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Abstract

Background: This study aimed to understand the altered innate immune response in 

severely injured patients leading to chronic critical illness (CCI). Specifically, it focused on 

characterizing the monocyte populations and their correlation with CCI development and long-

term complications.

Methods: Over a 3-year period, we monitored patients with severe injuries for up to 1-year 

post-injury. CCI was defined as an ICU stay exceeding 14 days with persistent organ failure. 

Blood samples were collected on days 1 and 5 for monocyte phenotypic expression analysis using 

cytometry by time flight. The monocyte subpopulations studied were classical (CL), intermediate 

(INT), and non-classical (NC), along with cell surface receptor expression and activation.

Results: Out of 80 enrolled patients, 26 (32.5%) developed CCI. Patients with CCI had more 

severe injuries (injury severity score 32.4+5.2 vs. 29.6+4.1, p=0.01) and received a higher number 

of red blood cells (8.9+4.1 vs. 4.7+3.8 units, p<0.01) compared to those without CCI. In patients 

with CCI, the NC monocytes were significantly reduced by over 2-fold early, and significantly 

increased later, compared to those without CCI. Moreover, significant changes in intracellular 

cytokine expression and cell receptors were observed within each monocyte subpopulation in 

patients with CCI, indicating an increased pro-inflammatory phenotype but decreased phagocytic 

capacity and antigen presentation. The development of CCI and the presence of this unique 

monocyte phenotype were associated with a significantly increased risk of infection, discharge to a 

long-term care facility, and 1-year mortality of 27%.
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Conclusions: Development of CCI following severe injury is associated with significant 

long-term morbidity and unacceptably high mortality. The altered NC phenotype with reduced 

phagocytic capacity and antigen presentation in patients developing CCI after severe injury is 

appears partially responsible. Early identification of this unique phenotype may help predict and 

treat patients at risk for CCI, leading to improved outcomes.

Level of Evidence:

Level III, Prognostic/Epidemiological

Social media summary:

Sustained dysregulation and alteration in monocyte phenotypes were associated 

with chronic critical illness, nosocomial infection and late death following injury. 

#ChronicCriticalIllness#InnateImuneResponse#UCSF
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INTRODUCTION

For the past four decades, traumatic injury has been the leading cause of death among 

individuals under 45 years of age in high-income countries.(1) However, encouragingly, 

advancements in pre-hospital care and trauma systems have improved in-hospital survival 

rates after injury and hemorrhage.(2, 3) Rapid bleeding control and enhanced blood product 

resuscitation have reduced hemorrhage-associated mortality.(4) These advances have led to 

fewer early trauma related deaths, but increased intensive care unit (ICU) stays.(5) This 

prolonged ICU care often correlates with persistent organ dysfunction, a condition known 

as chronic critical illness (CCI).(6, 7) Despite varied definitions of CCI, it’s recognized as a 

distinct clinical entity, spurring research on its prediction, diagnosis and management.(8–10)

Traumatic injury triggers pro-inflammatory systemic and anti-inflammatory response, linked 

to CCI.(6, 11) This immune dysregulation is similar to that seen in conditions like sepsis and 

Coronavirus 2019 (COVID-19).(7, 12–14) Subsequent infections in CCI patients contribute 

to late deaths weeks after injury, suggesting that a unifying mechanism of immunologic 

dysfunction.(15–18) Several studies have indicated that among the immunologic changes, 

early alterations in innate immunity, specifically within monocytes, may play a central role 

in the development of persistent organ dysfunction after injury, possibly even within the first 

few hours, providing an opportunity to identify and mitigate early immune dysfunction and 

potentially reduce the risk of CCI.(6, 9, 19) However, a critical gap in our understanding of 

the distinct role that circulating monocytes play in the development of CCI exists.

