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Abstract

Background: Trauma causes tissue injury that results in the release of damage associated 

molecular patterns (DAMPs) and other mediators at the site of injury and systemically. Such 

mediators disrupt immune system homeostasis and may activate multicellular immune responses 

with downstream complications such as the development of infections and sepsis. To characterize 

these alterations, we used time-of-flight mass cytometry to determine how trauma plasma affects 

normal peripheral blood mononuclear cell (PBMC) activation to gain insights into the kinetics and 

nature of trauma-induced circulating factors on human immune cell populations. A better 

understanding of the components that activate cells in trauma may aid in the discovery of 

therapeutic targets.

Methods: PBMCs from healthy volunteers were cultured with 5% plasma (healthy, trauma-1day, 

or trauma-3day) or known DAMPs for 24 hours. Samples were stained with a broad 

immunophenotyping CyTOF antibody panel. Multiplex (Luminex) cytokine assays were used to 

measure differences in multiple cytokine levels in healthy and trauma plasma samples.

Results: Plasma from day 1, but not day 3 trauma patients induced the acute expansion of CD11c

+ NK cells and CD73+/CCR7+ CD8 T cell subpopulations. Additionally, trauma plasma did not 

induce CD4+ T cell expansion but did cause a phenotypic shift towards CD38+/CCR7+ expressing 

CD4+ T cells. Multiplex analysis of cytokines by Luminex showed increased levels of IL-1RA, 

IL-6 and IL-15 in trauma-1day plasma. Similar to trauma day 1 plasma, PBMC stimulation with 

known DAMPs showed activation and expansion of CD11c+ NK cells.
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Conclusions: We hypothesized that circulating factors in trauma plasma would induce 

phenotypic activation of normal human immune cell subsets. Using an unbiased approach, we 

identified specific changes in immune cell subsets that respond to trauma plasma. Additionally, 

CD11c+ NK cells expanded in response to DAMPs and LPS, suggesting they may also be 

responding to similar components in trauma plasma. Collectively, our data demonstrate that the 

normal PBMC response to trauma plasma involves marked changes in specific subsets of NK and 

CD8+ T cell populations. Future studies will target the function of these trauma plasma reactive 

immune cell subsets. These findings have important implications for the field of acute traumatic 

injuries.
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Background

Despite substantial improvements in the in-hospital care of injured patients, trauma remains 

one of the leading causes of death worldwide, and this statistic does not include mortalities 

caused by complications of trauma that may occur after a person survives the initial injury 

[1–3]. It is well-known that trauma alters the immune system and it is becoming increasingly 

clear that this process is complex and dynamic, with pro-inflammatory responses developing 

concomitant with compensatory anti-inflammatory responses. Acting together, these events 

lead to dysregulated states referred to clinically as the systemic inflammatory response 

syndrome (SIRS) and the compensatory anti-inflammatory response syndrome (CARS) [4]. 

These changes acting in concert disrupt immune regulation and the resulting imbalance 

between the two arms predisposes the injured patient to opportunistic infections and trauma 

related complications at timepoints where the imbalance is greatest.

It is now generally agreed that tissue destruction and necrotic cell death caused by trauma 

initiates the early host response to traumatic injury. This results in the systemic release of 

previously compartmentalized cellular antigens and factors [5][6]. These endogenous 

mediators are called alarmins because they alert the immune system to tissue damage and 

are part of a category of damage associated molecular patterns (DAMPs). Furthermore, 

pathogen associated molecular patterns (PAMPs) initiate anti-microbial immune responses 

to combat opportunistic pathogens when the injured tissues liberate their microbiome or the 

injured person is exposed to nosocomial infections [7–9]. Many different types of DAMPs 

and PAMPs have been described and some use shared signaling receptor pathways. 

Subsequent to recognizing DAMPs and PAMPs by cells, a myriad of signaling molecules 

transmit messages to regulate immune responses to trauma and infections. However, 

inflammatory cytokine production may be exaggerated in injured people that develop 

opportunistic infections, which makes patient management more difficult and can lead to 

septic shock and other clinical complications. Therefore, a better understanding of 

circulating DAMPs, PAMPs and signaling molecules in trauma that alter immune cells and 

response phenotypes may be useful in the diagnosis of trauma-induced immune 

dysregulation, prediction of mortality, and clinical management of severely-injured people.
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Few studies have focused on the hyper-acute effects of trauma plasma on normal PBMC as a 

surrogate for the injured patient’s in vivo milieu. Previous studies have relied primarily on 

the direct analysis of immune cells from injured patients [10–12]. In the present study, we 

harnessed an exploratory approach to underpin the significance of trauma-induced systemic 

factors on altering immune cell subsets and evaluate the key variables influencing these 

changes. We show that culturing peripheral blood mononuclear cells (PBMCs) from healthy, 

un-injured people with plasma from trauma patients alters immune cell subsets and by this 

approach we identified specific changes in natural killer (NK) cells and CD8+ T cells.

