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Intraoperative Cell Salvage as an
Alternative to Allogeneic (Donated)
Blood Transfusion: A Prospective
Observational Evaluation of the Immune
Response Profile
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Diana da Silva1,2, Andre van Zundert1,2, Alexis Jacqueline Perros4, John Paul Tung4,
Robert Lewis Powell Flower4, and Melinda Margaret Dean4,5

Abstract
Allogeneic blood transfusion (ABT) is associated with transfusion-related immune modulation (TRIM) and subsequent poorer
patient outcomes including perioperative infection, multiple organ failure, and mortality. The precise mechanism(s) underlying
TRIM remain largely unknown. During intraoperative cell salvage (ICS) a patient’s own (autologous) blood is collected,
anticoagulated, processed, and reinfused. One impediment to understanding the influence of the immune system on
transfusion-related adverse outcomes has been the inability to characterize immune profile changes induced by blood
transfusion, including ICS. Dendritic cells and monocytes play a central role in regulation of immune responses, and
dysfunction may contribute to adverse outcomes. During a prospective observational study (n ¼ 19), an in vitro model was
used to assess dendritic cell and monocyte immune responses and the overall immune response following ABT or ICS
exposure. Exposure to both ABT and ICS suppressed dendritic cell and monocyte function. This suppression was, however,
significantly less marked following ICS. ICS presented an improved immune competence. This assessment of immune
competence through the study of intracellular cytokine production, co-stimulatory and adhesion molecules expressed on
dendritic cells and monocytes, and modulation of the overall leukocyte response may predict a reduction of adverse outcomes
( i.e., infection) following ICS.
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Introduction

Blood transfusion during major surgery is essential and

lifesaving. Even though the safety of allogeneic blood

transfusion (ABT) has improved, significant risks

remain1. Many adverse outcomes related to blood transfu-

sion appear to have immune-mediated processes as a key

element of their pathogenesis. The term “Transfusion

related immune modulation” (TRIM) has been used to

describe immune suppression and subsequent adverse out-

comes following ABT such as perioperative infection,

cancer recurrence, myocardial infarction, and stroke2–8.

ABT is implicated as an independent risk factor in the
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etiology of TRIM, considering clinical evidence, basic

science, and animal model data4,9.

One of the challenges to understanding the potential

influence of the immune system upon adverse outcomes

related to transfusion has been the inability to character-

ize immune profile changes induced by blood transfu-

sion, including intraoperative cell salvage (ICS). Many

laboratory-based studies have been conducted to under-

stand TRIM and a number of mechanisms have been

postulated4. In 2009, Hellings and Blajchman categor-

ized potential mechanisms into three groups: (1)

cell-associated, (2) bioactive soluble factors, or (3)

microchimerism4. In theory, the infusion of foreign anti-

gens in both soluble and cellular forms during transfu-

sion may cause the development of immune modulation

(immune suppression)10. Considering the reinfusion of

foreign allogeneic leukocytes as a postulated mechanism

for TRIM, leukodepletion of allogeneic red blood cell

products was introduced. The incidence of infection fol-

lowing ABT, however, still increased11. Leukodepletion

by itself may therefore not be the solution. Despite pos-

tulated mechanisms and extensive research, no clear

solution to TRIM has been found.

Dendritic cell and monocytes are important to ensure the

activation and regulation of numerous immune pro-

cesses12,13. The functional impairment or deactivation of

these important immune cells to produce inflammatory cyto-

kines and express or activate co-stimulatory molecules

(e.g., human leukocyte antigen DR phenotype [HLA-DR])

in response to bacterial stimulation (e.g., lipopolysaccharide

[LPS]) is characterized as immunoparalysis13,14. Immuno-

paralysis predicts the inability to resist infectious insult and

a subsequent increased risk to develop infection-related

adverse outcomes14.

