-microbial immune function in mice treated at 2 hours after burn
injury. A two-hit mouse model was developed where mice were exposed to burn injury followed by S. pneumoniae

lung infection. A portion of the mice also received CpG-ODN treatment. Bronchial alveolar lavage (BAL) fluid was
prepared. It was found that there was a significant increase in mouse survival rate and pathogen clearance. Bars

represent mean + SEM. *p < 0.05.
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The study also performed lung-washouts on mice 3 days after S. pneumoniae infection to
assess their cytokine levels. After performing, Luminex multiplex assays on lung washout
samples, it was found that for those mice treated with CpG-ODN, there were significantly lower

levels of proinflammatory cytokines, IL-6 and IFNy (Figure 1.5).

IL-12p40 Lo IL-12p70
: =
- 1
Bumn Injury - + + ¥ & # il +
CpG-0DN - - + - - + - i *
Infection + + + + + + + + + + + +

Figure 1.5 Luminex cytokine analysis of lung-washout samples. After burn injury, CpG 2336 administration and S.
pneumoniae lung infection, pro-inflammatory cytokines were assessed. There were significantly lower levels of

proinflammatory cytokines, IL-6 and IFNy. Bars represent mean = SEM. *p < (.05.

My study further explores the immunomodulatory behavior of TLR9 agonists in patients
who have suffered from traumatic injuries. It is important to point out the translatability of a
mouse model of trauma into human models of trauma. While some reports have described mouse
models as poor models of trauma, other analyses have indicated that genomic responses to
inflammation in mice are similar to genomic responses to inflammation in humans (32, 33). In
particular, I focus on profiling the cytokine expression of the total leukocytes in trauma patients
before and after CpG-ODN 2336 stimulation. Cytokines are made by immune and non-immune
cell types and can transmit local and systemic inflammatory signals to regulate immune
responses. They are crucial in governing the immune response to trauma. There has been a
growing understanding of the role of cytokines in coordinating the immune response to traumatic
injuries. Many of the symptoms observed after trauma or during infection are evoked by
exaggerated cytokine production (34, 35). Specific cytokines are more pronounced after
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traumatic injuries and provide important information regarding prognosis and mechanism of
immune responses (36, 37). Therefore, cytokine profiles may be useful in predicting outcomes of
traumatic injuries even early post-trauma. One study assessed the relationship between the
cytokine levels of IL-6 and IL-10 and the injury severity and mortality rates within 265 trauma
patients over an 18-month period of time (38). It was found that there was a significant
correlation between the severity of injury and the serum levels of IL-6 and IL-10. This study
confirms the findings from many other individual studies reporting the increased levels of IL-6

and IL-10 contributing to immune dysfunction (39, 40).

Other studies have discovered the relationship between proinflammatory and anti-
inflammatory cytokines and the development of SIRS and CARS as it related to trauma.
Proinflammatory cytokines such as TNFa, GM-CSF and interleukin 1B (IL-1B), IL-6 and IL-8
have been known to be prominent in the early cytokine induction after severe tissue damage (41,
42). Cytokines such as IL-1B and TNFa which are usually in excess at the beginning of the
proinflammatory cascade increases the production of neutrophils, decreases apoptosis, amplifies
phagocytosis and causes an increase in the permeability of the endothelium (43, 44). In one
study, it was even found that when TNFa was administered to a sepsis model of rats, mortality
was significantly reduced (45). While TNFa and IL-1B can act locally, they also have systemic
functions. Both IL-1p and TNFa stimulate the production of chemokines such as IL-8. IL-8 is an
important chemokine because it acts as a chemoattractant and activates neutrophils and
subsequently induces an influx of neutrophils towards the site of tissue damage (46).

The influx of anti-inflammatory cytokines is usually shown to become more prominent

later on in the immune response to traumatic injury. This is because the role of anti-inflammatory
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inflammatory plays a vital role in the counter-inflammatory response. It functions to inhibit the
production of proinflammatory cytokines such as TNF-a and IL-8. Some studies have noted
that IL-10 also inhibits the inflammatory activity of cellular responses such as Th1 cells, natural

killer cells and macrophages (47).

My research attempts to understand the cytokine profile after the leukocytes of severely
injured patients have been stimulated with the TLR9 agonist, CpG-ODN 2336. I will explore the
proinflammatory and anti-inflammatory responses that occur after stimulation has occurred.
Specifically, I will utilize systems immunology approaches such as Luminex technology to
measure concentration levels of various cytokines. Luminex immunoassays will generate
phenotype data that will help identify the role of TLR9 as a regulatory pathway for traumatic
injury. This will help us better understand cytokine expression after injury and the potential
immunotherapeutic potential of CpG-ODN 2336 in patients who have suffered from severe

traumatic injuries.
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Chapter 2: Methods and Data

2.1 Materials and Methods

Patient Enrollment and Blood Collection

Blood samples were collected from various trauma patients in Brigham and Women’s Hospital
on Days 1, 3 and 5 after injury. Patients were enrolled in the study from May 2015 to October
2015. All patients had an injury severity score (ISS) over 20 and were over 18 years old. The
injury severity score was calculated according to the criteria set by Baker (48). The average ISS
was 34 and most patients suffered from multiple injuries or polytrauma. Exclusion criteria
included being pregnant, having a prior medical history or taking medications that predisposed
patients to immune dysregulation (for example, chemotherapy or steroid use). Data taken from
patients included demographics such as age and gender, mechanisms of injury and culture-
proven infection. The average age was 44 years old and most patients were males. Blood from
age- and gender-matched, uninjured volunteers at Brigham and Women’s Biobank Center were
also collected to provide a comparison group. There were 10 control samples taken from the
BWH Biobank and 10 samples from trauma patients on three different time points, Day 1, Day 3
and Day 5. Blood samples were drawn from patients if major trauma was suspected.
Approximately 8 mL of blood was typically drawn from patients into tubes containing
ethylenediaminetetraacetic acid (EDTA) anticoagulants. Before further sampling of blood,
written informed consent was obtained from the patients or designated health care proxy. The
study protocol was approved by Brigham and Women’s Hospital Institutional Review Board

(IRB).
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Total Leukocyte Blood Cell Preparation