Methods

Trauma Patient Selection:

Patients were enrolled from May to October 2015 from Brigham and Women’s Hospital 

(BWH) who met the following inclusion criteria: over the age of 18 years, not pregnant, with 

Injury Severity Score (ISS) greater than 20, no medical history, or medications predisposing 

immune dysregulation (e.g., chemotherapy or steroid use). ISS was estimated at admission, 

and final calculation was performed after discharge. The trauma patient plasma samples used 

in this study were from 5 male patients with an average age of 25.2 ± 6.2 years over two 

timepoints, day 1 and 3. Blood was drawn into Vacutainer EDTA Tubes (BD, Franklin 

Lakes, NJ) at days 1 and 3 after injury. Blood samples were also collected from healthy, 

uninjured, age- and gender-matched volunteers. This clinical study protocol was approved 

by the Partner’s Institutional Review Board (IRB).

Plasma Preparation:

Blood samples were aliquoted into a centrifugation tube and diluted 1:1 by addition of PBS. 

Sepmate tubes (STEM CELL Technologies Inc, Vancouver, Canada) were used to isolate 

PBMCs by density centrifugation by adding 4.5mL of Ficoll (GE healthcare Ficoll-Plus). 

The diluted blood was overlaid onto the Ficoll. Samples were centrifuged at 1200 × g for 10 

minutes, plasma was removed and frozen at −80°C in aliquots.

Peripheral Blood Mononuclear Cell (PBMC) Isolation:

Blood (4ml) from normal individuals was aliquoted into a tube and 4mL PBS was added. 

Sepmate tubes were prepared by adding 4.5mL of Ficoll to each tube. The diluted blood was 

overlaid onto the Ficoll and tube were centrifuged at 1200 × g for 10 minutes. Following 

this, the Sepmate tube was quickly inverted into a fresh 15mL tube to harvest the PBMCs. 

Culture medium was added to the samples and centrifuged at 200 × g for 5 minutes to pellet 

PBMCs. PBMCs were frozen at 20 × 106 cells per ml using Cryostor CS10 freezing medium 

(BioLife Solutions, Bothell, WA) using Nalgene Mr. Frosty containers following the 

manufacturers’ protocol.

Plasma and PBMC Co-Culture:

Normal PBMCs were thawed at 37°C for 3 minutes and then mixed into 37°C thawing 

medium consisting of RPMI 1640 supplemented with 5% heat-inactivated fetal calf serum, 1 

mM glutamine, 10 mM HEPES, 2 mM nonessential amino acids, 2.5 × 10−5 M 2-

mercaptoethanol, 20 units/mL penicillin/streptomycin/amphotericin B, 20 units/ml sodium 
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heparin and 25 units/mL benzonase nuclease (both from Sigma-Aldrich, St. Louis, MO). 

Cells were then centrifuged at 100 × g for 10 minutes after which they were incubated in 

10mL XVIVO™ 15 media (Lonza, Walkersville, MD, USA) for 30 minutes at 37°C to 

recover. PBMCs (1 × 106) were added to individual wells of a 96-well tissue culture treated 

round-bottom polystyrene plate (Corning Life Sciences, Tewksbury MA, USA). To each 

well, 5% plasma (n=5 for all plasma groups; control, 1 day post trauma (trauma-1d) and 3 

days’ post trauma (trauma-3d)) was added to cells for a final volume of 200μL. PBMCs and 

plasma samples were cultured for 24 hours at 37°C.

To test the effects of DAMPS and bacterial lipopolysaccharide (LPS) on PBMC responses, 

PBMCs from 3 different donors were cultured with CPG DNA sequence 2336 (CpG2336) 

(3μg/mL), ND6 formyl peptide (100nM), homogenized human liver (liver DAMPs, 100μg/

mL), ATP (5mM) or E. coli LPS (100 ng/mL) in X-VIVO™ 15 media for 24 hours. Cells 

were collected at the end of the timepoint as described above and stained for CyTOF 

analysis.

CyTOF Staining and Data Analysis:

Following a 24-hour culture period, PBMCs were transferred to a new 96-well round-bottom 

polypropylene plate and centrifuged at 750 × g for 3 minutes. During this centrifugation, 

warm 2mM EDTA-PBS was added to the culture wells to detach all adherent cells. The 

detached and suspension cells were combined and washed once by centrifugation. After 

washing cells, cisplatin (0.1 mM) viability staining reagent (Fluidigm, South San Francisco, 

CA) was added for 2 minutes. After centrifugation, TruStain FcX Fc receptor blocking 

reagent (BioLegend) was added for 10 minutes in CyTOF staining buffer (CSB; calcium/

magnesium-free PBS, 0.2% BSA and 0.05% sodium azide). CyTOF antibodies were labeled 

in-house using the MaxPar kit (Fluidigm). The CyTOF antibody panel is shown in the 