The immunological differences between autologous (own

blood) and allogeneic (foreign) transfusion may be important

in the search to clarify the exact mechanism of TRIM. Pre-

operative autologous donation and ICS involve the collec-

tion, processing, and reinfusion of a patient’s own red blood

cells. These techniques reduce the requirement for ABT and

TRIM-related adverse outcomes7,15–17. In addition, ICS

blood is also fresh, that is, not stored but instead collected

and infused at the time of surgery and, considering the

immune-suppressive effects of storage on monocyte func-

tion (i.e., production ability of tumor necrosis factor a
[TNF-a])9,18, may provide additional immunological

benefit.

Through an in vitro model, comparing ABT and ICS

exposure, we assessed modulation of dendritic cell- and

monocyte-specific cytokine production and expression of

activation markers as well as the overall leukocyte response.

Even though adverse outcomes following surgery and trans-

fusion are multifactorial, we confirmed that ICS may

improve immune competence and therefore subsequently

reduce infectious complications.

Materials and Methods

Patient Recruitment

Elective orthopedic cases with potential for significant blood

loss, booked to receive ICS, were consented and recruited

(n¼ 20). Ethics approval was obtained from Royal Brisbane

and Women’s Hospital (RBWH [HREC/17/QRBW/685])

and University of Queensland (2018000297).

Blood Collection and Preparation

Blood samples (10 ml each into ethylenediaminetetraacetic

acid phlebotomy tubes [Becton Dickinson (BD), Oxford,

England]) were collected from the patient preoperatively and

from ICS product (processed and filtered) (Fig. 1). Regard-

ing the 20 patients recruited, 1 procedure was cancelled, and

in 6 cases insufficient blood loss occurred to enable cell

salvage collection. ICS blood samples were therefore avail-

able for full analysis from 13 patients. Relevant procedures

for the 13 patients in this study included ORIF pelvis (n¼ 3),

spine fusion (n ¼ 8), and complex total hip replacement

(n ¼ 2). ICS samples were transported immediately follow-

ing surgery to the Australian Red Cross Lifeblood (Kelvin

Grove) (couriered at room temperature).

Leukodepleted packed red blood cell (PRBC) units were

obtained from Australian Red Cross Lifeblood. Whole blood

units (450 + 45 ml) were collected into top-and-bottom

bags containing citrate phosphate dextrose (66.5 ml; Maco-

pharma, Mouvaux, Nord, France) and processed within 24 h

of collection according to standard Lifeblood protocols

based on the Council of Europe Guidelines for the prepara-

tion, use, and quality assurance of blood components (Coun-

cil of Europe 2008). Briefly, whole-blood units were

centrifuged (3,640 � g, 10 min, 22�C) and RBCs were sepa-

rated into the bottom bag containing 105 ml of saline, ade-

nine, glucose, and mannitol storage solution using a

MacoPress component extractor (Macopharma). PRBC units

(n ¼ 10, group Oþ, �220 ml RBC volume; �1.0 � 106

leukocytes/unit, 0.5 to 0.7 l/l hematocrit) were stored at

2 to 6�C and used in the in vitro transfusion assay within

21 days (routine storage of PRBC is 42 days)19.

Anesthesia and ICS

Standard anesthetic induction included propofol, fentanyl +
midazolam, muscle relaxant (rocuronium/suxamethonium/

cisatracurium/vecuronium), and analgesia (+ketamine/

+lignocaine/+oxycodone/+ local anesthetic field block/

+regional or epidural block). The XTRA autotransfusion

system (ATS; LivaNova) was used according to a standard

operating procedure for orthopedic cases. During the ICS

technique blood was aspirated and anticoagulated from the

surgical bleeding site, collected in a cardiotomy reservoir,

and processed through centrifuge (Fig. 2). Processing

removes unwanted aspects of shed blood, that is, debris, clot,

free hemoglobin, fat globules, and so on7.
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Figure 2. The intraoperative cell savage technique: (1) anticoagulation (30,000 IU heparin sodium in 1,000 ml 0.9% NaCl), and aspiration
from the surgical site (using a double-lumen suction tube to ensure anticoagulation via one lumen before aspiration occurs through the
second lumen), (2) collection, (3) processing through centrifuge, (4) collection of processed salvaged blood, (5) filtering, and (6) transfusion.

