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Altered leukocyte gene expression after traumatic 
spinal cord injury: clinical implications

Traumatic Spinal Cord Injury (SCI)
There are an estimated 760,000–2.5 million persons living 
with traumatic SCI globally and more than 350,000 persons 
in the United States (National Spinal Cord Injury Statistical 
Center, 2017; Kumar et al., 2018). In the US, the average age 
at injury is 43 years old. The most common mechanisms of 
injury are motor vehicle accident (38%), followed by falls 
(32%), violence (14%), sports (8%) and other (8%) (National 
Spinal Cord Injury Statistical Center, 2017). The most com-
mon levels of injury are cervical (54%), thoracic (35%), and 
lumbar (10%). Unfortunately, there is no Food and Drug 
Administration (FDA) approved pharmacological therapy 
for SCI and living with SCI therefore imposes significant 
physical, psychosocial and economic burdens for patients 
and their families.

The gold standard clinical exam to classify motor and 
sensory function after SCI is the International Standards for 
Neurological Classification of SCI (ISNCSCI) exam (Kirsh-
blum and Waring, 2014; Ahuja et al., 2017). The ISNCSCI 
exam tests motor and sensory function throughout the body 
and based on exam findings, spinal cord injuries are clas-
sified with the American Spinal Injury Association (ASIA) 
Impairment Scale (AIS) grades A–E (Table 1): A indicates a 
clinically complete injury with no motor or sensory function 
preserved in sacral segments S4–5, B–D indicate incomplete 
injuries, with some motor or sensory function preserved 
below the neurological level of injury, and E indicates a 
normal exam (Table 1) (Kirshblum and Waring, 2014). Dif-
ferent tools are used to reflect abilities to perform activities 
of daily living after SCI. One widely used tool is the Spinal 

Cord Independence Measure, which is a standardized, val-
idated rating scale that measures the functional status or 
improvement in performing daily activities for people with 
SCI and has domains related to self-care, respiration, bowel 
and bladder care, and mobility (Catz et al., 1997; Itzkovich 
et al., 2007). Another more recently developed tool that was 
designed to be used as a patient reported outcome is the 
SCI-Functional Index (SCI-FI), which describes aspects and 
modes of mobility, self-care, and fine motor function (Jette 
et al., 2012; Fyffe et al., 2016).

Despite advances in clinical care, the National SCI Statis-
tical Center (NSCISC) estimates that life expectancy for per-
sons with SCI remains lower than for able-bodied persons 
and depends on age at injury, injury severity, injury level, 
ventilator use, general comorbidities and other factors (Na-
tional Spinal Cord Injury Statistical Center, 2017). Life ex-
pectancy after SCI also changes with time from initial injury 
(National Spinal Cord Injury Statistical Center, 2017). For 
example, data from the NSCISC estimates that life expectan-
cy for a person with a cervical level injury sustained at age 
25 who survived the initial 24 hours after their injury (with-
out ventilator use) was 31–36 years, while life expectancy 
for an able-bodied person at age 25 was 54.8 years (Ahuja 
et al., 2017; National Spinal Cord Injury Statistical Center, 
2017). Data from the NSCISC estimates that life expectancy 
for a person with a cervical level injury sustained at age 70 
who survived the initial 24 hours after their injury (without 
ventilator use) was 6.5–8 years, while life expectancy for an 
able-bodied person at age 70 was 15.6 years (National Spinal 
Cord Injury Statistical Center, 2017).
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Traumatic SCI Compromises More Than 
Motor and Sensory Function
Infections (genitourinary or respiratory) are the leading 
cause of death for persons with SCI and are also the most 
common cause of re-hospitalization after SCI (DeVivo et 
al., 1993; Cardenas et al., 2004; DeJong et al., 2013; National 
Spinal Cord Injury Statistical Center, 2017). Recent data 
has also identified infections as an independent risk factor 
for poor neurological recovery (Failli et al., 2012). Along 
with increased infection rates, inflammation is commonly 
observed in the SCI population and may play a role in the 
pathogenesis of many common medical consequences of 
SCI, including accelerated atherogenesis and osteoporosis, 
impaired wound healing, type II diabetes, and neuropathic 
pain (Bauman and Spungen, 2000). In humans, elevated 
numbers of inflammatory cells in the spinal cord were 
identified years after initial injury (Fleming et al., 2006). 
Persistent elevated levels of intraspinal and systemic inflam-
matory mediators may also oppose neurological recovery 
(Schwab et al., 2014). Impaired immune cell function ex vivo 
has also been reported from persons living with SCI (Nash, 
1994; Campagnolo et al., 2000). Autoreactive antibodies 
have also been described in persons with SCI (Schwab et al., 
2014).