Supplemental Table. All CyTOF staining was performed at room temperature and all washes 

were performed by centrifugation of staining plates or tubes at 750 × g for 3 minutes. Cell 

surface staining antibodies in CSB were added directly to samples and incubated for 30 

minutes followed by 2 washes with CSB. Cells were fixed and permeabilized using the 

FoxP3 Staining Buffer Set (Thermo Fisher Scientific, Waltham, Massachusetts, USA). After 

centrifugation, cells were barcoded using palladium barcoding reagents and subsequently 

combined into a single sample for pooled intracellular antibody staining [13]. After 30 

minutes, the cells were washed and then fixed with 1.6% PFA. To stain DNA, 18.75 μM 

iridium intercalator solution (Fluidigm) was added to the cells. Cells were washed in Cell 

Acquisition Solution (Fluidigm), EQ four element calibration beads (Fluidigm) were added, 

and then samples were acquired on a Helios CyTOF Mass Cytometer (Fluidigm).

CyTOF data was cleaned to remove debris and subsequently normalized, debarcoded, and 

uploaded into Cytobank (Mountain View, CA) for analysis. Data was gated to generate live, 

normalization bead negative single cells by eliminating debris and doublets. Following this, 

major immune cell populations were identified by manual gating strategies and a sample 

gating strategy is provided in supplemental figure 1 (Fig. S1). viSNE maps were generated 

by equal single-cell event sampling set at the lowest number of cells per sample in the 

experiment. Following subsampling, viSNE analysis was run for 2000 iterations at a 
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perplexity of 50 and random seed to organize the data into 2D space based on marker 

expression similarity, which were then used for downstream analysis. For SPADE analysis, 

target node number was determined by k-nearest neighbor cluster by RPhenoGraph and the 

agglomerative clustering was performed on live cells on t-SNE1 and t-SNE2 parameters.

Luminex multiplex cytokine detection assay:

For multiplex cytokine analysis of plasma, samples were collected and frozen directly at 

−80°C. The NET MFI of cytokines were determined in control plasma and trauma patient 

plasma samples from 1- and 3-days post injury using Luminex technology. The assay was 

conducted using 20μL of plasma sample and cytokines were determined by standard curve 

analysis. The 30 cytokine panel included; TNFa, IL-18, IL-1a, IL-1b, IL-1RA, IL-10, IL-33, 

IL-23, IL-22, IL-6, IL-21, IL-8, Tweak, MCP-1, IFNy, G-CSF, MIP-1a, GM-CSF, Trem-1, 

GRO alpha, ENA-78, IL-17A, PDGF-AA, PDGF-BB, MCP-3, MIG, MDC, IP-10, IL-15 

and Flt3L. The plate was read and analyzed on a Luminex FLEXMAP 3D instrument 

(Luminex Corporation, Austin, Texas).

Statistical analysis:

CyTOF data were analyzed using Cytobank (Mountain View, CA). Gating was performed 

and event count and expression data of cell populations was exported. All statistical analysis 

was performed in GraphPad Prism (La Jolla, CA).

Results

viSNE map of human peripheral blood mononuclear cells

To gain a global overview of how plasma from healthy people and trauma patients affect 

human peripheral blood mononuclear cell (PBMC) numbers and phenotypes, we cultured 

healthy PBMC with 5% plasma (healthy, trauma-1d or trauma-3d) for 24 hours and stained 

samples with a CyTOF panel containing metal-tagged antibodies to detect changes in 

surface and intracellular markers on major immune cell subsets. CyTOF staining data from 

these samples were normalized, compensated, and subsequently equal sampled for all 

downstream analysis. Immune cells were gated in live singlets and concatenated by group 

(healthy, trauma-1d or trauma-3d) for viSNE map generation.

When applied to this dataset, viSNE generated a two-dimensional map in space that 

separated different immune cell subsets based on marker expression (Fig. 1A). Importantly, 

this analysis accurately reduced the high-dimensional CyTOF data into plots that clustered 

CD4+ T cells, CD8+T cells, B cells, NK cells, and myeloid populations based on marker 

expression profiles (Fig. 1B). We observed that trauma plasma did not change detection 

profiles of these subset markers on PBMCs as compared to normal plasma.

Trauma plasma induces an increase in CD8+ T cell and Natural Killer cell abundance, but a 
reduction of CD4+ T cells.

Traumatic injuries induce a complex multicellular immune response that can lead to a 

subsequent imbalance in immune system homeostasis. To gain new insights into systemic 

mediators of trauma-induced changes in immune cell compartments, we established an 
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experimental approach to measure the effects of plasma from trauma patients on normal 

human PBMC activation profiles. The present study employed a qualitative approach that 

involved culturing PBMCs from 4 individual normal healthy donors with 5% plasma (n= 5 

per group; healthy, trauma-1d or trauma-3d) for 24 hours to investigate the hyper-acute 

effects of trauma plasma and circulating factors on different immune cell abundances by 

CyTOF mass cytometry.