Monocytes represent a heterogeneous cell population in both phenotype and function that 

compromise 5–10% of the circulating peripheral blood leukocytes. Monocytes play a critical 

role in tissue homeostasis and the inflammatory cascade by regulating inflammation through 

regulated pro- and anti-inflammatory cytokine production. Recent data has demonstrated 

that monocytes consist of phenotypically and functional distinct subpopulations with 
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distinct function.(20) These subpopulations are based on differential expression of cluster 

of differentiation (CD)14 Lipopolysaccharide (LPS) receptor and CD16 low-affinity 

Fcγ receptor. These subsets are designated as classical (CD14+CD16−), intermediate 

(CD14+CD16+), and non-classical (CD14-CD16+).(21) Although the last two subsets play 

critical distinct roles in innate immune responses, they normally only account for 10% of the 

overall circulating monocyte population in healthy individuals.

The equilibrium among the various monocyte subpopulations relies on complex mechanisms 

that are dependent on individual responses to immune demands.(22) Regulated CD16+ 

expansion, in reaction to infectious and inflammatory stimuli, enhances differentiation 

of classical monocytes to intermediate and non-classical subpopulations. This aids in 

responding to tissue injury and bacterial infection by enhancing phagocytosis and antigen 

presentation. Although subpopulation differentiation is critical to inflammatory responses, 

dysregulated alterations in these subpopulations are known to lead to tissue injury and 

chronic inflammatory states, akin to CCI.

Therefore, the aim of this study is to characterize the monocyte phenotype following severe 

hemorrhagic trauma, and determine the relationship of the various subset populations on 

the development of CCI. We hypothesize that patients who develop CCI will exhibit unique 

alterations in the expression of monocyte subpopulations early following severe injury, and 

these differences will be associated with unique monocyte phenotypes that are characterized 

by variations in cytokine production, antigen uptake, antigen presentation, and migratory 

ability.

MATERIALS AND METHODS

Study Design

We conducted a prospective, observational cohort study over a 3-year period (September 

2018 to August 2021) at a single Level 1 trauma center. The institutional review board 

granted approval prior to study initiation. The STROBE checklist was used to assure 

the highest scientific methodological transparency and scientific standards were meet 

(Supplemental Data). Subjects were initially enrolled under a 96-hour waiver of informed 

consent. Inclusion criteria included patients 18 years and older, confirmation of severe blunt 

traumatic injury with hemorrhagic shock (systolic blood pressure less than 90 mmHg or 

base deficit ≥ 6 meq/L within 60 minutes of arrival). Patients expected to survive 48 hours 

or less and those with severe traumatic brain injury (Glasgow coma scale less than 8 and 

abnormal head computed tomography [CT]) were excluded. These inclusion criteria were 

consistent with the “Trauma Glue Grant” and were utilized to select for patients likely to 

survive their initial injuries but at a significant risk for multiple organ failure (MOF), as 

previously described.(5, 23) All consecutive patients meeting these criteria in which consent 

was obtained within 96 hours were enrolled to minimize bias.

Demographic, clinical, and physiologic data were obtained and studied for the first 28 

days after injury, or until ICU discharge. To determine one year mortality following 

injury, we both attempted to contact the patient and queried the State’s Death Registry. To 

determine the initial immunologic response to severe blunt trauma and hemorrhagic shock, 
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blood samples were obtained on hospital day 1 (day after presentation) and day 5. Five 

milliliters of blood were drawn into ethylenediaminetetraacetic acid (EDTA) treated tubes 

(BD Biosciences, USA) at both time points.

Sample size was based on the study by Mira and colleagues on patients that developed CCI 

following severe blunt trauma.(24) In that study, 19% of surviving patients developed CCI 

and were thus at highest risk for sustained inflammatory dysfunction. For the current study, a 

similar frequency was used despite limited phenotypic human data available to determine an 

accurate biologic estimate. Based on the 28-day rate of CCI development, we estimated that 

approximately 75 patients were required to detect a difference for a power of 0.9, alpha 0.05, 

and doubling the standard deviation.

