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Abstract

Background—Macrophage infiltration to the injury site during the acute response to traumatic

spinal cord injury (SCI) is not uniform. Macrophage phenotype has been characterized as either

pro-inflammatory (M1) or anti-inflammatory (M2). Animal studies suggest that M1/M2

dominance at the site of injury relates to spontaneous recovery following SCI.

Objective—To investigate whether the phenotype of circulating macrophage precursors-

monocytes (MOs), is altered in the acute phase of SCI and corresponds to circulating

inflammatory cytokines.

Study Design—Prospective observational cohort study.
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Setting—A single academic medical center in Pennsylvania, US.

Patients—A cohort of 27 complete or incomplete traumatic SCI subjects enrolled within 7 days

post-SCI injury.

Methods—MO phenotype was defined within the first week post-SCI, using flow cytometry, and

compared to historical uninjured controls. Concentrations of 25 cytokines/chemokines were

assessed using Luminex in serial blood samples up to two weeks post-SCI. ANOVA was used to

determine the correlations between the phenotypes and the cytokine profiles.

Results—Patients subsets were identified with either M1 dominant or M2 dominant circulating

MOs distinct from the uninjured controls. The M1-dominant was associated with higher

circulating levels of pro-inflammatory mediators IL-12p70 and IP-10, and lower levels of anti-

inflammatory cytokines IL-10, IL-15 and IL-7, whereas the M2-dominant exhibited the opposite

cytokine profiles with significantly higher IL-10 and IL-7.

Conclusion—In the acute phase after SCI, at comparable injury severity, subgroups of patients

exhibit distinct M1/M2 MOs dominance and the phenotype is correlated with M1 or M2-specific

cytokine/chemokine profiles. Though further studies are needed to determine how these observed

phenotypic differences relate to functional recovery, our findings 1) provide the first evidence

indicating the possible individual differences in the immune responses to the comparable

traumatic SCI, with potential implications for management of acute SCI and rehabilitation; 2) may

represent easily accessible biomarkers with prognostic utility.
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INTRODUCTION

Traumatic Spinal Cord Injury (SCI) leaves approximately 10,000 individuals impaired in the

US and costs society an estimated $10 billion annually 1. It is well known that excessive

inflammatory responses at the injury sites of the spinal cord would extend the initial tissue

damage and cause secondary neural destruction in the first several weeks post-injury 2.

Circulating monocytes (MOs) originate from myelomonocytic stem cells in bone marrow

and continually replace the tissue resident macrophages. In response to traumatic SCI, MOs/

macrophages are among the earliest responsive innate immune cells that infiltrate the injury

sites and persist locally, suggesting that these cells play an important role in the trauma-

related inflammatory process 3, 4. Infiltration of circulating MO-derived macrophages has

been traditionally viewed as detrimental, as these cells cause secondary destruction to the

nervous system 5, 6. However, in line with well-known actions of macrophages in wound

healing, including debris-cleaning and repair activities, a beneficial role has also been

suggested for the infiltration of MOs/macrophages at SCI sites, which may contribute to

neuroregeneration 7–9. The possible direct impact of macrophages on functional recovery

after SCI has been demonstrated in animal models 10 and humans 11. A growing body of

data suggests that MOs/macrophages are not functionally homogenous. Monocytes and
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macrophages consist of distinct subsets: pro-inflammatory classically activated (M1) or anti-

inflammatory alternatively activated (M2), each possessing different destructive and

regenerative potential. The important role of M2 alternatively activated MOs/macrophages

(IL-10-producing) in neural repair has been demonstrated recently in an animal model of

SCI, suggesting that M2-dominant MOs contribute to scar resolution, which is a well-known

critical step that determines axonal re-growth and spinal cord repair 7, 12. The presence of

distinct subsets of classically activated M1 or alternatively activated M2 macrophages has

also been confirmed by transcriptome profiling in cultured human MOs/macrophages 13.

As precursors of macrophages, MOs may also be heterogeneous. Passlick and colleagues 14

were the first to report that human MOs could be divided into two main populations

according to the expression pattern of the cell surface monocyte marker CD14 and CD16.