The cell abundance counts of T cell subsets, B cells and natural killer cells (NKs) were 

quantified and compared between groups (Fig. 2). As shown, there was a significant 

decrease in total CD3+ CD4+ T cells when cultured with trauma-1d plasma but not 

trauma-3d plasma in comparison to healthy plasma (Fig. 2A). There was no statistical 

difference in CD20+ B cell counts between healthy and trauma plasma groups (Fig. 2B). In 

marked contrast, CD3+ CD8+ T cells and NK cells showed significant increases in 

abundance when cultured with plasma that was prepared from patients 1 day after injury 

(Figs. 2C–D).

Distinct CD4+ T cells are affected by trauma plasma.

CD4+ T cells are key players in the production of cytokines that provide activating signals to 

innate cells, resulting in the initiation of antimicrobial effector activity; a response pivotal to 

controlling susceptibility to trauma-associated infections. In this study, we found the 

addition of trauma-1d plasma to PBMC cultures reduces the overall count of CD3+ CD4+ T 

cells, which prompted a deeper phenotypical examination of this cell population. To do this, 

we examined density plots and observed a heterogeneous distribution of CD3+ CD4+ T cells 

that were clustered into 2 subpopulations labelled as A and B (Fig. 3A). Interestingly, we 

found that the density of subpopulation B was increased in PBMCs cultured with trauma-1d 

plasma, and to a lesser extent, with trauma-3d plasma (Fig. 3A). To better characterize this 

cell population, we performed phenotypical analyses on both subpopulations. This analysis 

demonstrated that population B is characterized by expression of CD38 and CD197 (CCR7) 

(Fig. 3B). To validate this finding, we gated this population and observed a significant 

increase in the percentage of CD38+ CD197+ cells in CD3+ CD4+ T cells in PBMCs that 

were cultured with trauma plasma (Fig. 3C).

CD11c+ Natural Killer Cells are increased by trauma plasma.

Natural killer cells were found to expand in PBMCs cultured with trauma-1d plasma in 

comparison to healthy plasma. To confirm our findings, we used several different analytical 

approaches to validate and better characterize these cells. First, our data was submitted to the 

Cytofkit R package to determine cluster numbers in our CyTOF dataset by PhenoGraph, 

which use k-means and density-based clustering to estimate the number of different cell 

clusters in the dataset. We then performed unsupervised Spanning-tree Progression Analysis 

of Density-normalized Events (SPADE) analysis on tSNE1 and tSNE2 parameters. This 

approach organized the cell phenotyping data into a tree-based representation of the cell 

populations.

By this computational approach, we were able to identify separate clusters of NK cells, 

CD4+ and CD8+ T cells, B cells, and CD11b+ or CD11c+ myeloid cells (Fig. 4A). Next, we 
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wanted to see if our previous finding of increased NK cells by trauma-1d plasma in 

manually-gated samples was replicated in this unsupervised analysis. As shown in Figure 

4B, the number of NK cells (SPADE identified cluster 16) were significantly increased when 

cultured with trauma-1d plasma but not trauma-3d plasma thus confirming our previous 

findings. To fully characterize the NK cells identified by the unsupervised SPADE clustering 

program, we exported the mean marker expression data for cluster 16. Interestingly, we 

found that these NK cells were highly positive for CD11c, a type-I transmembrane protein 

classically expressed in monocytes and macrophages (Fig. S2). We sought to confirm 

alignment of the SPADE-identified NK cells with our previous findings by manual gating. 

First, we exported NK cell cluster 16 (orange cluster) and overlaid it onto our previously 

generated viSNE plot (blue background) (Fig. 4C). Next, we wanted to confirm that the cells 

in that overlaid area of the viSNE plot were NK cells. As shown in Figure 4C, the viSNE 

plots illustrate the colocalization of NK cell markers CD56, CD16, T-bet and CD11c with 

cluster 16. Lastly, given that CD11c and CD38 were SPADE-identified markers on NK cells 

that we had not gated, we employed a reverse manual biaxial gating strategy on SPADE-

identified markers on our data to examine how this manually-gated population abundance 

aligns with the unsupervised SPADE results. We confirmed that trauma-1d plasma increased 

the abundance of this unique NK cell population when manually gated on SPADE-identified 

markers (Fig. 4D). Thus, we combined unsupervised analysis and manual biaxial analytical 

methods to discover and validate that plasma from day 1 trauma patients significantly 

induces the activation and increase in a population of CD11c+ NK cells from normal 

PBMCs.

Trauma plasma increases CD73+ CCR7+ CD8+ T cells.