Impaired Neuroimmune Interactions after 
SCI May Contribute to Increased Rates of
Infection and Chronic Inflammation 
The autonomic nervous system (ANS) innervates most 
visceral organs (heart, lung, liver, and intestine) and also 
regulates immune system function (spleen, lymph nodes, 
bone marrow) (Figure 1). In able-bodied people, the ANS 

regulates homeostasis through synergistic and coordinated 
activation of the sympathetic nervous system (SNS) and 
parasympathetic nervous system (PNS) (Pavlov and Trac-
ey, 2017). In persons with SCI, impaired ANS regulation 
of organ systems below the injury level are associated with 
serious medical consequences, ranging from autonomic 
dysreflexia to adverse changes in metabolism (Bauman and 
Spungen, 2000). A growing body of evidence shows that 
the ANS also regulates immune system function. Both the 
PNS and SNS innervate immune organs, such as the spleen 
and lymph nodes, and there are many points of regulat-
ed interaction between the nervous and immune systems 
throughout the body (Pavlov and Tracey, 2017). Based on 
these physiological interactions, a causal relationship has 
been proposed between SCI level-dependent changes in the 
ANS and changes in immune system function that include 
chronic inflammation, changes in adaptive immunity and 
immunosuppression (Schwab et al., 2014). SNS fibers exit 
the spinal cord and innervate organs of the immune system 
at T5, and persons with spinal cord injuries rostral to T5 
have the most immunological symptoms (Campagnolo et 
al., 2000; Failli et al., 2012; Schwab et al., 2014).

What are the Molecular Causes of 
Immunological Symptoms after SCI?
Despite the medical importance of immune function after 
SCI, to date there have been only two original research stud-
ies that systematically investigated gene expression in im-
mune cells isolated from persons with chronic SCI (Saltzman 
et al., 2013; Herman et al., 2018). The first study by Saltzman 
and colleagues compared whole blood gene expression in 
men with chronic motor complete (AIS A) SCI (at least one 
year from initial injury) to able-bodied (AB) men (N = 13, 
7 respectively) (Saltzman et al., 2013). RNA was extracted 
from whole blood and gene expression levels were quanti-
fied by microarray using the HG-U133A Plus 2.0 GeneChip 
(Affymetrix). The study identified 1453 genes that were 
differentially expressed in men with SCI. Using Ingenuity 
Pathway Analysis to provide a functional description of dif-
ferentially expressed genes, Saltzman and colleagues focused 
their discussion on a gene network related to lymphoid 
tissue structure, which is regulated by the master transcrip-
tion factor nuclear factor kappa B (NF-κB). They showed 
enhanced expression of the autoimmunity-promoting cyto-
kines B-cell maturation antigen (BCMA), B cell activating 
factor of the tumor necrosis factor (TNF) family (BAFF) and 
a proliferation-inducing ligand (APRIL) in this network by 
microarray and qPCR, consistent with sparse but continued 
literature demonstrating serological signs of autoimmunity 
after SCI, such as anti-central nervous system (CNS) anti-
bodies (Saltzman et al., 2013; Schwab et al., 2014). Other key 
genes of the pathway included several members of the TNF 
receptor superfamily.

In order to provide a deeper understanding of the molec-
ular mechanisms underlying immunological symptoms after 
SCI, we set out to perform a larger (by participant number) 

Table 1 American Spinal Injury Association Impairment Scale (AIS)

AIS grade Description

A Complete: No motor or sensory function preserved in 
sacral segments S4–5

B Sensory incomplete: Sensory, but no motor function 
preserved below the neurological level of injury and 
includes sacral segments S4–5

C Motor incomplete: Motor function preserved at most 
caudal sacral segments for voluntary anal contraction 
or the individual meets criteria for sensory incomplete 
status and some sparing of motor function more than 3 
level below the ipsilateral motor level

D Motor incomplete: As in C, with at least half or more key 
muscle functions below the neurological level of injury 
with a muscle grade of 3 or more

E Normal: This designation is used when an individual 
previously had an AIS grade of A–D and now has normal 
motor and sensory function in all segments