The two major subpopulations were first defined according to CD16 expression: MOs

expressing CD14 but not CD16 (CD14+/CD16−), and those expressing both CD16 and

CD14 (CD14+/CD16+). The former have been referred to as classical MOs and the latter

have been considered to be inflammatory MOs, as they are expanded in response to

inflammation and infection 15. However, later analyses have suggested additional

heterogeneity of the human inflammatory CD14+/CD16+ MOs, with low or high expression

of CD14; the CD14low/CD16+ subset of MOs is capable of producing high levels of pro-

inflammatory cytokines, such as TNFα, in contrast to only low levels of the anti-

inflammatory cytokine IL-10 16, 17. On the other hand, the CD14high/CD16+ subset of MOs

are capable of producing high levels of the anti-inflammatory cytokine IL-10 18. The change

in population of inflammatory CD14+/CD16+ MOs in response to infection and

inflammation has been well described, but has not been examined in the context of SCI.

These data suggest that the balance between the actions of M1 and M2 MOs/macrophages in

the acute phase of SCI may ultimately be one determinant of further destruction or

preservation and regeneration of the damaged neural system. Since assessing the dominance

of the macrophages in patients with SCI would require tissue sampling of the spinal cord,

MOs as circulating macrophage precursors have the potential to serve as accessible

biomarkers. Moreover, understanding the balance between the actions of M1 and M2 MOs

may open a new avenue of future therapeutics aimed at limiting secondary damage and

promoting repair in traumatic SCI. The goal of this study, therefore, was to characterize the

cellular phenotypes of peripheral blood MOs in individual patients with traumatic SCI, as

well as examining the association of this cellular phenotype with plasma cytokine profiles.

As a secondary goal, we also compared the MO profiles of the SCI patients to that of a

historical non-injury control group. Our working hypothesis was that patients with M1-like

MO predominance would have more circulating pro-inflammatory mediators, whereas the

M2-like MO predominance would be associated with more anti-inflammatory mediators.

Therefore, we focused the examination on the cytokines/proteins that are classically

associated with MOs/macrophages
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MATERIALS AND METHODS

Spinal cord injury participants

A prospective cohort of 27 acute traumatic SCI subjects including American Spinal Injury

Association (ASIA) Impairment Scale (AIS) A-D was recruited in the University of

Pittsburgh Medical Center (UPMC) from May 2010 to October 2011. This is a consecutive

sampling of participants 18 years of age or older presenting to a level 1 trauma center with

MRI confirmed diagnosis of acute traumatic spinal cord injury. The AIS and Injury Severity

Score (ISS) 19, which accounts for the burden of concurrent traumatic injury, were collected

within the first week post-injury for each subject. The procedures were approved by the

local ethics committees. Only SCI patients with written informed consents obtained within 7

days post injury were enrolled. Exclusion criteria included pre-existing immune diseases or

immune suppression treatments as well as any previous SCI or other neurological diseases

which affect motor and sensory function, or non-traumatic etiology.

Blood sample collection and analyses

The first blood sample from each patient was obtained within the first week post-SCI, as

well as three times per week for 2 weeks post-SCI, drawn from a venous catheter into a 5-ml

EDTA-containing tube. The sample was kept on ice and MO phenotype was determined in

fresh whole blood aliquots by flow cytometry. The remaining blood sample was centrifuged

within 2 hours. The resulting plasma samples were stored at -80°C for later analysis of

inflammatory mediators (see below).

Flow cytometry

All antibodies were purchased from BioLegend, (San Diego, CA) unless otherwise stated.

100 μl of fresh blood was incubated in the dark and at room temperature for 20 min with

fluorophore-conjugated anti-human antibodies to CD14 (clone M5E2), CD16 (clone 3G8),

or appropriate isotype controls (mouse IgG2a κ and mouse IgG1 κ). Following staining,

erythrocytes were lysed and leukocytes were fixed using the Immunoprep Reagent kit

(Beckman Coulter, Inc., Hialeah, FL). The samples were analyzed on a LSR II flow

cytometer (Becton Dickinson, San Jose, CA). Data analysis was performed using FlowJo 7

(Tree Star Inc., Ashland, OR, USA).