Definitions and Outcomes

The primary outcome variable was the incidence of CCI. Secondary outcomes included 

nosocomial infections, discharge disposition, and mortality. Currently there is no consensus 

definition for CCI so we elected to define CCI based upon the “Trauma Glue Grant” 

experience that severely injured patients in the ICU (≥ 14d) with a dysregulated genomic 

response to injury develop persistent organ dysfunction, and adverse outcomes.(5) As a 

result, we defined CCI as prolonged ICU admission (≥ 14d) with evidence of ongoing 

organ dysfunction or early death. We defined persistent organ dysfunction using the 

Modified Marshall’s Multiple Organ Dysfunction Score criteria requiring either ≥ 2 in 

the renal (serum creatinine ≥ 1.9 mg/dl [without dialysis]) or pulmonary (Pao2/Fio2 ≤ 

300) categories, or ≥ 1 in the cardiac category (systolic blood pressure < 90 mm Hg, 

or use of vasopressors). We specifically excluded the neurologic component because of 

potential concurrent traumatic brain injury. “Time-to-recovery” was defined as number of 

days after study entry to resolution of organ dysfunction, without subsequent recurrence.(5, 

24) Patients with an ICU stay less than 14 days without persistent organ dysfunction were 

classified as not suffering from CCI.

Cytometry by time of flight (CyTOF) determination of monocyte phenotypes and activation

Whole blood samples (n = 80) were collected from patients on days 1 and 5 following 

injury using BD Vacutainer® tubes with EDTA as the anticoagulant. The samples were 

gently inverted several times to ensure proper mixing of the whole blood and anticoagulant. 

Following blood collection, RBC lysis was performed using the Ammonium-Chloride-

Potassium (ACK) Lysing Buffer (Gibco, Thermo Fisher Scientific, USA). Briefly, an aliquot 

of whole blood was incubated with the ACK Lysing Buffer for 10 minutes at room 

temperature to lyse the RBCs and facilitate white blood cell analysis. The lysed blood 

samples were centrifuged at 400 × g for 5 minutes at 4°C. The supernatant was discarded, 

and the cell pellet was washed twice with phosphate-buffered saline (PBS, pH 7.4) to 

remove any residual lysing buffer or cellular debris. The washed cell pellet was resuspended 

in a fixation buffer containing 1.6% paraformaldehyde (Electron Microscopy Sciences, 

USA) and 0.05% w/v saponin (Sigma-Aldrich, USA) in PBS. The cells were then incubated 

for 15 minutes at room temperature to ensure proper fixation. Fixed cell samples were stored 

in 1.5 mL microcentrifuge tubes at 4°C in the dark until analysis. Samples were transferred 
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to cryovials and stored in liquid nitrogen or a −80°C freezer to maintain sample integrity 

until analysis.

Cells Surface Antibody Staining:

Cells were incubated with a 22-panel of isotypeconjugated surface antibodies towards 

multiple cell types, those specifically targeting monocytes were: 160Gd-CD14, 209Bi-

CD16, 174Yb-HLA-DR, 161Dy-CD80, 156Gd-CD86, 145Nd-CD163, 152Sm-CD36 

and 142Nd-CX3CR1 from Standard Biotools-Fluidigm, USA, and 158Gd-CCR2 from 

Biolegend, USA. In addition, cells were also labeled with 162Dy-CD66, 10Nd-

CD63, 169Tm-CD203c, 165Ho-CD19, 141Pr-CD3 and 176Yb-CCR3 (Standard Biotoools-

Fludigm,) as isotype controls to label neutrophils, basophils, B cells, T cells and dendritic 

cells to optimize monocyte gating and serve as negative controls for non-specific binding. 

Antibody concentrations were optimized according to the manufacturer’s recommendations. 

Incubation was carried out at 4°C for 30 minutes. After incubation, cells were washed with 

PBS to remove unbound antibodies.

Intracellular Antibody Staining for Interleukin (IL)-6 and Tumor Necrosis Factor (TNF)-α:

For intracellular staining of IL-6 and TNF-α, cells were fixed and permeabilized using 

dilute Iradium-Interchelator solution (Fluidigm, USA). Cells were then incubated with 

a isotopeeconjugated antibody 154Sm-IL-6 and 175Lu-TNF-α at 4°C for 30 minutes. 

Following incubation, cells were washed to remove any excess antibody.