This table was adapted from the International Standards for The 
Neurological Classification of Spinal Cord Injury (Rev 11/15) provided 
by the American Spinal Injury Association to explain how spinal cord 
injuries are classified in the clinical setting.
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Figure 1 Neuroimmune 
interactions relevant to spinal 
cord injury (SCI). 
(A) Sensory dermatomes that are 
innervated at each spinal level 
are indicated by color, which 
matches the color scheme in B. 
(B) Schematic representation of 
the brain and spinal cord that 
demonstrates spinal levels con-
tributing autonomic nervous 
system (ANS) innervation to 
visceral organs and immune sys-
tem tissues. Dark blue lines show 
nerve fibers carrying parasym-
pathetic nervous system (PNS) 
innervation via the vagus nerve. 
Other lines show nerve fibers 
carrying sympathetic nervous 
system (SNS) innervation to 
target organs following synapses 
at the sympathetic trunk, shown 
in black immediately to the right 
of the spinal column. Color Key: 
Green: Cervical, pink: thoracic, 
orange: lumbar, blue: sacral. (C) 
Able-bodied (AB) individuals 
or individuals with chronic SCI 
were recruited for this study and 
blood collected for whole blood 
gene expression. (D) There were 
1815 and 2226 differentially ex-
pressed genes between the AB 
and SCI groups and the AB and 
T5 and above SCI group (upper). 
A cartoon of a heat map is shown 
for differentially expressed genes 
that were then analyzed at the 
individual, pathway and modular 
levels (lower).

and deeper (by analytical scope) study of gene expression 
in leukocytes of persons with chronic SCI (Herman et al., 
2018). We recruited adults with chronic SCI, (at least one 
year from initial injury) (Figure 1). In this study, 58% of 
participants had cervical, 36% had thoracic and 6% had 
lumbar spinal cord level injuries (N = 25 male, 6 female). 
For comparison, we recruited 26 able-bodied persons (N = 
19 male, 7 female). Participants in this study mostly had AIS 
A injuries, followed by D, C and B respectively. Since we 
were studying immune function, persons with clinically sig-
nificant infections were excluded from participating in the 
study. We collected data from participants about their med-
ical histories and current medication regimens. Participants 

were asked to contribute blood samples at two study visits 
held 6 months apart. Most participants (N = 24/31) com-
pleted both study visits, and able-bodied adult participants 
without SCI (N = 26) were used as the comparison group.

RNA was extracted from whole blood and gene expression 
levels were quantified by microarray using the using the HT-
12v4 Expression BeadChip (Herman et al., 2018). We first 
determined that within the SCI group, gene expression did 
not differ significantly between the study visits that occurred 
6 months apart. We then compared the transcriptional 
profiles of individuals living with chronic SCI to able-bod-
ied individuals. Hierarchical clustering of differentially ex-
pressed genes showed global differences in leukocytes from 
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persons with SCI as compared to able-bodied participants. 
We discovered 1815 genes that were differentially expressed 
between the groups (false discovery rate (FDR) = 0.05) (Fig-
ure 1). Participants with SCI levels rostral to T5, where SNS 
disruption would occur, had more differentially expressed 
genes (N = 2226) compared to able-bodied participants. For 
the complete list of differentially expressed genes, see Sup-
plementary Table 1 in Herman et al. (2018).

Characterization of Differentially Expressed 
Genes in Persons with High Spinal Cord Level 
Injuries
Immunologists have recently developed a series of empir-
ical modules comprised of genes co-expressed in blood 
cells across different disease states (Chaussabel et al., 2008). 
Modules were created by experimental observation of gene 
expression in blood of patients with many different inflam-
matory or autoimmune diseases genes, so that genes that 
were expressed in a consistently coordinated manner across 
diseases, for example, up- or down-regulated together, are 
clustered together into a module (Chaussabel et al., 2008). 
This modular analysis assumes that genes that change coor-
dinately in expression across different diseases likely have 
related or coordinated biological functions and also presents 
an opportunity to compare changes in the gene modules 
across disease states (Chaussabel et al., 2008). Modules are 
named according to the known function of genes within 
it and unnamed modules contain genes whose function is 
not yet determined. We assigned the genes differentially 
expressed in persons with SCI levels rostral to T5 to the 
previously established modules (Chaussabel et al., 2008). 
We found an under-expression of modules related to many 
immune cell types including Natural Killer (NK) cells, B 
cells and T cells. Conversely, we identified elevation of a 
monocyte module, as well as elevation of six different in-
flammation modules. For a list of all differentially expressed 
genes by module, see Supplementary Table 1 in Herman et 
al. (2018).