From the total leukocyte population in the peripheral blood, MOs could be identified based

on their light-scatter properties: high forward-scatter (FSC-A) and intermediate side-scatter

(SSC-A) (Fig. 1, Upper panel). Further analysis of the gated MOs showed different CD14/

CD16 expression patterns. Accordingly, three monocyte subsets, CD14low/CD16+ (M1-

like), CD14high/CD16+ (M2-like) (both subsets combined - CD14+/CD16+ MOs have been

referred to as the inflammatory MO population) and CD14high / CD16− (classic) were gated

according to the staining of isotype control antibodies (data not shown). This analytical

approach allowed us to quantify the relative size of each monocyte subpopulation (Fig. 1,

Lower panel).

To better define the MO phenotype difference in the SCI patients, we analyzed the

distributions of the two subsets of inflammatory MOs in each SCI patient. Consequently, a
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SCI patient with a higher frequency of CD14low/CD16+ MOs was referred to as having M1-

dominance phenotype. Likewise, if the frequency of CD14high/CD16+ MOs was higher, then

the patient was referred to as having the M2-dominance phenotype (see Figure 2)

Comparison of SCI subjects’ inflammatory MOs to that of historical non-injury controls

The relative frequency of CD14+/CD16+ MOs in SCI patients was compared to that of the

non-injury control reference. The non-injury control flow cytometry data was obtained from

basal fasting blood samples from 18 healthy lean controls without recent injury/infection

(age range 31–55 yrs old females) enrolled in an exercises-related metabolic study at the

same academic medical center 20.

Analysis of circulating inflammatory mediators

25ul of plasma per sample in all serial blood samples collected were analyzed on a Luminex

LX100 apparatus (MiraiBio, Austin, TX) using a Millipore, human 25-analyte cytokine/

chemokine assay kit that included: EOTAXIN, GM-CSF, IFN-α2, IFN-γ, IL-1Ra, IL-1β,

IL-2, SIL-2RA, IL-4, IL-5, IL-6, IL-7, IL-8, IL-10, IL-12p40, IL-12p70, IL-13, IL-15,

IL-17, IP-10 (CXCL10), MCP-1, MIP-1α, MIP-1β, TNF-α, and MIG (CXCL9) (Millipore,

Billerica, MA). Using the Luminex LX100, the median fluorescent value of each analyte

was reported and compared to the fluorescent value of a standard curve with a range of 3.2

pg/ml to10,000 pg/ml for all analytes.

Statistical analysis

Student’s 2-tailed t-test was used when all 27 SCI subjects compared to the historical non-

injury controls for analyzing the MO subsets and for the comparisons made at a single time

point between the two phenotypes of patients. A one-way analysis of variance (ANOVA)

followed by Bonferroni post hoc test using SPSS software SYSTAT statistical program

(Evanston, IL) was used for multiple comparisons: 1) for the simultaneous comparison of

phenotypes and times on the concentrations of the inflammatory mediators in the first week

post-SCI; 2) for the simultaneous comparisons of phenotypes and injury levels/ASIA on

ISS. The results were expressed as mean ± SE. Differences were considered significant at p

< .05.

We certify that all applicable institutional and governmental regulations concerning the

ethical use of human volunteers were followed during the course of this research.

RESULTS

Phenotypical Difference of Circulating MOs in SCI Patients

The demographic information of the 27 SCI patients is shown in Table 1. Twenty of the

patients had motor complete injury in accordance with the ASIA AIS A/B, and seven of the

patients had motor incomplete motor injury ASIA AIS C/D (Table 1).

Flow cytometry analyses of these 27 SCI patients were compared to 18 historical non-injury

controls. The inflammation-responsive CD14+ / CD16+ MOs were increased in frequency in

response to traumatic SCI compared to the non-injury reference controls (Fig. 3A). And this
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seemed to be the result of the increased frequency of the CD14low/CD16+ MOs (Fig. 3B),

which was higher in the injury, but not that of CD14high/CD16+ MOs, which was unchanged

between the injury and the non-injury (Fig. 3C).