Figure 1. TRIMICS patient journey: preoperative sample, ICS sample, and ABT sample.
ABT: allogeneic blood transfusion; ICS: intraoperative cell salvage.
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The same ICS equipment, standardized for orthopedic

surgery at the RBWH, was used for all 13 study cases: The

Sorin Xtra ATS, relevant consumables (LivaNova), and opti-

mal (manufacturer default settings) wash program (POPT +
PFAT). This wash cycle ensures a high level of lipid

removal, considered important during orthopedic surgery

(98.50% + 0.9% to ensure Therapeutic Goods Administra-

tion [TGA] approval in Australia)20. The Xtra system

includes an autotransfusion device and standard specified

disposables for collection and processing of salvaged blood:

a blood collection reservoir (40 mm filter), the Xtra Bowl set

(225 ml), a 10-l waste bag, and 1-l primary red blood cell

collection bag. ICS blood is immediately available for rein-

fusion and is not stored. The ICS product achieved during

standard processing provides red blood cells suspended in

saline and >98% removal of other cells (platelets, leuko-

cytes), free hemoglobin, plasma, heparin, clotting factors,

and unwanted debris21. By using the same default program

for all studied cases, the same cycle time, bowl, similar cycle

speed, and volumes, the same relative hematocrit would be

achieved. A leukodepletion filter was used for all cases

(Haemonetics LipiGuard SB filter [Pall]), except in one case

where an Imugard III filter was used, due to surgery for

malignancy. Suction pressure is kept at or below 150 mmHg.

If higher suction pressure is used, this is done via a second

suction catheter and the collected volume discarded. ICS

product manufacturing occurred following the same standar-

dized (default) methods across all study cases, to ensure

similar removal of residual platelets, leukocytes, and free

hemoglobin, as per TGA requirements.

Assessment of Immune Competence Using an In Vitro
Whole-Blood Transfusion Model

A previously established in vitro whole-blood transfusion

model22 was used to compare (a) monocyte- and dendritic

cell-specific intracellular cytokine production, (b) mono-

cyte- and dendritic cell-specific activation and adhesion

markers, and (c) overall leukocyte response (from culture

supernatant) following exposure to the patients’ own ICS

or ABT (ABO-compatible allogeneic blood). The in vitro

assay is based on 25% replacement volume, modeling a

2 to 3 packed red cell unit transfusion. LPS (1 mg ml�1;

Sigma) was added in parallel to model a bacterial infection.

The patients’ preoperative sample was incubated 1:1 v/v

with RPMI (Roswell Park Memorial Institute) 1640 media

(containing 2 mM L-glutamine; Gibco by Life Technologies,

Australia) in 24-well plate tissue culture plates (Costar,

Corning Life Sciences, Sigma, Australia) for a total of 5.5

h (37�C, 5% CO2). Wells were set up as follows: (i) preo-

perative patient blood, (ii) preoperative patient blood þ
patient’s own ICS (25% volume replacement), (iii) preopera-

tive patient blood þ ABT (25% volume replacement), (iv)

preoperative patient blood þ LPS, (v) preoperative patient

blood þ patient’s own ICS (25% volume replacement) þ
LPS, and (vi) preoperative patient blood þ ABT (25%

volume replacement) þ LPS. The total volume was 1.5

ml/well with “25% replacement volume” modeled as 375

ml blood component (ABT or ICS) þ 375 ml RPMI þ 750

ml patient whole blood. Control wells without blood compo-

nent contained 750 ml RPMI þ 750 ml patient whole blood.

Duplicate plates were set up with the addition of GolgiPlug

(containing brefeldin-A; 1 mg ml�1; BD Biosciences) to one

plate for the last 4.5 h to facilitate the detection of cytokines

intracellularly.