After blood was collected on days 1, 3 and 5 after injury, blood samples were kept on ice
for approximately one hour. Total leukocytes were then prepared from blood samples.
Approximately 3mL of blood was transferred from the collection tube into a 50 mL centrifuge
tube. 30 mL of an ammonium chloride-based red blood cell (RBC) lysis buffer was then added to
a 50 mL centrifuge tube. The RBC lysis buffer was prepared by diluting the stock solution in
sterile tissue culture grade deionized water (ddH,0). The centrifuge tube containing the blood
suspension was incubated for five to eight minutes at room temperature with occasional gentle
mixing by inverting the tube. It was important to ensure and confirm lysis by examining the
clearing of the blood suspension. For some blood samples that had a greater quantity of red
blood cells, it was necessary to add an additional 5 mL of lysis buffer if the blood suspension
was not clear within the expected time. Adding the additional lysis buffer usually cleared the
blood cell suspension within one to two minutes after addition. In order to stop the RBC lysis
reaction, 15-20 mL of culture medium was added to the centrifuge tube and mixed gently by
inverting tube. The culture medium used in our laboratory consists of various nutrients and
antibiotics. This includes 1L of RPMI 1640 supplemented with 45-50 mL of 5% heat inactivated
fetal bovine serum (FBS), 10 mL of Antibiotic-Antimycotic, 10 mL of Glutamine, 10mL of
hydroxyethyl piperazineethanesulfonic acid (HEPES), 10 mL of non-essential amino acids
(NEAA), 25 units/mL of benzonase nuclease (Sigma-Aldrich), 20 units/mL of heparin sodium
salt, and 10 mL of beta mercaptoethanol (B-ME). The tube was centrifuged for 10 minutes at a
speed of 600 rpm (100g) at room temperature. The supernatant was decanted and 10 mL of
culture medium was added to the centrifuge tube in order to resuspend the pellet. The tube was

centrifuged for a second time for 10 minutes at 600 rpm (100g) at room temperature. The
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supernatant was decanted and the cell pellet was resuspended in 2mL of CryoStor CS10 freezing
medium (BioLife Solutions), which contains dimethyl sulfoxide (DMSO). Freezing media is
used to protect biological tissues from freezing damage. The suspension was then divided into
0.5 mL aliquots to be placed into four labeled cryogenic vials. The cryogenic vials were then
placed into a Nalgene freezing container and stored in the cold room at 4°C. After 20 minutes,
the freezing container was placed in the -80°C freezer overnight. Cryogenic vials were then

transferred into the liquid nitrogen freezer at -138°C for storage until ready for experimentation.

Plasma Preparation

The plasmas of trauma patients were collected using Ficoll centrifugation. Ficoll
centrifugation separates the components of blood based on their unique densities. Approximately
4 mL of blood from the collection tube was transferred into a 15 mL centrifugation tube using a
serological pipette. Phosphate-Buffered Saline (PBS) was then added to the blood samples in 1:1
ratio (for example, 4 mL of PBS with 4 mL of blood for a total of 8 mL), in order to dilute the
blood and maintain a constant pH. 5 mL of GE Healthcare Ficoll-Plaque PLUS density gradient
was then added to a SepMate Tube. Ficoll-Plaque PLUS density gradient is a liquid substance
used to separate blood into their different components. The diluted blood was then overlaid into a
SepMate tube very carefully using a serological pipette. Once the overlay was complete, the
SepMate tube was centrifuged at 1200 rpm (400g) at room temperature for twenty minutes. The
SepMate tube was then removed from the centrifuge carefully. There were five layers in the tube
following centrifugation. Figure 2.1 depicts the separation of layers in a blood sample using
Ficoll centrifugation. The top layer contains the plasma while the second layer contains the

peripheral blood mononuclear cells (PBMCs). The third layer contains the
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Figure 2.1 Ficoll Centrifugation. Blood is overlaid into the Sepmate Tube directly onto the Ficoll-Plaque solution.
Ficoll centrifugation results in the separation of blood into the layers indicated. These layers include plasma,

PBMCs, Ficoll solution, Granulocytes, and red blood cells.

Ficoll-Plaque solution. The fourth and fifth layer contains the granulocytes and erythrocytes
consecutively. The plasma in the top layer was carefully removed with a transfer pipette and
placed into labeled cluster tubes. The cluster tubes containing the plasma were then placed into a

-30°C freezer until they were ready for experimentation.

Thawing Method and TLR Agonist Stimulation

Prior to thawing total leukocytes, 10 mL of culture medium and Ipl of benzonase
nuclease was added to a 15 mL centrifuge tube and warmed within the incubator at 37°C for
approximately ten minutes. Cryogenic vials containing total leukocyte samples were removed
from the liquid nitrogen freezer and thawed at 37°C in a warm bath without agitation for exactly
three minutes. Total leukocytes were slowly mixed with the pre-warmed culture medium by slow

sequential volume mixing of 0.25 mL of warm culture medium using a transfer pipette. This was
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done in order to slowly introduce cells to the new environment. Cells were then slowly mixed
into the 10 mL of culture medium 0.5 mL at a time using the transfer pipette. The tube
containing total leukocytes and culture medium were then centrifuged for 10 minutes at 600 rpm
(100g) at room temperature. Supernatants were decanted and cells were distributed in 1 mL of
the culture medium. Cell numbers for each sample were then counted using the MACSQuant

Analyzer 10 flow cytometer and adjusted for 500,000 cells per well.

TLR Agonist Stimulation

TLR agonist stimulation of total leukocytes was done in a sterile 96-well round-bottom
culture plate (Fisherbrand). 100 pl of cells adjusted for 500,000 cells per well were distributed in
each well of the culture plate. Immune-modulating TLR agonists were also prepared. The
conditions included no TLR agonist (unstimulated), 0.1 upg/mL of ultra-pure LPS
(lipopolysaccharide), which served as a positive control and 3pug/mL of an A-class CpG-ODN
2336. LPS is a very strong stimulant this is expected to induce high production of cytokines.
These particular concentrations of LPS and CpG were chosen after optimization. Various
concentration of CpG-ODN 2336 and LPS were used to stimulate leukocytes to find the optimal
concentration needed for induction of cytokines. Ultra-Pure LPS B5 (LPS from E.coli 055:B5)
and CpG-ODN 2336 were obtained from InvivoGen, a manufacturer of Toll-like receptor related
products. Once obtained, stock solutions were prepared as indicated in the instructions provided
by InvivoGen. One mL of endotoxin-free or tissue-culture grade Sigma water was added to the
TLR agonists and then homogenized. This mixture was then divided into 10ul or 20ul aliquots,
placed in cluster tubes and stored at -30°C. TLR agonists were then mixed with approximately 1

mL of culture medium to prepare accurate concentrations. 100 pl of each prepared TLR agonist
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was plated in each well of the 96-well culture plate that contained 100 pl of total leukocyte cells.

The culture plate was then placed in the incubator overnight at 37°C. The following day, 180ul
of supernatants from each sample were then harvested and transferred into labeled cluster tubes
using a multichannel pipette. The supernatants were then frozen at -30°C until they were used in
the Luminex cytokine detection assay to screen for changes in cytokine and chemokine

production patterns.