When we further analyzed the 27 SCI subjects and compared them at similar injury

severities, we found that the relative frequency of the CD14low/CD16+ or CD14high/CD16+

MOs subset in the total inflammatory MO population differed in SCI individuals despite

comparable injury severity or injury levels (data not shown), and thus displayed M1-

dominance or M2-dominance phenotype. For the further assessments made later of the

circulating profile of the inflammatory mediators in relation to the M1/M2, we divided the

SCI patients into two groups: one with motor-complete ASIA A/B SCI, and the other with

motor-incomplete ASIA C/D SCI. The total inflammatory MO population was not

significantly different between groups of M1 polarized and M2 polarized SCI patients (data

not shown). However, in the ASIA A/B group, the M1-dominance phenotype displayed

~65% of CD14low/CD16+ MOs versus ~35% CD14high/CD16+ MOs; on the other hand, the

M2-dominance phenotype consisted of ~30% CD14low/CD16+ MOs and ~70% CD14high/

CD16+ MOs within the inflammatory MOs. A similar distribution of MOs was noted also in

ASIA C/D M1 or M2 dominance phenotype.

The ASIA A/B complete motor function deficit group had 12 subjects (7 cervical; 5

thoracic) with M1-dominance phenotype and 8 subjects (3 cervical; 5 thoracic) with the M2-

dominance phenotype, whereas the incomplete motor deficit group ASIA C/D had 2 subjects

(2 cervical; 0 thoracic) with the M1-dominance phenotype and 5 (2 cervical; 3 thoracic) with

the M2-dominance phenotype. In contrast, only one patient in the non-injury control group

demonstrated a M1-dominance phenotype, whereas the other 17 subjects demonstrated the

M2-dominance phenotype.

Although the calculated scale of ISS includes SCI, the ISS scale also includes the injuries of

the other systems of the body at the time of SCI. As expected, the ISS showed significant

differences between the motor complete ASIA A/B and the motor incomplete ASIA C/D

(p=.016) whereas the ISS showed no statistically significant difference between the patients

with M1 or M2 phenotype or cervical vs. thoracic/lumbar levels (data not shown).

Therefore, the M1/M2 phenotypic differences in motor complete or incomplete SCI patients

is not explained by different ISSs, injury levels or sampling timing (data not shown).

Correlation between Circulating Cytokine Profiles and Monocyte Phenotypes in the Acute
Response to SCI

Due to limitation of sample size in the ASIA C/D group (n=2 M1-dominace and n=5 M2-

dominace), only the ASIA A/B were included in the analysis of the circulating profile of the

inflammatory mediators in relationship to the M1/M2 phenotypes. The motor complete

ASIA A/B SCI patients who had M1-dominace of circulating MOs also exhibited a trend

towards higher circulating levels of the pro-inflammatory cytokine IL-12p70 and the

chemokine Interferon gamma-induced protein 10 kDa (IP-10/CXCL10), especially on the

same day when the MO phenotype was analyzed (Fig. 4). In contrast, the SCI patients who

had M2-dominace of circulating MOs had higher levels of the anti-inflammatory cytokine

IL-10, the reported anti-apoptotic cytokine IL-15, and T-cell differentiation-stimulating
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cytokine IL-7. Those different profiles were present not only on the day when MOs were

obtained (Fig. 4), but also in the serial blood samples in the first week post-SCI (Fig. 5).

During this time period, the SCI patients with M1-dominace MOs also exhibited a pattern

moving toward higher TNFα levels.

In particular, statistically significant differences (P=.035) in circulating levels of IL-10

between SCI patients with M1-dominace or M2-dominace were not only observed on the

day when MOs were analyzed (Fig. 4), but also in the following week: ANOVA showed

significant differences in IL-10 between patients with M1 dominance and M2 dominance

(P=.015), whereas the timing of sampling after injury had little association with the levels of

IL-10 (Fig. 5). The association of IL-10 with monocyte phenotype persisted into the second

week post-SCI (data not shown). The difference in IL-7, however, may due to both

phenotype and time effects. Although the pro-inflammatory mediators IL-12p70, IP-10, and

TNFα did not reach statistically significant differences between SCI patients with M1- or

M2-dominance, the patterns between M1 and M2 tended to be opposing (Fig. 4 & 5). Other

known MO-related mediators, e.g. IL-1β, IL-6, IL-8, Macrophage Inflammatory Proteins

(MIP)-1α, and MIP-1β did not exhibit any clear patterns between M1/M2 phenotypes.