CyTOF Analysis:

Stained cells were resuspended in CyTOF acquisition buffer. Helios CyTOF system running 

CyTOF Software (Fluidigm, USA) at a rate of 300–500 events per second. Prior to data 

acquisition, the CyTOF instrument was calibrated and normalized using calibration beads. 

FCS files are subsequently generated using CyTOF Software for subsequent analysis.

Statistical Analysis

Categorical variables are presented as frequency and percentage and compared using the 

Pearson chi-square test or Fisher exact test. We use log rank tests to compare Kaplan-Meier 

product limit estimates of organ dysfunction recovery between CCI and no CCI. Baseline 

demographic data and clinical outcome scores are expressed as mean ± SD. All biomarker 

values were treated as normally distributed continuous variables and expressed as mean ± 

SD. For statistical analyses, Student-t test was used for continuous variables, and χ2 test 

was used for categorical predictor variables. The nonparametric Mann-Whitney U test was 

used for continuous variables that were not normally distributed.

CyTOF files were analyzed using CyTOF software from Fluidigm, USA. Gating 

strategies were employed to identify monocytes, initially CD45 positive cells followed 

by characteristic scatter properties to exclude non-cellular debris and non-leukocyte cells. 

Monocyte gating was based on surface marker expression, of CD14 and CD16 while 

excluding cells that expressed CD66, CD63, CD19 and CCR3 (Supplemental Data). Only 

events falling within these thresholds were considered pure monocytes, The use of these 

specific isotype controls improved the monocyte gating and ensured that the identified cell 
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populations were not the result of non-specific antibody binding. Marker expression values 

and absolute cell counts for surface expression CD14, CD16, HLA-DR, CD80, CD86, 

CD36, CD163, CX3CR1 and CCR2 were calculated for each monocyte subset and analyzed 

on the clinical development of CCI. Similar, marker expression of intracellular TNF-α and 

IL-6 was calculated for each monocyte subset, and further characterized and analyzed on the 

clinical development of CCI.

Additionally, the non-classical/classical monocyte phenotype ratio was determined for both 

patients that did and did not develop CCI at both time points. Serial comparisons between 

groups were made using repeated-measures analysis of variance (ANOVA) with post hoc 

Bonferroni/Dunn testing. All analyses were two-tailed, and P < 0.05 was considered 

statistically significant. Additionally, the non-classical/classical monocyte phenotype ratio 

correlation with subsequent mortality was determined by developing a receiver operating 

curve (ROC) and the optimal ratio for development of CCI was determined using the 

Youden index.

For multivariable logistic regression analysis, we a priori selected explanatory variables 

including age, sex, injury severity score, shock as defined as either initial lactate (> 4) and/or 

initial base deficit (BD) (≤ 6), red blood transfusion greater than 6 units in the first 12 

hours, and the non-classical/classical monocyte phenotype ratio. We report adjusted odds 

ratios with 95% CIs. Area under the receiver operating curve values and Hosmer-Lemeshow 

goodness-of-fit test were used to assess model discrimination and fit.

RESULTS

A total of eighty patients were enrolled (Supplemental Data). Among them, 26 (32.5%) 

developed CCI. Patients that developed CCI did not significantly differ in age, sex, or body 

mass index (BMI) from those that did not (Table 1). However, CCI patients had more sever 

injuries (ISS 32.4±5.2 vs. 29.6±4.1, p=0.11), presented in shock more often (88% vs. 72%, 

p=0.038), and received more blood products (P’RBC transfusion 8.9±3.8 units vs. 4.7±3.8 

units, p<0.001).

CCI patients had fewer ventilator-free days, and longer ICU and hospital stays (Table 1). 

Their time to recover from organ dysfunction was significantly longer (26.9±5.7 vs. 7.9±6.7, 

p<0.001), and they experience more . infectious complications (88.5% vs. 35.2%, p<0.001). 

Discharge disposition also differed significantly, with more CCI having a “bad” discharge 

disposition (69.2% vs. 29.6%, p=0.002). One-year mortality was found to be only 4% in 

patients that did not develop CCI, compared to an alarming 27% for those that did.