Multiplex Cytokine Analysis
Frozen plasma and supernatants were removed from the -30°C freezer and placed in the
incubator to thaw. The plasma and total leukocyte concentrations of TNF-a, IL-1a, IL-101, IL-

IRA, IL-10, IL-6, IFNy, MCP-1 (CCL2), IL-8, MIP-1B (CCL4), IL-12/23, RANTES (CCL5),

TNFa, GM-CSF, and TREM-1 were assessed using the cytokine multiplex assay technology by
Luminex. This cytokine panel was chosen based on previous literature that has identified these
cytokines as significantly reduced or induced in trauma patients (49, 50). A 96-well V-bottom
plate (Fisherbrand) was obtained and the plate cover was labeled for easy detection of the sample
number and TLR agonist used. Luminex Incubation Buffer was poured into a separate container
for usage. The Luminex incubation buffer consists of 1 L DPBS, 0.5 mL Tween (Sigma P1379),
0.25 mL Igepal CA (Sigma 18896), and 0.5 g Sodium Azide and 0.5% BSA (5g/L of DPBS).
Primary and secondary antibodies are diluted in incubation buffer in order to maintain their
structure. 20 pl of this Luminex incubation buffer was added into each well of the first column.
A reference cytokine standard was prepared and then added to each well of the first column

using a 1:3 dilution. Frozen supernatants and plasma in cluster tubes were then removed from the

-30°C freezer and allowed to thaw at room temperature. 40 ul of each supernatant or plasma was
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added to its given well. It critical to note that when conducting Luminex cytokine detection
assays on plasma, horse serum was diluted into incubation buffer using a 1:4 dilution. 20 pl of
the incubation buffer/horse serum mixture was then added to each well that contains the plasma.
Plasma is very rich in proteins and horse serum dilutes and prevents the blocking of signaling.
Next, a mixture of human primary antibodies stored in a darkened cryovial tube was obtained.
The antibody mix was then vortexed and sonicated for at least 10 to 20 seconds total. An
incubation buffer and primary antibody mixture was created depending on the amount of
samples and cytokines using a 1:100 dilution. The primary antibody is also known as a capture
antibody with a magnetic Luminex bead attached to it. It is added to the sample and the antibody
captures the specific cytokine of interest. 40 pl of the antibody mixture was added to each well
containing the sample. The antibody mixture was also added to the column of wells that
contained the standards. The 96 well V bottom plate was then placed on a lab shaker and covered
with aluminum foil for one hour in order to properly mix supernatants or plasma with antibodies.
The plate was then removed from the lab shaker, placed on a magnetic bead washer and a
Luminex wash buffer was obtained. The Luminex wash buffer consisted of 1 L DPBS, 0.5 mL
Tween 20 (Sigma P1379) and 0.5 g sodium azide. The wash buffer serves to remove any excess
antibody that has not captured the cytokines of interest. It also serves to decant any supernatant
or plasma left. The magnetic washer is used to securely hold the magnetic beads in place. Using

a multichannel pipette, 150 pl of Luminex wash buffer was added to each well and was
incubated on the magnetic bead washer for 1 minute. This step was done twice. Human
secondary biotinylated detector antibodies were then obtained. A biotinylated secondary
antibody is also known as a detection antibody and binds the primary antibody. The biotin on the

secondary antibody has a high affinity for Streptavidin which is added afterwards. An incubation
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buffer and secondary antibody mixture was created according to the amount of samples and
cytokines being measured, using a 1:1000 dilution. 40 pl of this mixture was then added to given
wells. The plate was then placed on the lab shaker and covered with aluminum foil for one hour.
Once the plate was removed from the lab shaker and placed on a magnetic bead washer, 150 ul
of Luminex wash buffer was added to each well and incubated for one minute. This wash was
also performed for a second time. Streptavidin Phycoerythrin (PE) was obtained. Streptavidin is
a protein purified from a bacterium and is known to have a high affinity for biotin. Phycoerythrin
is a fluorescence based indicator that is conjugated to Streptavidin in order to detect the
biotinylated antibody. An incubation buffer and Streptavidin PE mixture was created using a
1:500 dilution (for example, 1000 ul of incubation buffer and 2ul of Streptavidin PE). 40 pl of
the Streptavidin/PE mixture was added to each well. Again, the plate was placed on the lab
shaker and covered for 30 minutes. After the 30 minute incubation with Streptavidin PE, the
plate was removed from the shaker and washed twice on the magnetic bead washer in 150 pl of
Luminex wash buffer. Finally, the samples were resuspended in 150 pl of Luminex Wash Buffer.
The plate was then placed in the MagPix instrument for cytokine level determination. The
MagPix instrument contains two different LED lights that illuminate the Streptavidin PE and the
magnetic Luminex bead separately (Figure 2.2). The illumination of PE allows for the
quantification of the amount of cytokine present in the sample while the illumination of the
magnetic bead is used for detecting what cytokine is actually being measured. A computer is
attached to the MagPix instrument for simple setup of the protocol and viewing the

quantification of cytokine production.
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Figure 2.2 Luminex Immunoassay. The Luminex assay uses a mixture of antibodies and magnetic beads to form an

antibody-antigen sandwich that is then read on a MagPix instrument for cytokine detection.

Statistical Analysis

GraphPad Prism 7.02 (La Jolla, CA), a statistical analysis software was used for
organizing the concentrations of cytokines and measuring statistical significance. A one-way
ANOVA test with Tukey multiple comparisons was used to analyze these data. For all data, p <

0.05 was considered statistically significant with a 95% confidence interval.
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2.2 Results

Plasma Cytokine Expression

The average cytokine expression in the plasma of trauma patients before any TLR
stimulation is indicated in Figure 2.3. The average cytokine expression in the plasma of control
samples taken from the Biobank is also indicated. While the cytokine panel consisted of a variety
of cytokines, IL-6, IL-10 and IL-1RA (Interleukin-1 Receptor Antagonist) specifically trended
towards elevation at Day 1 and then reduction on subsequent days. IL-6, a pro-inflammatory
cytokine has already been designated as an early indication of injury severity in trauma patients
by numerous authors (29-33). IL-6 is secreted by macrophages and plays a significant role in
stimulating the immune response to tissue damage. IL-6 secretion peaks 1-4 hours after physical
injury and then declines afterwards (51, 52). Another cytokine that peaked at Day 1 in the plasma
of trauma patients was IL-10. Research has also implicated IL-10 as an early indication of injury
severity in trauma patients (31-33). IL-10 is an anti-inflammatory cytokine that is responsible for
downregulating Thl type responses and suppressing cytokine secretion. Therefore, it is also
released right after traumatic injury in order to cope with pro-inflammatory responses and restore
homeostasis. IL-1RA is an additional anti-inflammatory cytokine that followed the same trend as
IL-6 and IL-10. IL-1RA is an inhibitor of the pro-inflammatory cytokine, IL-1p. Research has
also shown that IL-1RA is an early-response cytokine in the serum plasma of patients who suffer
traumatic injury (53). Ultimately, the results obtained from the plasma of trauma patients

coincided with data from the literature.
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Figure 2.3 Plasma Cytokine Concentrations. The concentrations of these cytokines measured in pg/ml tended to

trend towards elevation on Day 1 and then reduction on Days 3 and 5. Bars represent + SEM. n = 10 per group.