CD8+ T cells are important mediators of cytotoxic adaptive immunity and we found that 

trauma-1d plasma increased this subpopulation in PBMC cultures by manual gating. We 

used the same unbiased, deep phenotyping approach that we used for NK cells to further 

characterize these cells and confirm alignment of our supervised and unsupervised analysis. 

This analysis strategy revealed an increase in CD8+ T cells that co-express CD73 and 

CCR7, defined as cluster 14 by SPADE (Fig. 5A). Furthermore, when we manually gated on 

CD3+ CD8+ CD73+ CCR7+ T cells, we found an increase in this subpopulation of cells 

when cultured with trauma-1d plasma but not trauma-3d plasma hence, verifying the 

unsupervised SPADE-identified CD8+ T cells (Fig. 5B).

Multiplex analysis of circulating cytokines and growth factors shows differential regulation 
and heightened inflammatory signatures of trauma patients, and culture of PBMC with 
DAMPS and LPS increases CD11c+ NK cells.

Traumatic injuries trigger the production and secretion of cytokines and cell signaling 

molecules via multiple pathways. Our data shows that trauma plasma, particularly trauma-1d 

plasma, quantitively and significantly increased NK cells and CD8+ T cells by CyTOF mass 

cytometry analysis. Here, we conducted screening analysis using Luminex multiplex 

technology to examine the trauma-induced cytokine and growth factor signature of the 

plasma samples used in our study as an attempt to explore circulatory mechanisms 

responsible for controlling NK cell and CD8+ T cell increase in abundance.
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Plasma prepared from trauma-1d and trauma-3d patients in addition to the age-matched and 

sex-matched healthy controls used previously were screened for cytokines, growth factors 

and chemokines by Luminex multiplex technology to determine changes in plasma profiles 

of injured people. The Net MFI values of select markers are shown in figure 6. Here, we 

demonstrate that among the analytes we measured, IL-1RA and macrophage-derived 

chemokine (MDC) were notably increased by trauma. Furthermore, IL-6, Granulocyte 

colony-stimulating factor (G-CSF) and IL-15 were statistically significantly higher in 

trauma-1d patient plasma compared to healthy controls. In contrast, levels of platelet-derived 

growth factor (PDGF)- AA and PDGF-BB were progressively decreased by trauma, with 

PDGF-AA significantly reduced at 3 days after injury. There was a slight increase in Net 

MFI values of FLT3L in trauma-3d plasma, but this was not significantly induced. There 

were no significant differences in the levels of IL-10 and IL-21 despite a gradual reduction 

by trauma.

To support our hypothesis that circulating DAMPS released by trauma and present in the 

plasma increased the abundance of CD11c+ NK cells, we cultured three individual PBMC 

donors with mitochondrial DAMPS (mtDAMPs) or LPS for 24 hours. We observed an 

increase in fold change of CD11C+ NKs when cultured with CPG DNA (CPG2336), the 

mitochondrial formyl peptide – ND6, liver DAMPs and LPS (Fig. S3). The observed effects 

of these DAMPs on NK cell activation suggest that mitochondrial CpG DNA and formylated 

mitochondrial proteins may be important mediators of NK cell activation and abundance in 

trauma.

Discussion

The trauma immunology field has expanded significantly since in the 1990s coincident with 

advances in our understanding of immunology and the realization that traumatic injuries can 

profoundly alter immune functions and phenotypes. Since then, a large amount of research 

has been carried out to understand the mechanisms underlying trauma-related complications 

with the aim to improve clinical management of trauma. However, despite these advances, 

accidental injury is still the leading cause of death among people aged 1 to 44 years old. In 

addition, the development of post-trauma complications like poor anti-microbial immune 

function, heightened systemic inflammatory syndromes, development of sepsis, and chronic 

critical illness remain large clinical problems. To advance understanding of the trauma 

immune reaction, we performed this study to identify human immune cell subsets that react 

to factors that are systemically released following trauma. To accomplish this, we used 

CyTOF mass cytometry as a method to allow us to profile dynamic phenotypic changes in 

peripheral blood lymphocyte subsets when cultured with plasma from healthy volunteers 

versus trauma patients. The data here clearly show that trauma-induced systemic factors 

modulate distinct changes in conventional CD3+ T cell subsets and natural killer cells. We 

show the utility of this new approach to explore and evaluate the acute effects of trauma 

plasma on these normal immune cell subsets as a surrogate for the trauma 

microenvironment.

Modulation of circulating lymphocyte abundances in trauma patients is a well-described 

observation [11,14,15]. By comparing trauma and normal plasma additions to PBMCs as a 
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model system, we demonstrate that there are circulating factors that significantly change or 

alter T cells and NK cells. Populations of CD8+ T cells and NK cells were expanded in vitro 
by day 1 trauma plasma, while CD4+ T cells were reduced. Interestingly, these changes 

happened in response to day 1 trauma plasma, but not plasma from day 3 trauma patients. 