DISCUSSION

Our pilot study suggests that the altered balance between the M1/M2 MO subsets may give

rise to different immunologic phenotypes reflecting individual differences in acute responses

to traumatic SCI and those different phenotypes correlate with different profiles in

circulating inflammatory mediators, particularly the anti-inflammatory cytokine IL-10.

It is generally accepted that infiltrating macrophages consist of destructive M1 and repairing

M2 macrophages 8, 13. Similarly, the precursors of macrophages in blood also consist of

M1-like, pro- inflammatory CD14low / CD16+ and M2-like, anti-inflammatory CD14high /

CD16+ subsets of MOs. This categorization of cell subsets is supported by intracellular

cytokine staining data from in vitro studies 16–18. In the present study, although the

frequency of total CD14+/CD16+ MOs was similar in all subjects, we found that SCI

patients had either M1 (CD14low/CD16+) or M2 (CD14high/CD16+) dominance, and that

such phenotypic differences were not dependent on ISS, injury levels or sampling timing,

and correlated with different patterns of inflammatory mediators, suggesting distinct

inflammatory responses to acute SCI in these two different subpopulations.

The heterogeneous phenotype of activated MOs/macrophages is thought to be required for

the divergent function of MOs/macrophages in a given inflammatory process 8, 13. Thus

both M1 and M2 MOs/macrophages are necessary for inflammatory reactions post-SCI. The

M1 MOs/macrophages are likely ultimately essential in removing cell debris from lesion

areas, whereas the M2 MOs/macrophages may help with repair. Furthermore, the balance

between the two macrophage subsets may affect functional recovery after SCI 9–11. It has

been shown that the M1 response overwhelms the transient M2 response after 7 days post-

SCI in a rodent model of SCI 8. Therefore, we chose to analyze M1/M2 dominance during

the first week following the injury. It is possible that MO dominance (M1 vs. M2) in SCI
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patients may change late in the course of healing, and while this could not be addressed with

the current study design, it should be addressed in future studies.

The mechanisms that control the dynamic balance between M1/M2 MOs/macrophages

remain to be elucidated. What is known, however, is that favorable MO dominance could be

induced by human mesenchymal stem cells 21, and that immune tolerance driven in part by

alternatively activated M2 macrophages could be modulated through recognition of self-

antigen 22. This may suggest the M2-dominant phenotype, if it is related to better outcomes,

could be induced. In a rodent model of SCI, improved motor function was noted along with

axonal regeneration when autologous activated macrophages were injected into the injured

spinal cord 10, 23. The analogous human translational clinical trials along this line showed

promise in a phase 1 study 11. However, a phase 2 trial did not show any significant

improvement compared to the controls 24. It is possible that the human study, unlike the

rodent study, did not show any favorable outcomes due to greater variability in human

immune responses in the acute phase of SCI. Therefore, identifying M1/M2 dominant

phenotypes may facilitate future personalized medicine approaches by targeting a subset of

SCI patients who are more likely to respond to immune-modulating therapy.

The MOs/macrophages that infiltrate the injured spinal cord generate secondary damage by

releasing pro-inflammatory chemokines and cytokines. Reducing such pro-inflammatory

mediators is critical in limiting the progression of secondary damage to tissue spared from

the initial injury 7, 8. In the current study, we hypothesized that circulating levels of

inflammatory mediators may be related to the predominance of M1 or M2 infiltrating blood

MOs that arises shortly post-SCI in individual patients. Accordingly, we investigated the

correlation between the circulating inflammatory mediators and the M1/M2 MO phenotype

following SCI. We find that with motor-complete injury (ASIA A/B), the MO phenotype

segregates individual SCI patients into two subgroups with distinguishable patterns of

inflammatory mediators. The subjects with a higher frequency of CD14 (low) CD16+ MOs

(M1 phenotype) were associated with tendency of higher circulating levels of the pro-

inflammatory mediators IL-12p70 and IP-10, and lower levels of the anti-inflammatory

cytokine IL-10, IL-15, as well as of the pleiotropic cytokine IL-7. In contrast, subjects with a

higher frequency of CD14(high) CD16+ MOs (M2 phenotype) exhibited the significantly

higher levels of IL-10 and IL-7 along with a pattern moving towards lower levels of

IL-12p70 and IP-10 and higher levels of IL-15..