Cytokine Expression in Total Leukocytes

The cytokine expression of unstimulated and stimulated total leukocytes from trauma patients
on Days 1, 3 and 5 is displayed in the following figures. The results from the Luminex immunoassay
provides information about released cytokines during the immune response to trauma as well as the
immune response to TLR stimulation. The cytokines that showed significant induction after TLR

stimulation included TNFa, IL-1a, IL-1B, IL-6, RANTES, MIP-1p, IL-10 and GM-CSF.

TNFa

TNFa, also known as tumor necrosis factor alpha is a pro-inflammatory cytokine
primarily produced by macrophages. It is induced in response to pathogens, especially gram
negative bacteria. It also recruits neutrophils and macrophages to sites of infection (54). High
concentrations of TNFa are implicated in a variety of diseases such as cancer, rheumatoid
arthritis, inflammatory bowel disease (IBD), and psoriasis. While TNFa is important for

combatting infection, increased concentrations of TNFa is correlated with the development of
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endotoxemia or septic shock in patients and can be quite detrimental (55). In Figure 2.4, TNFa
is strongly induced when the total leukocytes are stimulated with LPS. However, CpG 2336
stimulation does not induce TNFa, suggesting its non-toxic properties. It is also important to
note the decrease of TNFa in LPS stimulated total leukocytes of trauma patients compared to
healthy volunteers. This suggests the ability of injury to prime the immune system and prevent

extensive induction of proinflammatory cytokines when bacterial infection arises.
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Figure 2.4 TNFa Production in Total Leukocytes of Trauma Patients and Healthy Volunteers. TNFa is strongly
induced by LPS stimulation. However, it is not induced by CpG 2336 when compared to unstimulated total
leukocytes. There is a reduction of TNFa in LPS stimulated total leukocytes of trauma patients compared to healthy

volunteers. Bars represent £ SEM. n = 10 per group. * p <0.05.

IL-1a

IL-1a or Interleukin 1 alpha is another proinflammatory cytokine mainly produced by
macrophages. It has similar effects as TNFa, responding to pathogens by promoting fever and
sepsis. It also plays a role in activating CD4+ and CD8+ T cells (56). In Figure 2.5, the

production of IL-1a is significantly higher after LPS stimulation compared to CpG 2336
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stimulation. This data also indicates the non-toxic properties of CpG 2336. Like TNFa, there is
also a reduction in IL-1a in LPS stimulated total leukocytes of trauma patients compared to

healthy volunteers, indicating the injury-primed immune system'’s resistance to inflammation.
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Figure 2.5 IL-1a Production in Total Leukocytes of Trauma Patients and Healthy Volunteers. IL-1a is strongly
induced by LPS stimulation. However, it is not induced by CpG 2336 when compared to unstimulated total
leukocytes. There is a sequential decrease of IL-1a in LPS stimulated total leukocytes of trauma patients. Bars

represent £ SEM. n = 10 per group. * p < 0.05.

IL-18

IL-1B or Interleukin 1 beta is an additional proinflammatory cytokine that has very
similar functions to IL-1a. Although, it is known for its inflammatory response to pathogens, it
also plays an active role in inflammasome activation and Th17 differentiation (56). Figure 2.6
also indicates that while LPS is able to stimulate IL-1B induction, CpG 2336 does not
significantly induce IL-1B, indicating its non-toxicity. The reduction of IL-1B production in

trauma patients after LPS stimulation is also noted.
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Figure 2.6 IL-1B Production in Total Leukocytes of Trauma Patients and Healthy Volunteers. IL-1p is strongly
induced by LPS stimulation. However, it is not induced by CpG 2336 when compared to unstimulated total
leukocytes. There is a decrease of IL-1p in LPS stimulated total leukocytes of trauma patients. Bars represent +

SEM. n = 10 per group. * p < 0.05.

IL-6

Interleukin 6 or IL-6 is known to have both proinflammatory and anti-inflammatory
properties. It is secreted by macrophages and T cells during infection to promote inflammatory
responses. In the context of trauma, increased IL-6 concentration has been shown to be
correlated with severity of injury and mortality (38-40). Figure 2.7 shows that IL-6 is
significantly induced by LPS total leukocyte stimulation. However, it is not significantly induced
by CpG 2336 total leukocyte stimulation. Still, the IL-6 production is increasing over Days 1, 3
and 5. This is consistent with data from the literature regarding the induction of IL-6 over time

due to injury.
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Figure 2.7 IL-6 Production in Total Leukocytes of Trauma Patients and Healthy Volunteers. IL-6 is strongly
induced by LPS stimulation. However, it is not induced by CpG 2336 when compared to unstimulated total
leukocytes. Still, the IL-6 response is increasing over time in total leukocytes stimulated with CpG 2336. Bars

represent £ SEM. n = 10 per group. * p <0.05.

RANTES

RANTES (regulated on activation, normal T cell expressed and secreted), also known as
chemokine ligand 5 (CCL5) is a chemotactic cytokine that plays an important role in recruiting
several leukocytes (for example, T cells, eosinophils and basophils) into inflammatory sites.
RANTES also induces the proliferation and activation of natural killer (NK) cells (57). In Figure
2.8, RANTES is strongly induced by both LPS and CpG 2336. While previous figures have
indicated CpG 2336’s low induction of cytokine and therefore non-toxic properties, it is also
important that CpG 2336 can induce an inflammatory response to fight infection and reduce
tissue damage in trauma patients. RANTES production also increases over time in LPS and CpG
2336 treated trauma patients. It is unclear why the concentration of RANTES is high in healthy

patients and low in trauma patients. Further investigation is necessary.
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Figure 2.8 RANTES Production in Total Leukocytes of Trauma Patients and Healthy Volunteers. RANTES is
significantly induced by LPS stimulation and CpG 2336 stimulation. There is a sequential increase of RANTES in

trauma patients stimulated with either LPS or CpG 2336. Bars represent £ SEM. n = 10 per group. * p <0.05.

MIP-18

MIP-18, also known as macrophage inflammatory protein 1 beta or CCL4 is a chemokine
that helps in recruiting monocytes and NK cells towards the site of infection (58). MIP-1B is
produced by macrophages and is crucial in inducing the release of other pro-inflammatory
cytokines such as IL-1, IL-6 and TNFa (59). In Figure 2.9, unlike RANTES, there is no
significant induction of MIP-1 when total leukocytes are stimulated with CpG 2336, also

indicating its non-toxic properties.
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Figure 2.9 MIP-1f Production in Total Leukocytes of Trauma Patients and Healthy Volunteers. MIP-1p is strongly
induced by LPS stimulation. However, it is not significantly induced by CpG 2336 when compared to unstimulated

total leukocytes. Bars represent + SEM. n = 10 per group. * p < 0.05.