NK cells are innate immune system lymphocytes respon-
sible for killing virally infected cells or tumor cells, and they 
also have modulating effects on other immune cell types. 
Dramatic downregulation of NK cell genes and elevation of 
pro-inflammatory genes in persons with SCI levels rostral to 
T5 were reflected by many independent bioinformatics ap-
proaches. For example, killer inhibitory receptors (KIRs) are 
most commonly found on NK cells and are also found on 
other immune cell subsets. KIRs can activate or inhibit NK 
cells from killing their target cells. In this study, we found 
that 5 of the 36 most significantly downregulated genes 
in persons with SCI levels rostral to T5 were KIR3DL1, 
KIR3DL3, KIR2DL4, KIR2DL1 and KIR2DS5. For a com-
plete list of significantly up- and down-regulated genes, see 
Supplementary Table 1 in Herman et al. (2018). We used the 
bioinformatics resource “Enrichr”, which allows a gene list 
to be analyzed simultaneously by multiple bioinformatics 
tools to reveal the functions of differentially expressed genes 

(Chen et al., 2013). The Kyoto Encyclopedia of Genes and 
Genomes (KEGG) bioinformatics platform also showed that 
the “NK cell mediated cytotoxicity” pathway was significant-
ly enriched in genes differentially expressed in participants 
with SCI at levels rostral to T5. For a list of pathways signifi-
cantly enriched in differentially genes, see Supplementary 
Table 1 in Herman et al. (2018).

Conversely, several pro-inflammatory genes were among 
the top 50 upregulated differentially expressed genes in 
study participants with SCI rostral to T5, including JAK2, a 
protein tyrosine Janus kinase family member. JAK2, as well 
as other elevated genes, such as the beta-adrenergic recep-
tor, are targets of FDA-approved drugs. Toll like receptors 
(TLR) are innate pattern recognition receptors critical for 
maintaining immunity against pathogens and TLR activa-
tion promotes production of inflammatory mediators (Foster 
and Medzhitov, 2009). TLR modulating agents are also in 
clinical trials for indications such as autoimmune disease 
and inflammation (Gao et al., 2017). We also discovered 
that TLR signaling pathways were highly enriched among 
genes upregulated in participants with SCI rostral to T5. In-
terestingly, there are TLR modulating agents in clinical trial 
for sepsis, which is associated with infections and is a major 
cause of mortality for persons with SCI (Gao et al., 2017; 
National Spinal Cord Injury Statistical Center, 2017). Adre-
nomedullin, a vasodilator that is increased in sepsis, was also 
upregulated in participants with SCI rostral to T5 (see Sup-
plementary Table 1 in Herman et al. (2018)). A recent phase 
I clinical trial of anti-adrenomedullin antibodies was per-
formed, with the hopes of developing them as a therapeutic 
agent in sepsis (Geven et al., 2018a, b). Many immune cells, 
including NK cells, are highly responsive to adrenaline and 
another gene of particular interest that was upregulated in 
participants with SCI rostral to T5 is the beta-2 adrenergic 
receptor. A recent study demonstrated that elevated norad-
renergic signaling leads to immunosuppression in an animal 
model of acute SCI (Pruss et al., 2017).

We identified transcription factors that are known to 
regulate genes differentially expressed in individuals with 
SCI at levels ≥ T5 using the TRANSFAC database (Matys 
et al., 2006; Chen et al., 2013). The top 10 transcription fac-
tor identified by TRANSFAC were: E2F1, FOXC1, PPARg, 
PITX2, NRF1, STAT3, GATA2, LEF1, GATA3, and GFl1. 
Many of these transcription factors are elevated in individu-
als with metabolic syndrome. For example, E2F1 and STAT3 
binding motifs were also upregulated in circulating blood 
cells isolated from insulin resistant Latino adults with met-
abolic syndrome (Tangen et al., 2013). This was consistent 
with data generated independently by the PANTHER bioin-
formatics platform, which identified the insulin pathway as 
enriched among upregulated differentially expressed genes 
in individuals with SCI at levels T5 and above (see Figure 4 
in Herman et al. (2018)). Members of the peroxisome pro-
liferator-activated receptors (PPAR) family of nuclear hor-
mone receptors are transcription factors widely considered 
in the treatment of type II diabetes and in particular, PPAR 
gamma is expressed mostly in adipose (Bugge and Holst, 
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2017). PPARs also play a role in secondary inflammation 
after SCI and clinically used anti-inflammatory agonists of 
PPAR had beneficial effects in rodent models of SCI (Mc-
Tigue et al., 2007; Genovese et al., 2009; Zhang et al., 2010, 
2011; Li et al., 2013, 2016, 2017; Bugge and Holst, 2017). An 
inhaled version of DNAzyme that targets GATA3, which is 
critical for T helper type 2 (TH2) T cell development, was 
used in a phase I study of asthma (Homburg et al., 2015; 
Krug et al., 2015). Elevated expression of LEF1, which is a 
key regulator of the WNT pathway, was identified to associ-
ate with worse outcomes in B cell acute lymphoblastic leuke-
mia (ALL) patients, while LEF1 inactivation was associated 
with T cell ALL (Gutierrez et al., 2010; Kuhnl et al., 2011).