Assessment of Dendritic Cell- and Monocyte-Specific
Cytokine Production

Following 5.5 h total incubation, wells were harvested from

the plate containing GolgiPlug and cells were stained with

fluorescently labeled monoclonal antibodies (15 min, 22�C)

to identify dendritic cell and monocyte populations (FITC

Lin Cocktail, CD34-FITC, CD45-PerCP, HLA-DR-V450,

CD14-V500, CD11c-APC, CD3-APCH7). Cells were then

washed, red blood cells lysed (1 � FACS lyse, 10 min,

22�C), remaining leukocytes permeabilized (1 � FACS

Perm 2, 10 min, 22�C) and stained for 30 min (22�C) with

a panel of phycoerythrin-conjugated monoclonal antibodies

(interleukin 6 [IL-6], interleukin-8 [IL-8], interleukin-10

[IL-10], interleukin-12 [IL-12], interleukin-1 alfa [IL-1a],

TNF-a, macrophage inflammatory protein-1 alfa [MIP-1a],

macrophage inflammatory protein-1 beta [MIP-1b], mono-

cyte chemoattractant protein-1 [MCP-1], inducible

protein-10 [IP-10]). Cells were washed and resuspended in

1 � cell fixative for assessment of intracellular cytokines by

flow cytometry. All antibodies and flow cytometry reagents

from BD Biosciences, Australia. Median fluorescent inten-

sity (MFI) was used to analyze changes in cytokines and

chemokines in gated dendritic cell (Lin�, HLADRþ,

CD11cþ) and monocyte (CD14þ) populations.

Assessment of Dendritic Cell- and Monocyte-Specific
Activation and Adhesion Markers

Following 5.5 h incubation, wells were harvested from the

plate without GolgiPlug. Well contents were centrifuged and

supernatants removed and stored at �80�C for later assess-

ment of overall leukocyte response (see below). Cell pellets

were stained with fluorescently labeled monoclonal antibo-

dies (15 min, 22�C) to identify dendritic cell and monocyte

populations (FITC Lin Cocktail, CD34-FITC, CD45-PerCP,

HLA-DR-V450, CD14-V500, CD11c-APC, CD3-APCH7).

Cells were then washed, red blood cells lysed (1 � FACS

lyse, 10 min, 22�C) and remaining leukocytes stained for 30

min (22�C) with a panel of PE-conjugated monoclonal anti-

bodies to detect activation and adhesion molecules (CD9,

CD38, CD40, CD80, CD83, CD86). Cells were washed and

resuspended in 1 � cell fixative for assessment of intracel-

lular cytokines by flow cytometry. MFI was used to analyze

changes in activation and adhesion markers in gated DC
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(Lin�, HLADRþ, CD11cþ) and monocyte (CD14þ)

populations.

Assessment of Overall Leukocyte Response Using
Cytometric Bead Array

Cytometric bead array (CBA) is a flow cytometry-based

immunoassay that allows the quantification of multiple ana-

lytes simultaneously. CBA was used to measure the overall

leukocyte response from the culture supernatant of the in vitro

assay, according to the manufacturer instructions (BD Bios-

ciences) with slight modification. Briefly, 25 ml of culture

supernatant and capture beads were mixed and incubated (1

h, 22�C), followed by the addition of matched PE detection

reagent for 2 h (22�C). Beads were then washed with assay

wash buffer, centrifuged (200� g, 5 min) and resuspended in

wash buffer for flow cytometric analysis. The panel of inflam-

matory mediators quantified were interleukin-4 (IL-4), IL-6,

IL-8, IL-10, IL-12, interleukin-1 alfa (IL-1 a), interleukin-1

beta (IL-1b), TNF-a, MIP-1a, MCP-1, IP-10, interferon alfa

(IFN-a), and interferon gamma (IFN-g). Unknown sample

concentrations were interpolated from standard curves ran

in parallel.

Flow Cytometry

MFI was used to assess changes in monocyte and dendritic

cell activation and adhesion molecules and production of

cytokines. A three-laser FACSCanto II flow cytometer was

used for all acquisition. FACSDiva was used to analyze MFI

of intracellular cytokines and surface molecules. FCAP

Array was used to analyze CBA. All flow cytometry equip-

ment and analysis software were from BD Biosciences.

Statistical Analysis

A repeated-measure one-way analysis of variance (ANOVA)

with Tukey’s post hoc test was used for analyses of dendritic

cell and monocyte cytokine production, co-stimulatory and

surface markers, and the overall inflammatory response.