Because post-injury inflammation is a dynamic process that might be associated with time-

dependent changes of the inflammatory mediators, we used days post-SCI as a covariant in

the ANOVA analyses when evaluating the contributions of each key component to the

differences between M1 and M2 phenotypes. In this analysis, we found that the time factor

only significantly influenced IL-7, but did not explain the dynamic variability in the

concentrations of the other inflammatory mediators examined. In addition, the levels of

IL-10 depended solely on the MO phenotype, with little of effect of time post-SCI. Although

the source of these cytokines cannot be surmised from the current study, prior ex vivo

studies using secretion and depletion assay identified MO as the source of inflammatory

cytokines in a human in vivo glomerulopathy model 25. However, we did not provide direct

evidence for the circulating MOs acting as the source of the secreted cytokines, and
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therefore we cannot exclude the contributions of other immune cells to the circulating levels

of the inflammatory mediators, which is a limitation of the current study.

The most striking finding in the correlation between MOs phenotype and inflammatory

mediators is the significant difference in IL-10 between the M1/M2 dominance SCI patients,

which not only appeared on the same day that the MO phenotypes were determined, but also

persisted up to 14 days post-SCI. IL-10 is generally considered a potent anti-inflammatory

cytokine that is produced primarily by MOs. The potent anti-inflammatory action of IL-10,

particularly its inhibition of inflammatory cytokine production has been well-

documented 26. This finding is relevant to SCI, since it has been previously shown that a

subset of IL-10-positive MO-derived macrophages to be anti-inflammatory and essential for

tissue repair in a rodent model of SCI 7. More importantly, it has been demonstrated that

over expression of IL-10 in spinal cord results in increased neuronal survival, which is

associated with improved motor function up to 6 weeks after injury in a rodent model of

SCI 27. Interestingly, in the current study subjects with M2-like phenotypes showed

elevation of IL-10, while TNF-α demonstrated a pattern moving toward lower expression,

which would represent an overall favorable inflammatory profile. This relationship has been

further demonstrated after systemic administration of IL-10, which resulting in improved

hind limb motor function 2 months after SCI injury in rodent 28. Together, those studies

provide in vivo data suggesting neuroprotective effects of IL-10.

In the current study, we were particularly focused on those cytokines/proteins known to be

secreted by MOs. Although some known MO-associated cytokines/proteins, e.g. IL-1β,

IL-6, IL-8, MIP-1α and MIP-1β were not different between M1/M2, it may have been due

to the limitation in sample size studied, and represents an important consideration to be

investigated in future larger scale studies.

As expected, ISS significantly differed between the motor complete and the incomplete

groups (but not between the phenotypes or injury levels by ANOVA), therefore we

segregated the SCI patients accordingly for the analyses. Due to the smaller sample size for

ASIA C/D subjects, the same formal association of MO phenotypes with circulating

cytokine levels could not be determined. However, consistent with a previous report 29,

ASIA scales influences levels of some circulating inflammatory mediators in SCI patients,

suggesting possible different inflammatory mediators might be correlated to the MO

phenotypes in the motor-incomplete SCI patients.

Our observations suggest in acute response to SCI, individual differences exist in the MO

predominance and inflammatory profiles. Those individual differences may be important

considerations for the acute care of the SCI and the related clinical trials 30. However, the

clinical relevance of this observation as it relates to neurologic recovery or outcomes needs

to be established. Our future goal is to compare these circulating cellular and biochemical

markers with clinical outcomes on a much larger scale so as to determine if the makers will

have prognostic utility.