We also confirmed several genes first identified by Saltz-
man and colleagues as differentially expressed in whole 
blood of persons with SCI in participants with SCI rostral to 
T5 (Saltzman et al., 2013). These included CD36, which is a 
platelet thrombospondin receptor, the autoimmune promot-
ing receptor B cell maturation antigen (BCMA/TNFRSF17), 
inositol-trihophate-3-kinase B (ITPKB) that regulates inositol 
metabolism, MAP Kinase Activating Death Domain (MADD) 
that interacts with the TNF-alpha receptor 1 and interacting 
partners of the NF-κB pathway. Saltzman and colleagues also 
implicated the PPAR gamma pathway, as we discussed above. 
We did not find evidence of elevated the cytokines APRIL 
(TNFSF13) or BAFF (TNFSF13B). These differences are likely 
due to relatively small participant group sizes with different 
clinical and demographic characteristics.

Novel Mechanistic Insights into the Causes 
Underlying Symptoms of Immune 
Dysfunction in Persons Living with SCI 
Here we discovered broad changes in innate and adaptive 
immune cell genes. Modular and pathway analyses identified 
downregulation of NK cells genes, which we were particu-
larly interested in, because NK cells are critical for fighting 
pathogens, previous studies showed NK cell defects ex vivo 
from persons with tetraplegia, and infections are the leading 
cause of mortality for persons with SCI (DeVivo et al., 1993; 
Nash, 1994; Campagnolo et al., 2000). Modular analysis also 
identified upregulation of inflammatory genes. Multiple 
pathway analyses identified elevated TLR pathway genes, 
which promote inflammation. Other elevated inflammatory 
genes we discovered in persons with SCI included targets of 
FDA-approved drugs, including JAK2 and the beta-adren-
ergic receptor, which has been implicated in neuroimmune 
signaling in able-bodied and SCI populations (Schwab et 
al., 2014; Pavlov and Tracey, 2017). Transcription factors 
regulating genes differentially expressed in persons with SCI 
rostral to T5 included PPARg, which is a clinical target in 
diabetes and has been implicated in inflammation in animal 
models of SCI. Finally, there were some common observa-
tions between the 2 studies discussed, including upregula-
tion of the autoimmunity promoting cytokine BCMA and 
in a broader sense, the upregulation of pro-inflammatory 
signaling pathways.

Going forward, we intend to identify the specific immune 
cell subsets in which inflammatory genes are elevated. We 
will also perform mechanistic studies to evaluate function-
al changes in NK cells (and other leukocyte subsets) from 
persons with SCI to determine which of the differentially 
expressed gene pathways is critical for maintaining health, 
like eliminating viral infections or promoting inflammation. 
These data may also be relevant to the increasing number 
of clinical studies or trials that aim to promote functional 
recovery for persons living with chronic SCI, where inflam-
mation may play an antagonistic role. Taken together, these 
data suggest potential mechanisms for therapeutic strategies 
to improve immune function, promote survival, health and 
perhaps even functional recovery in persons living with SCI.