We then evaluated the monocyte subpopulations and phenotypes associated with CCI. 

Total monocyte counts didn’t differ between patients that went on to develop CCI 

compared to those that did not on either day 1 (1.14±0.23 × 103 cells/μl vs. 1.06±.017 

× 103 cells/μl, p=0.084) or day 5 (0.96±0.21 × 103 cells/μl vs. 0.89±0.12 × 103 

cells/μl, p=0.616). No significant difference in the distribution of classical or intermediate 

subpopulations was found in patients that developed CCI. However, the distribution of 

the non-classical subpopulation in patients with CCI demonstrated significant variations 
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(Figure 1). Immediately following injury there was a reduction in the overall non-classical 

subpopulation in patients that developed CCI in comparison to patients that did not 

(2.44±0.99% vs. 4.73±1.95%, p<0.0001). This was followed by a significant increase by 

day 5 in patients that developed CCI in comparison to patients that did not (8.95±2.99% 

vs. 4.91±1.58%, p<0.0001). To standardize this difference amongst individual patients, the 

non-classical/classical monocyte subpopulation ratio was determined. A decrease in the non-

classical/classical monocyte subpopulation ratio was found at day 1 (0.062±0.030 without 

CCI vs. 0.032±0.014 with CCI, p<0.0001), but an increase in day 5 (0.064±0.022 without 

CCI vs. 0.122±0.048 with CCI, p<0.0001).

To assess the correlation of the non-classical subpopulation early following injury and CCI 

development, a ROC curve was established, The day 1 non-classical/classical subpopulation 

monocyte ratio was found to be inversely correlated with the development of CCI, with an 

AUC of 0.79 (Figure 2). Using the Youden index (sensitivity + specificity-1) a non-classical/

classical monocyte ratio of 0.035 or less was determined to be the ratio of the non-classical 

subset that is most highly associated with the development of CCI.

The overall monocytic phenotypes were further explored by evaluating the surface 

expression of several key receptors (Figure 3). In patients that developed CCI, there was 

a rapid increase in the expression of the scavenger receptors CD36 and CD163. Although 

a moderate increase in CD36 occurred early in non-classical subpopulation, it was not 

until day 5 when a significant increase in expression was noted in all three subpopulations. 

Significant increase in CD163 occurred in classical and non-classical subpopulations at day 

1, but was not sustained. Similar, patients that developed CCI had significant increases 

in the migratory receptors CCR2 and CX3CR1. These changes occurred early and were 

sustained through day 5, with CCR2 being increased in classical monocytes and CX3CR1 

being increased in non-classical monocytes.

The surface expression of antigen presenting receptors, HLA-DR, CD80 and 86, were 

attenuated early and remained diminished through day 5 in patients that developed CCI in 

comparison to those that did not in all subpopulations. Importantly, the attenuation of HLA-

DR, CD80 and CD86 were most pronounced in intermediate and non-classical monocytes.

These receptor changes were associated with a rapid increase pro-inflammatory cytokine 

expression of both IL-6 and TNF-α within all mononuclear subpopulations after injury, but 

were significantly increased in patients that developed CCI. The increase in IL-6 was not 

present on day 5, but sustained increases in TNF-α was present in all subpopulations that 

went on to develop CCI.

Multivariable logistic regression was performed to assess the effect of various admission 

factors, including the potential effect of non-classical monocyte expression, on development 

of CCI. A significant association with the presence of severe injury and massive blood 

product resuscitation defined as 6 units of packed red blood cells administered in the first 

12 hours following injury were found to independently associated with the development of 

CCI (Table 2). Biologically, a non-classical/classical monocyte ratio of 0.035 or less was 

independently associated with CCI development (OR 3.46 [1.68–6.84], p=0.009) despite 
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the significant degree of injury. These relationships remained independently associated with 

1-year mortality in the overall patient population, with the additional independent variable of 

age (Table 2).