This finding highlights the acute and time-dependent nature of trauma induced circulating 

factors that modulate human lymphoid cells. Deep analysis of CyTOF staining data revealed 

the presence of a distinct CD4+ T cell subpopulation characterized by expression of CCR7 

and CD38 that uniquely increased in frequency in CD4+ T cells that reacted to trauma 

plasma. This is an important finding because CCR7 is responsible for the homing and 

recruitment of leukocytes to lymphoid organs where they can participate in the initiation of 

an immune response by readily proliferating and differentiating into effector cells [16]. The 

expression of CCR7 indicates that these cells could be either naïve or central memory cells 

but given that we did not have CD45RA or CD45RO markers present in our CyTOF panel, 

we cannot definitively identify them as one or the other. However, the expression of CD38 

on these cells would suggest that they were activated by trauma plasma [17][18]. The 

implications of these findings are that trauma plasma may partially recapitulate an in vivo 
traumatic injury, whereby CD4+ T cells (naïve or central memory) are activated and then 

migrate to lymphoid tissues to interact with antigen presenting cells (APCs).

To validate our finding that trauma-1d plasma increased NK cell count by manual gating 

strategies, we employed an unbiased, unsupervised analysis approach to confirm the 

alignment of our cell populations identified by manual and non-manual gating techniques. 

When the data was subjected to SPADE analysis, the changes in NK cell abundance by 

trauma-1d and −3d plasma was validated. When we further explored the phenotype of NK 

cells identified by SPADE, we found that they were positive for CD11c. This is interesting 

because CD11c, an integrin, is typically known as a marker of myeloid cells and not 

conventionally known to be expressed on NK cells. In addition to facilitating binding of the 

cell cytoskeleton to the extracellular matrix, CD11c also binds to complement iC3b to 

trigger phagocytosis[19] [20]. Therefore, a possible role for increased numbers of CD11c+ 

NKs in trauma is that they participate in controlling infection through the recognition of 

opsonized pathogens or DAMPs. This may be beneficial for an injured patient who needs to 

be ready to resist opportunistic nosocomial infections. In a murine model of muscle 

traumatic injury, an increase in the percentage and absolute number of NK cells was 

reported in the lymph nodes of injured mice when compared to the sham group; this increase 

was associated with decreased Th1-type immune responses [21]. In contrast, a study 

performed in a murine polytrauma mouse model suggested that NK cells contributed to the 

pathogenesis of polytrauma and worsened responses to bacterial infection [22]. Thus, 

different types of traumatic injuries may have distinct impacts on NK cells activation and 

biology.

Here, we identified a unique CD11c+ trauma reactive NK cell. Data on human CD11c+ NK 

cells are lacking. Therefore, in this context, we believe that establishing parallels between 

murine and human data is prudent. A study by Burt et. al. revealed that CD11c identified a 

distinct NK subpopulation in the murine liver that displayed enhanced lytic capability and 

antigen presenting cell (APC) function [23]. Moreover, it was suggested that murine CD11c

+ NK cells possess a bitypic phenotype given the expression of CD11c and moderate APC 
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function, and have in some cases been termed interferon-producing killer DC (IKDC) [24]. 

Studies to better characterize these cell subsets in humans are needed. Interestingly, one 

report using human CD34+ cells stimulated by dialyzable leukocyte extracts (DLE) showed 

an increase in CD11c+ NK cells from CD34+ cells that were capable of enhanced IFNγ 
production and inducing γδ T cells [25]. DLE is composed of disrupted PBMCs and thus 

represent a mixture of DAMPs and proteins, akin to trauma plasma and therefore provides 

theoretical support for our findings.

There is a wealth of data on the impact of trauma and complications such as sepsis on CD8+ 

T cells, with many studies showing a sepsis-induced CD8+ T cell lymphodepletion and 

impaired function [26–29]. Data concerning an increase in CD8+ T cells in trauma is not as 

well-described but may reflect that CD8+ T cells leave the circulation in response to 

infections or injuries. One study demonstrated a robust increase in total CD8+ T cell number 

in the skin-draining lymph nodes of mice subjected to a full-thickness burn [30]. Moreover, 

CD8+ T cell numbers from the wound site were increased in burn-injured mice compared to 

sham 24 hours after injury [31]. These studies suggest that CD8+ T cells may be increased 

only at the wound site or injury-site draining lymph nodes which may not be the case in 

severe sepsis. Our data showed an increase in CD73+ CCR7+ CD8+ T cells. The expression 

of CD73 on these cells may serve as a co-activator and immunosuppressive ectoenzyme to 

generate adenosine from extracellular ATP [32] and given that the cells were increased with 

trauma-1d plasma, but not trauma-3d plasma, suggests that the cells are acutely activated by 

systemic factors in trauma at earlier timepoints.

The production of cytokines is critical for anti-microbial immunity in injured patients. 