The current study is limited by the small size of the SCI patient group, as well as the

predominance of ASIA A/B SCI subjects. The results presented in this study must therefore

Huang et al. Page 9

PM R. Author manuscript; available in PMC 2015 April 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



be evaluated in larger and more varied SCI populations to elucidate other co-variants, such

as age, mechanism of injury, surgical intervention and/or complications. In addition, the

control subjects to which the SCI subjects were compared differed in gender, which may

affect the interpretation of the results. In the current study, we focused our analysis on

cytokines/chemokines known to be associated with MO. However, although outside of the

scope of the current study, it is possible that cytokines/chemokines associated with other

immune cells, e.g., T cells, could also demonstrate relevant associations. It is also possible

that additional cytokines and chemokines outside of the 25 selected for analysis in this study

could demonstrate relationships, and this represents an area for future study.

Conclusion

In summary, the current pilot study suggests 1) that there are individual differences in the

immune responses to acute traumatic SCI, represented by different phenotypes of MO

dominance in patients with comparable injury severities and levels; and 2) that there is a

correlation between the M1 and M2 MO phenotypes and the pro- and anti-inflammatory

cytokine/protein profiles, respectively. The circulating monocyte phenotype in light of its

correlation with circulating inflammatory mediators may prove to be a feasible biomarker

for evaluating the outcomes and the treatments of SCI, and may lead to a target for immune

modulation for treatment after traumatic spinal cord injury.
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Fig. 1. Identification of monocyte subsets
MO population presented in the whole blood was identified using light scatter characteristics (Upper panel). An arrow indicates

sequential gating of the relevant population in a representative scatter plot showing correlated expression of CD14 and CD16

has revealed three distinct subpopulations. First, the staining of CD16 defined the major classic MO subpopulation is CD14high /

CD16− (quadrant3) and the inflammatory MO subpopulation CD14+/CD16+, which contains two CD16+ subsets with different

expression levels of CD14: CD14low / CD16+ in quadrant (Q)1 and CD14high / CD16+ in Q2. The frequency of each cell

subpopulation was determined and shown in the respective quadrant (Lower panel).
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Fig. 2. Defining MO phenotypes in SCI patients
We used flow cytometry to further examine the CD14 & CD16 expression pattern and to analyze the distributions of the two

subsets of inflammatory MOs in each SCI patient. Consequently, M1-like phenotype refers to samples where the frequency of

CD14low/CD16+ MOs in Q1 was greater than that of CD14high/CD16+ MOs in Q2; whereas M2-like phenotype refers to that of

CD14low/CD16+ MOs in Q1 less than that of CD14high/CD16+ MOs in Q2.
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Fig. 3. Proportions of inflammatory monocyte in SCI patients
The peripheral blood from SCI patients (n=27) was analyzed for the percentage of different MO subsets in total MOs.

CD14high / CD16− MOs were not different between the SCI (n=27) and the non-injury (n=18) reference controls (data not

shown). In contrast, the total inflammatory CD14+ / CD16+ MOs were significantly higher in the SCI patients than the non-

injury reference controls (A.). This is mainly due to the difference in the M1-like subset of MOs, which was higher in the SCI

group (B.), rather than that of the M2-like subset of MOs, which did not significantly differ between the two populations (C.).
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Fig. 4. Plasma concentrations of pro-inflammatory mediators IL-12p70, IP-10 and TNF-α on the left and anti-inflammatory or
pleiotropic cytokines IL-10, IL-15 and IL-7 on the right in M1 or M2 dominance SCI patients measured on the day of MO sampling

(see Materials and Methods for details)
All values are mean ± SE. Statistically significant differences were indicated in the figure.
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Fig. 5. Patterns of pro-inflammatory mediators IL-12p70, IP-10 and TNFa and anti-inflammatory or pleiotropic cytokines IL-10,
IL-15 and IL-7 distributed in M1 or M2 dominance SCI patients in the first week post-SCI

This figure illustrates the phenotype-dependent pattern of inflammatory mediators in individual patient in serial samples within

the first week post-SCI. The concentrations of the each mediator are illustrated by heat-map according to the color grades

indicated. Statistically significances related to phenotype or time by ANOVA are indicated in the table. See Materials and

Methods for details.
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