Acknowledgments: The authors wish to thank the study participants. 
The authors also thank their colleagues who co-authored the study dis-
cussed here. 
Author contributions: PEH performed data analysis, interpretation, 
created figures and co-authored the manuscript. OB designed the project, 
performed data analysis, interpretation, created figures and co-authored 
the manuscript.
Conflicts of interest: The authors declare that they do not have any 
conflicts of interest. 
Financial support: This research was supported by grants from the Craig 
H. Neilsen Foundation, the NY State Empire Clinical Research Program, 
and the NY State Spinal Cord Injury Research Board (grants to OB).
Copyright license agreement: The Copyright License Agreement has 
been signed by all authors before publication.
Plagiarism check: Checked twice by iThenticate.
Peer review: Externally peer reviewed.
Open access statement: This is an open access journal, and articles are 
distributed under the terms of the Creative Commons Attribution-Non-
Commercial-ShareAlike 4.0 License, which allows others to remix, 
tweak, and build upon the work non-commercially, as long as appropri-
ate credit is given and the new creations are licensed under the identical 
terms.
Open peer reviewers: Tetsuro Tamaki, Tokai University School of Med-
icine, Japan; Anup Dutt Sharma, AxoSim Technologies LLC, USA.
Additional file: Open peer review reports 1, 2. 

References
Ahuja CS, Wilson JR, Nori S, Kotter MRN, Druschel C, Curt A, Feh-

lings MG (2017) Traumatic spinal cord injury. Nat Rev Dis Primers 
3:17018.

Bauman WA, Spungen AM (2000) Metabolic changes in persons after 
spinal cord injury. Phys Med Rehabil Clin N Am 11:109-140.

Bugge A, Holst D (2017) PPAR agonists, - Could tissue targeting pave 
the way? Biochimie 136:100-104.

Campagnolo DI, Bartlett JA, Keller SE (2000) Influence of neurological 
level on immune function following spinal cord injury: a review. J 
Spinal Cord Med 23:121-128.

Cardenas DD, Hoffman JM, Kirshblum S, McKinley W (2004) Etiolo-
gy and incidence of rehospitalization after traumatic spinal cord in-
jury: a multicenter analysis. Arch Phys Med Rehabil 85:1757- 1763.

Catz A, Itzkovich M, Agranov E, Ring H, Tamir A (1997) SCIM--spi-
nal cord independence measure: a new disability scale for patients 
with spinal cord lesions. Spinal Cord 35:850-856.

Chaussabel D, Quinn C, Shen J, Patel P, Glaser C, Baldwin N, Stichweh 
D, Blankenship D, Li L, Munagala I, Bennett L, Allantaz F, Mejias 
A, Ardura M, Kaizer E, Monnet L, Allman W, Randall H, Johnson 
D, Lanier A, et al. (2008) A modular analysis framework for blood 
genomics studies: application to systemic lupus erythematosus. Im-
munity 29:150-164.

Chen EY, Tan CM, Kou Y, Duan Q, Wang Z, Meirelles GV, Clark NR, 
Ma’ayan A (2013) Enrichr: interactive and collaborative HTML5 
gene list enrichment analysis tool. BMC Bioinformatics 14:128.



1529

Herman PE, Bloom O (2018) Altered leukocyte gene expression after traumatic spinal cord injury: clinical implications. 
Neural Regen Res 13(9):1524-1529. doi:10.4103/1673-5374.237112

DeJong G, Tian W, Hsieh CH, Junn C, Karam C, Ballard PH, Smout 
RJ, Horn SD, Zanca JM, Heinemann AW, Hammond FM, Backus 
D (2013) Rehospitalization in the first year of traumatic spinal cord 
injury after discharge from medical rehabilitation. Arch Phys Med 
Rehabil 94:S87-97.

DeVivo MJ, Black KJ, Stover SL (1993) Causes of death during the first 
12 years after spinal cord injury. Arch Phys Med Rehabil 74:248-254.

Failli V, Kopp MA, Gericke C, Martus P, Klingbeil S, Brommer B, 
Laginha I, Chen Y, DeVivo MJ, Dirnagl U, Schwab JM (2012) Func-
tional neurological recovery after spinal cord injury is impaired in 
patients with infections. Brain 135:3238-3250.

Fleming JC, Norenberg MD, Ramsay DA, Dekaban GA, Marcillo AE, 
Saenz AD, Pasquale-Styles M, Dietrich WD, Weaver LC (2006) The 
cellular inflammatory response in human spinal cords after injury. 
Brain 129:3249-3269.

Foster SL, Medzhitov R (2009) Gene-specific control of the TLR-in-
duced inflammatory response. Clin Immunol 130:7-15.