MCP-1

MCP-1, also known as monocyte chemoattractant protein 1 or CCL2 is another
chemokine that recruits monocytes, T cells and dendritic cells to sites of inflammation especially
in injury or infection (60). In Figure 2.10, while there is no significant difference among
stimulated and unstimulated groups, it is clear that injury induces MCP-1 when compared to
healthy and uninjured volunteers. In addition, LPS stimulation tends towards lower MCP-1

production compared to unstimulated and CpG 2336 stimulated groups.
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Figure 2.10 MCP-1 Production in Total Leukocytes of Trauma Patients and Healthy Volunteers. Injury
significantly induces MCP-1 in both unstimulated and stimulated groups. Bars represent = SEM. n = 10

per group. * p <0.05.

IL-10

IL-10 or Interleukin 10 is an anti-inflammatory cytokine that is also highly implicated in
patients who suffer from severe traumatic injury. It is primarily produced by monocytes and T
helper cells. IL-10 serves to downregulate Thl cells, NK cells and macrophages. Consequently,
it suppresses excessive inflammation in cases of severe injury and infections (61). Figure 2.11
displays its significant induction when stimulated with LPS. However, when total leukocytes are
stimulated with CpG 2336, there does not seem to be any significant induction when compared
with unstimulated total leukocytes. This also demonstrates the non-toxicity of CpG 2336.
Furthermore, there is a sequential decrease of IL-10 in LPS stimulated total leukocytes of trauma

patients, suggesting injured patients’ resistance to counter inflammatory responses.
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Figure 2.11 IL-10 Production in Total Leukocytes of Trauma Patients and Healthy Volunteers. IL-10 is strongly
induced by LPS stimulation. However, it is not significantly induced by CpG 2336 when compared to
unstimulated total leukocytes. There is a sequential decrease of IL-10 in LPS stimulated total leukocytes of

trauma patients. Bars represent + SEM. n = 10 per group. * p < 0.05.

GM-CSF

GM-CSF, also known as Granulocyte-Macrophage Colony-Stimulating Factor is a
glycoprotein that functions as a proinflammatory cytokine. GM-CSF stimulates stem cells to
produce granulocytes such as macrophages, eosinophil, basophils and monocytes when infection
occurs. These granulocytes then aid in inflammation and fighting infection (62). In Figure 2.12,
LPS stimulation significantly induces GM-CSF. However, CpG 2336 stimulation does not
significantly induce GM-CSF. Again, this indicates CpG 2336’s non-toxicity. Unlike other
cytokines, there is an increase in GM-CSF in LPS stimulated total leukocytes of trauma patients

compared to healthy volunteers. Further research is also necessary to describe this finding.
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Figure 2.12 GM-CSF Production in Total Leukocytes of Trauma Patients and Healthy Volunteers. GM-CSF
is strongly induced by LPS stimulation. However, it is not significantly induced by CpG2336 when compared
to unstimulated total leukocytes. There is a sequential increase in GM-CSF in LPS stimulated total leukocytes

of trauma patients. Bars represent = SEM. n = 10 per group. * p < 0.05.

2.3 Brief Discussion

Although there have been major advances in emergency care medicine, traumatic injuries
still remain to be a significant source of morbidity and mortality throughout the world. Patients
who survive the initial causes of mortality such as massive blood loss and cervical spine
disruption are still at risk of death due to the prevalence of opportunistic infection (3). Bacterial
pneumonia is the most common infection after injury and it is often caused by either emergent
intubation or aspiration (3). Subsequent complications of infection include sepsis and multiple
organ failure, often leading to death. And for those patients who develop sepsis and multiorgan
failure following traumatic injury, it is probable that the disruption of immune system
homeostasis occurs. This disruption places individuals at an increased vulnerability to infections

and inflammatory-mediated disorders. Therefore it is imperative to understand the complex
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immune responses that occur after trauma. This increased knowledge will help clinicians identify
prognostic markers that may predict which patients are more susceptible to infection post-
trauma.

While there have been several studies that have shown the relationship between severity
of trauma and the resulting immune response there is still relatively little known about how
immune response modifiers influence the anti-microbial response in patients who suffer from
traumatic injury. In this project, I assessed the cytokine concentrations in the blood plasma of
healthy individuals and trauma patients. I also used an immune response modifier, CpG-ODN to
stimulate the total leukocytes of severely injured patients. This was done in order to better
understand the immune response phenotype that would result after immunotherapeutic
treatments. Specifically, CpG 2336 was used as it already has been implicated as beneficial in
mice (6). Lipopolysaccharide (LPS) was used as a comparative positive control. We expected
LPS’s high toxicity and induction of cytokines. Luminex-based immunoassays were performed
to identify the cytokine induction after TLR stimulation.

In the trauma patients, it was found that changes in cytokine production occurred after
injury. The blood plasma of patients revealed that proinflammatory cytokines IL-6 and IL-1RA
are induced right after injury and then subsides on the following days. The same trend occurred
in the anti-inflammatory cytokine, IL-10. This suggests that injury does in fact induce cytokine
production but not the severe cytokine storm that is suggested by other studies.

After stimulation, the results demonstrated that LPS strongly induced a variety of
proinflammatory and anti-inflammatory cytokines. In contrast, CpG 2336 stimulation did not
significantly induce proinflammatory and anti-inflammatory cytokines except RANTES. This
implies that CpG 2336 is low in toxicity and safe to use in patients as an immunotherapeutic

treatment. However, it still may be able to produce an anti-microbial immune response and
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promote inflammation as seen in RANTES. Expanding the Luminex antibody panel may suggest
CpG 2336’s ability to induce other cytokines.

Although it may appear from these results that CpG 2336 is not biologically active,
companion studies using CyTOF mass cytometry to profile immune cell subset activation by
CpG 2336 clearly shows that CpG 2336 can activate B cells, monocytes and natural killer (NK)
cells. This CpG 2336 has immunostimulatory properties that are independent of cytokine
inducing activity.