DISCUSSION

The changing epidemiology of trauma-related morbidity and mortality demands an 

investigation into late adverse outcomes. Currently, it is becoming increasingly apparent that 

surviving patients with severe injuries face significant morbidity and mortality weeks later, 

raising questions about lasting biological changes and the emergence of CCI as a potential 

underlying disease process.(1, 5, 25–27)

This prospective observational study demonstrates that multiple organ failure occurs 

frequently in patients receiving blood product resuscitation, similar to previous studies.(28) 

Importantly, this study expands on previous work, demonstrating that the development of 

multiple organ failure can persist in the form of CCI. (24) Of those surviving their initial 

injury, we demonstrate approximately one-third of patients develop CCI that is associated 

with increased resource utilization and infectious complications. Additionally, a significant 

number of patients are discharged to skilled nursing facilities or long-term acute care 

facilities, consistent with previous studies in trauma and sepsis.(24, 29)

Unfortunately, despite substantial resources applied, the one-year mortality rate for injured 

patients developing CCI is excessively high, similar to previous data in trauma and 

sepsis.(9, 24, 29, 30) As a result, it is essential that the biology resulting in CCI be 

unraveled to improve the outcome in following severe traumatic injury. The current study 

specifically aims to evaluate a part but important component of the inflammatory response 

following injury, the peripheral blood monocyte. Monocytes have been implicated as key 

contributors to organ failure development and CCI following injury.(8, 9, 19) Furthermore, 

monocytes have been demonstrated to have unique phenotypic alterations in several different 

inflammatory diseases such as severe COVID-19 infections and sepsis, especially in those 

that develop long-term complications.(8, 19, 31–33)

In the current study, we explore the dynamic alterations in monocyte subset frequencies 

following severe traumatic injury associated with hemorrhagic shock. Given the 

dysregulated innate inflammatory nature of the initial response associated with organ failure 

and nosocomial infection, we focused our study on the phenotypically and functionally 

distinct monocyte subsets in circulation, which play variable roles: classical, intermediate, 

and non-classical.

This study provides strong evidence of a significant link between changes in the 

mononuclear phenotype and CCI. Notably, alterations in the early expression of non-

classical monocytes are both immediate and sustained in CCI patients. Following injury, 

there is a reduction in non-classical monocyte expression, independent of shock, injury 

severity, and blood transfusions. This decrease may result from either reduced monopoiesis, 

or increased interstitial migration in response to tissue injury.(34) Since non-classical 

monocytes play a crucial role in regulating inflammation and maintaining endothelial 
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integrity, their reduction, coupled with increased expression of inflammatory markers like 

IL-6 and TNF-α, could contribute to early tissue and organ injury.(21) This might occur due 

to inefficient clearance of cellular debris at injury sites caused by decreased monopoiesis, 

or an uncontrolled pro-inflammatory state due to overzealous migration by non-classical 

monocytes. Similar reduction in non-classical monocytes have been observed in other pro-

inflammatory diseases, like sepsis and COVID-19.(31–33)

Interestingly, each monocytic subpopulation demonstrates unique alterations in membrane 

receptors expression early that are most pronounced within non-classical monocytes. The 

alteration in cell membrane receptor expression and intracellular cytokine production are 

consistent with a pro-inflammatory endotype. Among the receptor changes, increased 

expression of scavenger receptors CD36 and CD163 occurs. CD36, a lipid scavenger, 

promotes sterile inflammation within monocytes, and thus could directly lead to tissue injury 

and organ failure.(35) Moreover, increased CD36 expression persists beyond the initial 

injury, particularly in non-classical monocytes, possibly leading to long-term arterial and 

organ injury. This sustained change could result in increased thrombotic complications and 

atherosclerotic disease progression, akin to long COVID-19.(36–40) The early elevation in 

CD163, on the other hand, may be a compensatory and important scavenger receptor for free 

hemoglobin limiting tissue injury. However, significant elevations have been demonstrated 

in patients with severe sepsis going on to develop organ failure.(41)

Alterations in receptor expression were not limited to scavenger receptors, early and 

sustained changes in elevation both CCR2 in classical monocytes and CX3CR1 in non-

classical monocytes were found. Both CCR2 and CX3CR1 are chemokine receptors and 

involved in cell migration. CCR2, normally expressed on classical monocytes, is involved 

in the initial inflammatory response and tissue repair. CX3CR1 is mainly expressed in non-

classical monocytes and involved in tissue repair and attenuating inflammation. However, 

enhanced expression of both CCR2 and CX3CR1 was found in patients developed CCI. 