Fyffe D, Kalpakjian CZ, Slavin M, Kisala P, Ni P, Kirshblum SC, Tulsky 
DS, Jette AM (2016) Clinical interpretation of the Spinal Cord Inju-
ry Functional Index (SCI-FI). J Spinal Cord Med 39:527- 534.

Gao W, Xiong Y, Li Q, Yang H (2017) Inhibition of toll-like receptor 
signaling as a promising therapy for inflammatory diseases: a jour-
ney from molecular to nano therapeutics. Front Physiol 8:508.

Genovese T, Esposito E, Mazzon E, Crisafulli C, Paterniti I, Di Paola R, 
Galuppo M, Bramanti P, Cuzzocrea S (2009) PPAR-alpha modulate 
the anti-inflammatory effect of glucocorticoids in the secondary 
damage in experimental spinal cord trauma. Pharmacol Res 59:338-
350.

Geven C, Kox M, Pickkers P (2018a) Adrenomedullin and adreno-
medullin-targeted therapy as treatment strategies relevant for sepsis. 
Front Immunol 9:292.

Geven C, van Lier D, Blet A, Peelen R, Ten Elzen B, Mebazaa A, Kox M, 
Pickkers P (2018b) Safety, tolerability and pharmacokinetics/-dy-
namics of the adrenomedullin antibody Adrecizumab in a first-
in-human study and during experimental human endotoxemia in 
healthy subjects. Br J Clin Pharmacol doi: 10.1111/bcp.13655.

Gutierrez A, Sanda T, Ma W, Zhang J, Grebliunaite R, Dahlberg S, 
Neuberg D, Protopopov A, Winter SS, Larson RS, Borowitz MJ, 
Silverman LB, Chin L, Hunger SP, Jamieson C, Sallan SE, Look AT 
(2010) Inactivation of LEF1 in T-cell acute lymphoblastic leukemia. 
Blood 115:2845-2851.

Herman P, Stein A, Gibbs K, Korsunsky I, Gregersen P, Bloom O (2018) 
Persons with chronic spinal cord injury have decreased natural killer 
cell and increased Toll-like receptor/inflammatory gene expression. 
J Neurotrauma doi: 10.1089/neu.2017.5519. 

Homburg U, Renz H, Timmer W, Hohlfeld JM, Seitz F, Luer K, Mayer 
A, Wacker A, Schmidt O, Kuhlmann J, Turowska A, Roller J, Kutz K, 
Schluter G, Krug N, Garn H (2015) Safety and tolerability of a novel 
inhaled GATA3 mRNA targeting DNAzyme in patients with TH2- 
driven asthma. J Allergy Clin Immunol 136:797- 800.

Itzkovich M, Gelernter I, Biering-Sorensen F, Weeks C, Laramee MT, 
Craven BC, Tonack M, Hitzig SL, Glaser E, Zeilig G, Aito S, Scivo-
letto G, Mecci M, Chadwick RJ, El Masry WS, Osman A, Glass CA, 
Silva P, Soni BM, Gardner BP, et al. (2007) The Spinal Cord Inde-
pendence Measure (SCIM) version III: reliability and validity in a 
multi-center international study. Disabil Rehabil 29:1926-1933.

Jette AM, Tulsky DS, Ni P, Kisala PA, Slavin MD, Dijkers MP, Heine-
mann AW, Tate DG, Whiteneck G, Charlifue S, Houlihan B, Wil-
liams S, Kirshblum S, Dyson-Hudson T, Zanca J, Fyffe D (2012) De-
velopment and initial evaluation of the spinal cord injury-functional 
index. Arch Phys Med Rehabil 93:1733 -1750.

Kirshblum S, Waring W 3rd (2014) Updates for the international stan-
dards for neurological classification of spinal cord injury. Phys Med 
Rehabil Clin N Am 25:505-517, vii.

Krug N, Hohlfeld JM, Kirsten AM, Kornmann O, Beeh KM, Kappeler 
D, Korn S, Ignatenko S, Timmer W, Rogon C, Zeitvogel J, Zhang N, 
Bille J, Homburg U, Turowska A, Bachert C, Werfel T, Buhl R, Renz 
J, Garn H, et al. (2015) Allergen-induced asthmatic responses modi-
fied by a GATA3-specific DNAzyme. N Engl J Med 372:1987-1995.