In closing, Luminex technology proved to be an efficient and powerful systems
immunology tool that can be used for profiling cytokine expression in immune cells at different
time points after traumatic injury. Ultimately, this project along with accompanying projects will
help expand the potential of using CpG 2336 as a clinical treatment strategy to stabilize immune

function after traumatic injury or opportunistic bacterial infection.
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Chapter 3: Discussion and Perspectives

3.1 Limitations

While my project provides valuable data regarding the potential of using CpG 2336 as a
clinical treatment strategy for traumatic injury, there still are a number of limitations to be noted.
I was able to profile the cytokine expression of TLR stimulated total leukocytes using a limited
cytokine panel. However, there may be other proinflammatory and anti-inflammatory cytokines

that are reduced or induced after TLR stimulation. These may include cytokines such as IL-2, IL-

12, TGFB, IL-4, IL-5, IL-13, IFNP and IL-17 amongst others. Nonetheless, the cytokine panel
utilized in this study is an introduction to understanding the potential beneficial effects that CpG-
ODN has on trauma in humans. Another limitation of this project was that I was only able to
assess trauma-induced phenotypic changes in blood immune cells which only allows for
evaluating data on immune cells in the blood or immune cells released from tissues. There are
also immune cells within the skin, lymph nodes, bone marrow, spleen and thymus that are
incapable of being measured in this study of trauma patients. Immune cells within these organs
may also be influential in governing the immune response to trauma. Nevertheless, my
laboratory is actively conducting research using mouse models of trauma to investigate cellular
and cytokine changes in the immune cells of the lymph nodes, the bone marrow and the spleen.
In addition, trauma patients’ immune cells were stimulated with TLR agonists whether or not
they developed infections. Although it is ideal to provide patients with immunotherapeutic
treatment before they acquire infections, it would be useful to gain knowledge on how CpG-
ODN treatment directly affects individuals who have already acquired infections. It can be useful
to stimulate the total leukocytes of patients who have infections and profile the cellular and

cytokine response afterwards. In addition, total leukocytes of trauma patients can be stimulated

37| Page



with LPS and CpG 2336, respectively. The cellular and cytokine response after simultaneous
stimulations can also be assessed. This may provide new knowledge about the effects of TLR9
agonists on infection and inflammation-related disorders. Finally, my study included ten
different injured patients at varied time points from a single trauma center at Brigham and
Women’s Hospital. This is a relatively small sample size. Many studies that have investigated
immune responses to traumatic injuries have large sample sizes ranging from hundreds to
thousands of patients. Blood samples from trauma patients are difficult to acquire and are
limited. However, further sampling of many more patients from different trauma centers is
necessary to confirm these findings. Additionally, the patients enrolled in this study are severely
injured with an average injury severity score of 34. These findings may not be pertinent to less

severely injured patients with different demographics or injury characteristics.

3.2 Future Perspectives

In summary, by using Luminex technology, time-dependent phenotypic changes in the
cytokine profile were identified following major trauma and TLR stimulation. CpG-ODN 2336
treatment proved to be low in toxicity, as it did not particularly produce high levels of cytokines.
Its induction of RANTES does provide insight concerning its ability to produce an inflammatory
response. However, further investigation regarding RANTES and its relation to injury is
necessary. Future directions will also include more thorough analysis of additional cytokines,
specific immune cell subsets and its influences on injury. It is important to note that my project
accompanies what is being done by other members of our lab. Our lab uses a novel technology,
mass-cytometry of-flight (CyTOF) to detect and quantify multi-cellular responses to trauma in
mouse models and in peripheral blood mononuclear cells (PBMCs) from trauma patients.

CyTOF is similar to flow cytometry but this technique uses rare-earth metal isotope labeled
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antibodies for detection. As a result, there is no background or fluorescence overlap. This allows
for simultaneous detection of multiple cell markers (up to 45). Our lab has already identified the
induction of Th17-type CD4" T cells, NK cells, and blood monocytes after severe injury in
trauma patients. In mouse models of trauma treated with CpG 2336, our lab identified
coexpression of CD11c and F4/80 on macrophages and a unique population of CD172a+ cells.
Therefore, using both CyTOF and Luminex technologies to phenotype cellular and cytokine
responses after CpG 2336 stimulation will be important for delineating the mechanism-of-action

for CpG-ODN treatments.

Additionally, it would be useful to profile patients based on demographics such as age,
gender, comorbidities, and type of injury to gain understanding on other factors that may
contribute to different cellular and cytokine response after trauma. The data provided in this
study contributed to new information regarding immune responses to CpG-ODN 2336 treatment.
Future studies are necessary for understanding its immunotherapeutic benefits on trauma
patients. Other studies identifying the cytokine and cellular profile after using different classes or
sequences of CpG-ODN may also be useful for gaining insight into their beneficial effects.
Different TLR agonists such as flagellin (TLRS) and R848 (TLR7/8) can also be used to
stimulate human total leukocytes and investigate their resulting immune responses.

In conclusion, the results from this Luminex-based experiment not only contributes to
understanding the beneficial effects of CpG-ODN treatment but has also helped identify the role
of TLRY as a regulatory pathway for injury and infection. It has also provided additional
information about the induction of cytokines after injury. Further investigation using systems

immunology tools that build upon the data presented in the project will provide us with useful
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information about utilizing CpG-ODNs as a treatment tool for mass casualty or trauma
scenarios. This can then help restore or redirect immune system homeostasis in patients and
prevent the development of life-threatening complications caused by opportunistic

infections.

40 |Page



Bibliography

10.

I11.

12.

13.

14.

15.

Stoecklein, V. M., Osuka, A., & Lederer, J. A. (2012). Trauma equals danger--damage
control by the immune system. Journal of Leukocyte Biology, 92(3), 539-551.

Coleman, C. N., Hrdina, C., Bader, J. L., Norwood, A., Hayhurst, R., Forsha, J., Knebel,
A. (2009). Medical Response to a Radiologic/Nuclear Event: Integrated Plan from the

Office of the Assistant Secretary for Preparedness and Response, Department of Health
and Human Services. Annals of Emergency Medicine, 53(2), 213-222.

Lord, J. M., Midwinter, M. J., Chen, Y., Belli, A., Brohi, K., Kovacs, E. J., Lilford, R. J.
(2014). The systemic immune response to trauma: an overview of pathophysiology and
treatment. The Lancet, 384(9952), 1455-1465.

Michetti, C. P., Fakhry, S. M., Ferguson, P. L., Cook, A., Moore, F. O., & Gross, R.
(2012). Ventilator-associated pneumonia rates at major trauma centers compared with a
national benchmark. The Journal of Trauma and Acute Care Surgery, 72(5), 1165-1173.

Wafaisade, A., Lefering, R., Bouillon, B., Sakka, S. G., Thamm, O. C., Paffrath, T.,
Maegele, M. (2011). Epidemiology and risk factors of sepsis after multiple trauma: An
analysis of 29,829 patients from the Trauma Registry of the German Society for Trauma
Surgery*. Critical Care Medicine, 39(4), 621-628.

Wanke-Jellinek, L., Keegan, J. W., Dolan, J. W., Guo, F., Chen, J., & Lederer, J. A.
(2015). Beneficial Effects of CpG-Oligodeoxynucleotide Treatment on Trauma and
Secondary Lung Infection. The Journal of Immunology, 196(2), 767-777.

Oppenheim, J. J., Tewary, P., Rosa, G. D., & Yang, D. (2007). Alarmins Initiate Host
Defense. Advances in Experimental Medicine and Biology Immune-Mediated
Diseases, 185-194.

Murphy, T. J. (2003). Injury, sepsis, and the regulation of Toll-like receptor responses.
Journal of Leukocyte Biology, 75(3), 400-407.

Matzinger, P. (2002). An Innate Sense of Danger. Annals of the New York Academy of
Sciences, 961(1), 341-342.