However, trauma may also lead to the exaggerated production of these signaling proteins, 

which may contribute to uncontrolled inflammation and tissue damage. Our data provide 

convincing evidence of a link between pro-inflammatory cytokines in the trauma-1d plasma 

samples and the increased NK cell and CD8+ T cell numbers at that timepoint. The early 

elevation of IL-6 by trauma and sepsis is well-described, thus it is not surprising that we 

found a significant increase in IL-6 in trauma-1d plasma but not trauma-3d plasma. Trauma 

plasma also had increased levels of GM-CSF and although its role in trauma is not as well-

documented as IL-6, it has pro-inflammatory functions and stimulates the bone marrow to 

increase myeloid cell hematopoiesis [33]. Trauma-1d plasma had significantly high IL-15 

levels. IL-15 is the major cytokine involved in NK cell development and differentiation and 

also activates CD8+ T cells [34–37]. The importance of IL-15 in the immune system has 

been highlighted by IL-15 knock-out mice that demonstrate reduced numbers and 

maturation of immune cells, namely NK cells and CD8+ T cells [38,39]. Interestingly, a 

study by Aranami et. al. determined that in humans, CD11c expression by NK cells was 

induced by IL-15 in addition to several inflammatory cytokines but that this subpopulation 

may negatively participate in the immune regulation of multiple sclerosis [40]. Therefore, it 

seems possible that the increase in CD11c+ NK cells and CD8+ T cells in this study may 

predominantly be due to the increase in IL-15. A recent study administered IL-15 

superagonist to burn-injured, infected mice and found no survival advantage conferred by 

this treatment despite alterations of a number of immune cell subsets [41]. Future studies 

will need to focus on the IL-15, NK cells, and CD8+ T cell axis to provide new insights into 

how trauma activates and regulates the immune system.
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Lastly, we wanted to explore the effects of DAMPs on NK cell activation. In the current 

study, CPG-DNA, mitochondrial ND6 formyl peptide, liver DAMPs, and LPS increased 

CD11c+ NK cell counts after a 24-hour co-culture. Interestingly, CD11c+ NK cells were 

more reactive than their CD11c- counterparts. Intriguingly, a study by Pillarisetty et. al. 
reported that murine NK cells possessing the bitypic phenotype of NK1.1 and CD11c 

respond to CpG-DNA and expand in vivo [42]. Therefore, it is logical that circulating 

DAMPs may also be responsible for the trauma-1d plasma induced increase in CD11c+ NK 

cells.

There are limitations with this study. First, we acknowledge that our dataset is composed of 

relatively small group sizes. 4 normal PBMC donors were each cultured with healthy (n=5), 

trauma-1d (n=5) and trauma-3d (n=5) plasma samples for a total of 15 plasma samples per 

PBMC donor. However, despite the relatively small patient cohort, the data significantly 

demonstrates the power of our approach to examine the effect of trauma plasma on human 

immune cells that led to the identification of trauma plasma reactive CD8+ T cells and 

CD11c+ NK cells. Second, when we analyzed PBMCs cultured with mtDAMPs and LPS, 

we observed a variation between the PBMC donors. This is not surprising since human 

PBMC donor variation is normal. Nevertheless, we were able to use this novel approach to 

identify NK cells and CD8+ T cells as immune cell types that respond acutely to systemic 

factors in trauma plasma.

Taken together, our data provides the first demonstration that using 5% trauma plasma as a 

surrogate for the trauma microenvironment can modulate T cell subsets and a unique NK 

cell subpopulation. Furthermore, we show that trauma-1d plasma, but not trauma-3d plasma, 

display increased levels of inflammatory cytokines that may contribute to these alterations. 

We show that this approach provides a rational method to identify immune cell subsets that 

react to traumatic injury in humans. Thus, this study contributes to the existing literature 

concerning the activation and induction of T cell subsets and NK cells in the early 

timepoints following traumatic injury and supports the importance of investigating the early 

interplay between cytokines, DAMPs and PAMPs in trauma immunology.
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Highlights

• Early trauma plasma increases CD11c+ natural killer cells.

• CD8+ T cells are increased by circulating factors in trauma plasma.

• Increased pro-inflammatory cytokines in trauma plasma are associated with at 

an earlier timepoint.
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Figure 1. PBMC staining and viSNE map generation.
PBMCs from healthy donors were stained using surface and intracellular markers of immune 

cell lineages by our panel (Supplemental Table) for a total measurement of 29 parameters. 