Kuhnl A, Gokbuget N, Kaiser M, Schlee C, Stroux A, Burmeister T, 
Mochmann LH, Hoelzer D, Hofmann WK, Thiel E, Baldus CD 
(2011) Overexpression of LEF1 predicts unfavorable outcome in 
adult patients with B-precursor acute lymphoblastic leukemia. 
Blood 118:6362-6367.

Kumar R, Lim J, Mekary RA, Rattani A, Dewan MC, Sharif SY, Oso-
rio-Fonseca E, Park KB (2018) Traumatic spinal injury: global epi-
demiology and worldwide volume. World Neurosurg 113:e345-e363.

Li H, Zhang Q, Yang X, Wang L (2017) PPAR-gamma agonist rosiglita-
zone reduces autophagy and promotes functional recovery in exper-
imental traumaticspinal cord injury. Neurosci Lett 650:89-96.

Li X, Du J, Xu S, Lin X, Ling Z (2013) Peroxisome proliferator-activat-
ed receptor-gamma agonist rosiglitazone reduces secondary damage 
in experimental spinal cord injury. J Int Med Res 41:153-161.

Li XG, Lin XJ, Du JH, Xu SZ, Lou XF, Chen Z (2016) Combination of 
methylprednisolone and rosiglitazone promotes recovery of neuro-
logical function after spinal cord injury. Neural Regen Res 11:1678-
1684.

Matys V, Kel-Margoulis OV, Fricke E, Liebich I, Land S, Barre-Dirrie A, 
Reuter I, Chekmenev D, Krull M, Hornischer K, Voss N, Stegmaier P, 
Lewicki-Potapov B, Saxel H, Kel AE, Wingender E (2006) TRANS-
FAC and its module TRANSCompel: transcriptional gene regulation 
in eukaryotes. Nucleic Acids Res 34:D108-110.

McTigue DM, Tripathi R, Wei P, Lash AT (2007) The PPAR gamma 
agonist Pioglitazone improves anatomical and locomotor recovery 
after rodent spinal cord injury. Exp Neurol 205:396-406.

National Spinal Cord Injury Statistical Center (2017) 2017 Annual 
Statistical Report for the Spinal Cord Injury Model Systems Public 
Version. In: Complete Public Version. Birmingham, Alabama: Uni-
versity of Alabama at Birmingham.

Nash MS (1994) Immune responses to nervous system decentraliza-
tion and exercise in quadriplegia. Med Sci Sports Exerc 26:164-171.

Pavlov VA, Tracey KJ (2017) Neural regulation of immunity: molecu-
lar mechanisms and clinical translation. Nat Neurosci 20:156-166.

Pruss H, Tedeschi A, Thiriot A, Lynch L, Loughhead SM, Stutte S, 
Mazo IB, Kopp MA, Brommer B, Blex C, Geurtz LC, Liebscher T, 
Niedeggen A, Dirnagl U, Bradke F, Volz MS, DeVivo MJ, Chen Y, 
von Andrian UH, Schwab JM (2017) Spinal cord injury-induced 
immunodeficiency is mediated by a sympathetic-neuroendocrine 
adrenal reflex. Nat Neurosci 20:1549-1559.

Saltzman JW, Battaglino RA, Salles L, Jha P, Sudhakar S, Garshick E, 
Stott HL, Zafonte R, Morse LR (2013) B-cell maturation antigen, a 
proliferation-inducing ligand, and B-cell activating factor are candi-
date mediators of spinal cord injury-induced autoimmunity. J Neu-
rotrauma 30:434-440.

Schwab JM, Zhang Y, Kopp MA, Brommer B, Popovich PG (2014) The 
paradox of chronic neuroinflammation, systemic immune suppres-
sion, autoimmunity after traumatic chronic spinal cord injury. Exp 
Neurol 258:121-129.

Tangen SE, Tsinajinnie D, Nunez M, Shaibi GQ, Mandarino LJ, Coletta 
DK (2013) Whole blood gene expression profiles in insulin resistant 
Latinos with the metabolic syndrome. PLoS One 8:e84002.

Zhang Q, Hu W, Meng B, Tang T (2010) PPARgamma agonist rosigli-
tazone is neuroprotective after traumatic spinal cord injury via an-
ti-inflammatory in adult rats. Neurol Res 32:852-859.

Zhang Q, Huang C, Tang T, Shi Q, Yang H (2011) Comparative neuro-
protective effects of methylprednisolone and rosiglitazone, a peroxi-
some proliferator-activated receptor-gamma following spinal cord 
injury. Neurosciences (Riyadh) 16:46-52.