This would result in dysregulated pro-inflammatory recruitment and subsequent tissue 

injury similar to other disease processes including atherosclerosis, inflammatory disorders, 

neurodegenerative disease and most recently COVID-19.(42)

Surprisingly, the initial downregulation of non-classical monocytes is not sustained, and 

by day 5, a significant increase in this monocytic phenotype is observed in patients who 

develop CCI. This would be consistent with the development of a chronic inflammatory 

state, like that seen in patients with chronic inflammatory conditions, Thus, it is plausible 

that the increased non-classical monocytes sustained after injury would result in continued 

organ injury and late death. Interesting, a similar alteration in non-classical monocytes has 

been recently observed in patients with severe COVID-19 infections.(43) No significant 

population changes were found in classical or intermediate monocytes.

At this later time, a significant decrease in surface receptors for phagocytosis and antigen 

presentation was observed in each subpopulation, particularly CD80, CD86 and HLA-

DR. CD80 and CD86 are critical glycoproteins involved in antigen presentation and T-

cell activation, heightening the risk of nosocomial infections when they are diminished. 

Similar alterations in CD80 and CD86 expression, have been linked to long-COVID-19 
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infectious complications.(44, 45) These glycoproteins, along with HLADR, are upregulated 

by interferon (INF)-γ, which is downregulated after severe injury.(6) These modifications 

in receptor expression, especially HLA-DR, increase the risk of infectious insults. The 

reduced expression of HLA-DR is most evident in non-classical monocyte subpopulation but 

also present in intermediate subset., Similar reductions in HLA-DR expression have been 

observed in other immune conditions, including post-surgical states and severe COVID-19 

infections, associated with reduced antigen presentation and an increased risk of nosocomial 

infections.(33, 46, 47) This overall late increase in the non-classical subpopulation 

combined with decreased HLA-DR expression and sustained TNF-α production, creates 

a dysregulated pro-inflammatory state that hinders the clearance of subsequent infections. 

This unique biological discovery aligns with clinical course of CCI.

Several key limitations in this study to clarify how to interpret the finding optimally. 

This prospective observational study collected blood samples at early time points, limiting 

a comprehensive assessment of the extent and duration of the phenotypic changes. 

Consequently, extending these to later clinical conditions, such as nosocomial infections, 

CCI, and late death, can only suggest an association without causation. Profiling of 

monocyte subsets relied on cell membrane receptors, CD45, CD14 and CD16, followed 

by scatter properties, potentially reducing purity. Nonetheless, the use of specific isotype 

controls (CD66, CD63, CD19 and CCR3) to the gating strategy enhanced the likelihood 

of identifying pure monocyte populations. Given the relatively small sample size, 

generalizability may be limited to important patient demographics, such as age and sex, 

despite no statistical difference among the patients studied. Lastly, it’s worth noting that 

we focused only on the response of circulating monocytes. Compartmentalization of the 

inflammatory response is a well-known phenomenon and could restrict the generalizability 

to the immune findings, despite previous data highlighting the importance of monocytes. (9, 

48)

Over the past 50 years, trauma care has witnessed continuous improvement in pre-hospital, 

operative, and post-operative care. However, patients who survive their initial trauma are 

at risk of long-term physiologic changes and disability that is unfortunately associated 

with a significant risk of late mortality. As our ability to keep patients alive through their 

acute resuscitation improves, understanding the biology associated with CCI and long-term 

complications is increasingly imperative. This study provides a framework for the significant 

alterations within monocytes, in particular non-classical monocytes, as a key contributor to 

the development of CCI. Future investigations will provide improved understanding of the 

complex immunological state following severe injury, helping to determine novel targets 

for therapeutic intervention and attenuation of CCI, leading to an improvement in overall 

long-term outcomes.
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Figure 1: Monocyte subset distribution on day 1 (A) and day 5 (B) following severe hemorrhagic 
trauma.
The distribution data for patient that did not develop CCI (n=54) and patients that develop 