Burdelya, L. G., Krivokrysenko, V. I, Tallant, T. C., Strom, E., Gleiberman, A. S.,
Gupta, D., Gudkov, A. V. (2008). An Agonist of Toll-Like Receptor 5 Has
Radioprotective Activity in Mouse and Primate Models. Science, 320(5873), 226-230.
doi:10.1126/science.1154986

Manson, J., Thiemermann, C., & Brohi, K. (2011). Trauma alarmins as activators of
damage-induced inflammation. British Journal of Surgery, 99(S1), 12-20.

Hawn, T. R., & Underhill, D. M. (2005). Toll-like Receptors in Innate Immunity.
Measuring Immunity, 80-90.

Zhang, B., Ramesh, G., Uematsu, S., Akira, S., & Reeves, W. B. (2008). TLR4 Signaling
Mediates Inflammation and Tissue Injury in Nephrotoxicity. Journal of the American
Society of Nephrology, 19(5), 923-932.

Binkowska, A. M., Michalak, G., & Stotwinski, R. (2015). Review paper Current views
on the mechanisms of immune responses to trauma and infection. Central European
Journal of Immunology, 2, 206-216.

Parsons, M. (2010). Cytokine Storm in the Pediatric Oncology Patient. Journal of
Pediatric Oncology Nursing, 27(5), 253-258.

41 | Page



16. Cuenca, A. G., Maier, R. V., Cuschieri, J., Moore, E. E., Moldawer, L. L., & Tompkins,
R. G. (2011). The Glue Grant experience: characterizing the post injury genomic
response. European Journal of Trauma and Emergency Surgery, 37(6), 549-558.

17. Riedemann, N. C., Guo, R., & Ward, P. A. (2003). The enigma of sepsis. Journal of
Clinical Investigation, 112(4), 460-467.
18. Faist, E., Baue, A. E., Dittmer, H., & Heberer, G. (1983). Multiple Organ Failure in

Polytrauma Patients. The Journal of Trauma.: Injury, Infection, and Critical Care, 23(9),
775-787.

19. Macconmara, M. P., Maung, A. A., Fujimi, S., Mckenna, A. M., Delisle, A., Lapchak, P.
H., Mannick, J. A. (2006). Increased CD4 CD25 T Regulatory Cell Activity in Trauma
Patients Depresses Protective Thl Immunity. Transactions of the ... Meeting of the
American Surgical Association, 124, 179-188.

20. Adib-Conquy, M., & Cavaillon, J. (2008). Compensatory anti-inflammatory response
syndrome. Thrombosis and Haemostasis.

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

22. Cheever, M. A., Schlom, J., Weiner, L. M., Lyerly, H. K., Disis, M. L., Greenwood, A.,
Nelson, W. G. (2008). Translational Research Working Group Developmental Pathway
for Immune Response Modifiers. Clinical Cancer Research, 14(18), 5692-5699.

23. Vassar, M., Fletcher, M., Perry, C., & Holcroft, J. (1991). Evaluation of prostaglandin E1
for prevention of respiratory failure in high risk trauma patients: A prospective clinical

trial and correlation with plasma suppressive factors for neutrophil activation.
Prostaglandins, Leukotrienes and Essential Fatty Acids, 44(4), 223-231.

24. Groot, B. D., Lameijer, J., Ernie R J T De Deckere, & Vis, A. (2013). The prognostic
performance of the predisposition, infection, response and organ failure (PIRO)
classification in high-risk and low-risk emergency department sepsis populations:

comparison with clinical judgement and sepsis category. Emergency Medicine Journal,
31(4), 292-300.

25. Levy, M. M., Fink, M. P., Marshall, J. C., Abraham, E., Angus, D., Cook, D., Ramsay, G.
(2003). 2001 SCCM/ESICM/ACCP/ATS/SIS International Sepsis Definitions
Conference. Intensive Care Medicine, 29(4), 530-538.

26. Howell, M. D., Talmor, D., Schuetz, P., Hunziker, S., Jones, A. E., & Shapiro, N. L.
(2011). Proof of principle: The predisposition, infection, response, organ failure
sepsis staging system*. Critical Care Medicine, 39(2), 322-327.

27. Granja, C., Povoa, P., Lobo, C., Teixeira-Pinto, A., Carneiro, A., & Costa-Pereira, A.
(2013). The Predisposition, Infection, Response and Organ Failure (Piro) Sepsis
Classification System: Results of Hospital Mortality Using a Novel Concept and
Methodological Approach. PLoS ONE, 8(1).

28. Gungor, B., Yagci, F. C., Tincer, G., Bayyurt, B., Alpdundar, E., Yildiz, S., Gursel, M.
(2014). CpG ODN Nanorings Induce IFN from Plasmacytoid Dendritic Cells and
Demonstrate Potent Vaccine Adjuvant Activity. Science Translational Medicine, 6(235).

29. Krieg, A. M. (2006). Therapeutic potential of Toll-like receptor 9 activation. Nature
Reviews Drug Discovery, 5(6), 471-484.

30. Krieg, A. M. (2005). CpG Oligodeoxynucleotides for Mucosal Vaccines. Mucosal
Immunology, 959-965.

42 |Page



31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.
44,

45.

46.

47.

Krug, A., Rothenfusser, S., Hornung, V., Jahrsdorfer, B., Blackwell, S., Ballas, Z. K.,
Hartmann, G. (2001). Identification of CpG oligonucleotide sequences with high

induction of IFN-o/B in plasmacytoid dendritic cells. European Journal of Immunology,
31(7), 2154-2163.

Takao, K., & Miyakawa, T. (2014). Genomic responses in mouse models greatly mimic
human inflammatory diseases. Proceedings of the National Academy of Sciences, 112(4),
1167-1172.

Shay, T., Lederer, J. A., & Benoist, C. (2014). Genomic responses to inflammation in
mouse models mimic humans: We concur, apples to oranges comparisons won’t do.
Proceedings of the National Academy of Sciences, 112(4).

Soares, M. P., Gozzelino, R., & Weis, S. (2014). Tissue damage control in disease
tolerance. Trends in Immunology, 35(10), 483-494.

Medzhitov, R., Schneider, D. S., & Soares, M. P. (2012). Disease Tolerance as a Defense
Strategy. Science, 335(6071), 936-941.
Grzelak, 1., Olszewski, W. L., Zaleska, M., Durlik, M., Lagiewska, B., Muszynski, M.,

& Rowinski, W. (1996). Blood cytokine levels rise even after minor surgical trauma.
Journal of Clinical Immunology, 16(3), 159-164.

Arai, K., Lee, F., Miyajima, A., Miyatake, S., Arai, N., & Yokota, T. (1990). Cytokines:
Coordinators of Immune and Inflammatory Responses. Annual Review of Biochemistry,
59(1), 783-836.