Intact single cells were gated based on Ir-191 DNA stains. Viable cells were selected based 

on negativity for cisplatin staining. All FCS files were first normalized using control beads 

and compensated by CATALYST using calibration beads mixed with individual CyTOF 

antibodies. Following this, the files were analyzed using Cytobank, web-based software 

system. (A) Cell populations defined by manual gating strategies were projected onto t-SNE 

space and assigned specific colors. (B) Immune cell subsets were identified and manually 
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gated based on the signal intensity of the phenotypic markers. Trauma-1d is plasma taken 

from injured patients 1 day after injury, trauma-3d is plasma taken from injured patients 3 

days after injury.
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Figure 2. Trauma plasma induces immune cell subset changes.
CyTOF staining data on immune cell subsets from PBMC donors cultured with 5% plasma 

(n=5 plasma samples in healthy, trauma-1d and trauma-3d groups) were randomly equal 

sampled for analysis and a representative donor is displayed here. (A) Culture of healthy 

PBMCs with plasma taken 1 day after injury, but not 3 days after injury, caused a significant 

decrease in the count of CD3+ CD4+ T cells. (B) Trauma plasma did not significantly alter 

the number of CD3- CD20+ B cells in comparison to healthy plasma. (C) & (D) Plasma 

taken 1 day after injury, but not 3 days after injury, caused a significant increase in the count 

of CD3+ CD8+ T cells and CD3- CD56+ CD16+ NK cells, respectively. Data is 

representative of 4 PBMC donors. Healthy; healthy plasma. Trauma-1d; plasma harvested 
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from patients 1 day after injury. Trauma-3d; plasma harvested from injured patients 3 days 

after injury. Unpaired t-tests were used for statistical analysis. *p ≤ 0.05, **p ≤ 0.01.
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Figure 3. Identification of T cell subsets altered by trauma plasma.
(A) Cells were identified by viSNE and T cells were identified based on CD3 expression. 

The density plot revealed 2 major subpopulations of CD3+ CD4+ T cells designated as A 

and B (see arrows). The density of population B within CD3+ CD4+ T cells was increased 

when cultured with trauma-1d plasma compared to the healthy plasma group. (B) The 

populations were identified by viSNE automatic clustering and separated based on CD197 

(CCR7) and CD38 expression. (C) The frequency of T cell subset B was significantly higher 

in CD3+ CD4+ T cells cultured with trauma-1d plasma. Error bars are standard error of the 

mean (SEM) and unpaired t-tests were used for statistical analysis. Data representative of 4 

PBMC donors cultured with 5% plasma (n=5 plasma samples per group; healthy plasma, 

trauma-1d plasma or trauma-3d plasma) and equal sampled for analysis. ***p ≤ 0.001.
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Figure 4. Spanning-tree Progression Analysis of Density-normalized Events (SPADE) analysis 
identifies trauma plasma induced alterations of NK numbers.
(A) SPADE tree overview of immune cell subsets. Nodes are colored by count. (B) Clusters 

were exported to a new experiment and the event count data was analyzed. SPADE identified 

a significant increase in the abundance of NK cells when cultured with trauma-1d plasma, 

confirming our findings by viSNE map analysis. (C) Cluster 16 was exported and overlaid 

onto viSNE plots to confirm alignment with manually defined NK cells. (D) A manual, 

biaxial gating strategy was applied to equal sampled data using markers that were identified 

by SPADE (cluster 16) to confirm alignment of supervised and unsupervised NK cells. Data 

representative of 4 PBMC donors cultured with 5% plasma (n=5 plasma samples per group) 

and an unpaired t-test was used for statistical analysis between healthy and each trauma 

group. **p ≤ 0.01, *** p ≤ 0.001.
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Figure 5. SPADE analysis identifies trauma plasma induced alterations of CD8+ T cells.
(A) Computational analysis of samples clustered by SPADE identified an increase in a 

population of CD3+ CD8+ T cells (CD3+ CD8+ CD73+ CCR7+ cells in cluster 14), 

confirming previous findings by viSNE and manual gating. (B) A manual, biaxial gating 

strategy was applied to equal sampled data using markers that were identified by SPADE 

(cluster 14) to confirm alignment of supervised and unsupervised CD3+ CD8+ T cells. Data 

representative of 4 PBMC donors cultured with 5% plasma (n=5 plasma samples per group; 

healthy plasma, trauma-1d plasma or trauma-3d plasma) and an unpaired t-test was used for 

statistical analysis between healthy and each trauma group. **p ≤ 0.01, **** p ≤ 0.0001.
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Figure 6. Plasma cytokine expression is altered by trauma.
Plasma prepared from trauma-1d and trauma-3d patients in addition to age-matched and sex-

matched healthy controls used previously were screened by Luminex multiplex cytokine 

detection technology to assess changes in cytokine levels and profiles in trauma patients. 

Cytokines showing differences between healthy control plasma and trauma patients are 

shown here from a panel of 30 cytokines. The quantification of analytes is reported as NET 

MFI for comparisons. N= 5 for trauma plasma groups and n=4 for healthy controls. Data is 

representative of 3 independent experiments and a two-way ANOVA was used for statistical 

analysis. * p ≤0.05, **p ≤ 0.01, *** p ≤ 0.001.
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