CCI (p=16) were evaluated by CyTOF for monocyte phenotype distribution of classical 

(CL), intermediate (INT) and non-classical (NC). With only significant difference within NC 

monocytes at day 1 (*p=0.005) and day 5 (**p=0.019)
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Figure 2: Receiver operative curve of non-classical/classical monocyte ratio correlation with the 
development of CCI.
ROC analysis was performed for the inverse ratio of non-classical/classical monocyte and 

development of CCI. The Area Under the Curve (AUC) was determined to be 0.82, with a 

p<0.05.
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Figure 3: 
CyTOF heatmap demonstrating expression changes of intracellular cytokines and cell 

surface expression in Classical (CL), Intermediate (INT) and Non-Classical (NC) monocytes 

on day 1 (A) and day 5 (B) following severe hemorrhagic trauma.
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Table 1.

Patient demographics and outcome with and without CCI

Variable No CCI
(N-54)

CCI
(N-26)

P-value

Age, years – (mean, SD) 42 ± 16 44 ±15 0.594

Male sex, n(%) 41 (76) 21 (81) 0.627

Body mass index (BMI) – (mean, SD) 26.4 + 4.6 27.2 + 5.2 0.487

Shock*, n(%) 36 (72) 23 (88) 0.038

 Base Def >6, n(%) 34 (63) 20 (77)

 Lactate >4 mmol/L, n(%) 32 (59) 19 (73)

Hypotension (systolic blood pressure (SBP) <90), n(%) 33 (61) 20 (77) 0.161

Injury severity score – (mean, SD) 29.6 ± 4.1 32.4 ± 5.2 0.011

Red Blood Cell Transfusion, units – (mean, SD) 4.7 ± 3.8 8.9 ± 3.8 <0.001

Plasma (FFP) Transfusion, units – (mean, SD) 4.2 ± 4.3 7.2 ± 5.1 0.007

Platelets (PLT) Transfusion, units – (mean, SD) 1.2 ± 1.4 2.2 ± 1.9 0.010

Mechanical Ventilation, n(%) 47(87.0) 25(96.2) 0.380

Ventilator-Free Days (28 d), (mean, SD) 23.8 + 4.6 8.9 + 10.6 <0.001

Time to recovery, days – (mean, SD) 7.9 + 6.7 26.9 + 5.7 <0.001

In-Hospital Mortality – no (%) 0(0) 2 (7.7) 0.194

ICU Length of Stay, days – (mean, SD) 8.1 + 7.4 27.8 + 11.6 <0.001

Hospital Length of Stay, days – (mean, SD) 19.4 + 10.8 37.2 + 12.3 <0.001

Nosocomial infections, n(%) 19(35.2) 23(88.5) <0.001

Discharge Disposition 0.002

 “Good” disposition, n(%) 38(70.4) 8(30.8)

 “Bad” disposition, n(%) 16(29.6) 18(69.2)

1 Year Mortality – no (%) 2(3.8) 7(26.9) 0.007

*
Defined as initial base deficit >6 and/or initial lactate >4
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Table 2.

Multivariable analysis of impact of non-classical monocytes on CCI and 1 year mortality.

Outcome Variable Odds Ratio 95% CI p-value

CCI Injury Severity Score 1.05 1.01 – 1.23 0.015

Red blood transfusion > 6 units/12 hrs 1.72 1.16 – 3.42 0.011

Non classical/classical ratio < 0.035 3.46 1.68 – 6.84 0.009

1 year mortality Age 1.04 1.01 – 1.36 0.026

Injury Severity Score 1.06 1.01 −1.29 0.021

Red blood transfusions > 6 units/12 hrs 1.49 1.12 – 3.58 0.019

Non classical/classical ratio < 0.035 2.76 1.43 – 7.21 0.013
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