Stensballe, J., Christiansen, M., Tennesen, E., Espersen, K., Lippert, F. K., & Rasmussen,
L. S. (2009). The early IL-6 and IL-10 response in trauma is correlated with injury
severity and mortality. Acta Anaesthesiologica Scandinavica, 53(4), 515-521.
Giannoudis, P. V., Smith, R. M., Perry, S. L., Windsor, A. J., Dickson, R. A., & Bellamy,
M. C.(2000). Immediate IL-10 expression following major orthopaedic trauma:
relationship to anti-inflammatory response and subsequent development of sepsis.
Intensive Care Medicine, 26(8), 1076-1081.

Biffl, W. L., Moore, E. E., Moore, F. A., & Peterson, V. M. (1996). Interleukin-6 in the
Injured Patient. Annals of Surgery, 224(5), 647-664.

Hietbrink, F., Koenderman, L., Rijkers, G., & Leenen, L. (2006). Trauma: the role of the
innate immune system. World Journal of Emergency Surgery, 1(1), 15.

Majetschak, M., Borgermann, J., Waydhas, C., Obertacke, U., Nast-Kolb, D., & Schade,
F. U. (2000). Whole blood tumor necrosis factor-a production and its relation to systemic
concentrations of interleukin 4, interleukin 10, and transforming growth factor-fl in
multiply injured blunt trauma victims. Critical Care Medicine, 28(6), 1847-1853.

Martin, T. R. (1999). Lung Cytokines and ARDS. Chest, 116.

Griensven, M. V., Stalp, M., & Seekamp, A. (1999). Ischemia-Reperfusion Directly
Increases Pulmonary Endothelial Permeability In Vitro. Shock, 11(4), 259-263.

Hassan, J., Feighery, C., Bresnihan, B., & Whelan, A. (2008). Characterization and
quantification of solubilised HLA-DR antigens from circulating human monocytes using
an immunoblotting procedure. Tissue Antigens, 30(4), 167-175.

Saperstein, S., Chen, L., Oakes, D., Pryhuber, G., & Finkelstein, J. (2009). IL-1
Augments TNF-a—Mediated Inflammatory Responses from Lung Epithelial Cells.
Journal of Interferon & Cytokine Research, 29(5), 273-284.

Yilma, A. N., Singh, S. R., Fairley, S. J., Taha, M. A., & Dennis, V. A. (2012). The Anti-
Inflammatory Cytokine, Interleukin-10, Inhibits Inflammatory Mediators in Human

43 | Page



48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

38.

59.

60.

61.

62.

Epithelial Cells and Mouse Macrophages Exposed to Live and UV-Inactivated
Chlamydia trachomatis. Mediators of Inflammation, 2012, 1-10.

Baker, S. P., O’neill, B., Haddon, W., & Long, W. B. (1974). The Injury Severity Score: a
method for describing patients with multiple injuries and evaluating emergency care.

The Journal of Trauma: Injury, Infection, and Critical Care, 14(3), 187-196.

Abboud, A., Namas, R. A., Ramadan, M., Mi, Q., Almahmoud, K., Abdul-Malak, O.,
Vodovotz, Y. (2016). Computational Analysis Supports an Early, Type 17 Cell-
Associated Divergence of Blunt Trauma Survival and Mortality*. Critical Care
Medicine, 44(11).

Namas, R. A., Vodovotz, Y., Almahmoud, K., Abdul-Malak, O., Zaaqoq, A., Namas, R.,
Billiar, T. R. (2016). Temporal Patterns of Circulating Inflammation Biomarker
Networks Differentiate Susceptibility to Nosocomial Infection Following Blunt Trauma
in Humans. Annals of Surgery, 263(1), 191-198.

Okeny, P. K., Ongom, P., & Kituuka, O. (2015). Serum interleukin-6 level as an early
marker of injury severity in trauma patients in an urban low-income setting: a cross-
sectional study. BMC Emergency Medicine, 15(1).

Giannoudis, P. V., Hildebrand, F., & Pape, H. C. (2004). Inflammatory serum markers in
patients with multiple trauma. The Journal of Bone and Joint Surgery, 86(3), 313-323.

Nualldin, E., P., Mealy, K., & Reen, D. (1995). Induction of Interleukin-1 Receptor
Antagonist (IL-1ra) Following Surgery Is Associated with Major Trauma. Clinical
Immunology and Immunopathology, 76(1), 96-101.

Esposito, E., & Cuzzocrea, S. (2009). TNF-Alpha as a Therapeutic Target in
Inflammatory Diseases, Ischemia- Reperfusion Injury and Trauma. Current Medicinal
Chemistry, 16(24), 3152-3167.

Cobb, J. P., & O'keefe, G. E. (2004). Injury research in the genomic era. The Lancet,
363(9426), 2076-2083.

Risbud, M. V., & Shapiro, I. M. (2013). Role of cytokines in intervertebral disc

degeneration: pain and disc content. Nature Reviews Rheumatology, 10(1), 44-56.
Lumpkins, K., Bochicchio, G. V., Zagol, B., Ulloa, K., Simard, J. M., Schaub, S., Scalea,

T. (2008). Plasma Levels of the Beta Chemokine Regulated upon Activation, Normal T
cell Expressed, and Secreted (RANTES) Correlate with Severe Brain Injury. The Journal
of Trauma: Injury, Infection, and Critical Care, 64(2), 358-361.

Bystry, R. S., Aluvihare, V., Welch, K. A., Kallikourdis, M., & Betz, A. G. (2001). B
cells and professional APCs recruit regulatory T cells via CCL4. Nature Immunology,
2(12), 1126-1132.

Bless, N. M., Huber-Lang, M., Guo, R., Warner, R. L., Schmal, H., Czermak, B. J.,
Ward, P. A. (2000). Role of CC Chemokines (Macrophage Inflammatory Protein-1,
Monocyte Chemoattractant Protein-1, RANTES) in Acute Lung Injury in Rats. The
Journal of Immunology, 164(5), 2650-2659.

Ziraldo, C., Vodovotz, Y., Namas, R. A., Almahmoud, K., Tapias, V., Mi, Q., Zamora, R.
(2013). Central Role for MCP-1/CCL2 in Injury-Induced Inflammation Revealed by In
Vitro, In Silico, and Clinical Studies. PLoS ONE, 8(12).

Couper, K. N., Blount, D. G., & Riley, E. M. (2008). IL-10: The Master Regulator of
Immunity to Infection. The Journal of Immunology, 180(9), 5771-5777.

Bless, N. M., Huber-Lang, M., Guo, R., Warner, R. L., Schmal, H., Czermak, B. J.,Ward,
P. A. (2000). Role of CC Chemokines (Macrophage Inflammatory Protein-1, Monocyte

44 |Page



Chemoattractant Protein-1, RANTES) in Acute Lung Injury in Rats. The Journal of
Immunology, 164(5), 2650-2659.

45| Page