Responses were compared across the three groups:

(1) preoperative sample, (2) preoperative sample þ ABT,

(3) preoperative sample þ ICS (ANOVA P < 0.05 as statis-

tically significant, Tukey’s post hoc test indicated as

*P < 0.05, **P < 0.01, ***P < 0.001, GraphPad Prism 7,

GraphPad software). Sample size was calculated for a con-

tinuous outcome with two independent groups based on a 5%
difference between groups, three standard deviations, and

90% power. Based on these parameters a minimum sample

size of 7.56 was required.

Trial Registration:

Australian and New Zealand Clinical Trials Registry

(ACTRN12618001459213, registered 30/8/2018)23.

Results

General Demographics

The study group consisted of 60% male (n ¼ 12) and 40%
female (n ¼ 8). The average age was 51.05 years on the first

day of surgery.

ICS Improved Dendritic Cell Immune Competence

Dendritic cells are important regulatory immune cells at the

interface of the innate and adaptive immune system. The

ability of dendritic cells to produce cytokines and express

activation and co-stimulatory markers confirms immune

competence24. Dendritic cell immune profile was assessed

following exposure of the patient’s preoperative blood to

ABT or their own ICS. Exposure to either ABT or ICS was

associated with suppression of dendritic cell IL-10

(P < 0.001), IL-12 (P < 0.001), IL-1a (P < 0.001), IL-6

(P ¼ 0.028), IL-8 (P < 0.001), IP-10 (P ¼ 0.037), MCP-1

(P ¼ 0.033), MIP-1a (P ¼ 0.022), MIP-1b (P ¼ 0.003), and

TNF-a (P < 0.001) (Fig. 3). Suppression of dendritic cell

IL-10, IL-12, IL-8, MIP-1a, and TNF-a was ameliorated by

ICS compared to ABT ([P < 0.05], Tukey’s post hoc test)

(Fig. 3). Immune suppression is indicated when dendritic

cell co-stimulatory and adhesion molecule expression is

impaired25. Exposure to ABT and ICS increased expression

of HLA-DR (P ¼ 0.027) but reduced expression of dendritic

cell adhesion CD9 (P ¼ 0.031), CD38 (P < 0.001) and acti-

vation CD40 (P ¼ 0.003), CD83 (P ¼ 0.044), and CD86

(P ¼ 0.019) molecules (Fig. 3). The expressions of CD38,

CD40, CD83, and CD86 were significantly improved fol-

lowing exposure to ICS compared to ABT (P < 0.05,

Tukey’s post hoc test) (Fig. 3). Together, the improved

expression of important dendritic cell surface activation and

co-stimulatory markers combined with improved cytokine

production provides evidence that transfusion with ICS

instead of ABT is associated with improved immune

competence.

ICS Improved Monocyte Immune Competence

Monocytes are critical for pathogen recognition and clearance.

Reduced monocyte function is associated with increased risk to

develop infection-related adverse outcomes13. In our study,

exposure to ABT and ICS was associated with suppression of

monocyte IL-10 (P < 0.001), IL-12 (P < 0.001), IL-1a
(P < 0.001), IL-6 (P ¼ 0.037), IL-8 (P < 0.001), MIP-1a
(P ¼ 0.001), MIP-1b (P ¼ 0.003), and TNF-a (P < 0.001)

production. Compared to ABT, ICS improved monocyte pro-

duction of IL-10, IL-12, IL-8, MIP-1a, and TNF-awas evident

(Tukey’s post hoc test, P < 0.05, Fig. 4).

Assessment of monocyte HLA-DR expression is impor-

tant to determine monocyte function in numerous clinical

settings26. Exposure to ABT and ICS was associated with

increased expression of HLA-DR on monocytes (P ¼ 0.030,

Fig. 4). However, monocyte expression of other important

Roets et al 5



Figure 3. ICS reduced transfusion-related immune modulation of dendritic cells. Dendritic cell intracellular cytokine production and
expression of surface activation and adhesion molecules following exposure to standard allogenic blood or autologous ICS. X axis: in vitro
“transfusion” conditions, preoperative sample (Pre-Op, open black circles), preoperative sample þ ABO-compatible allogeneic blood
(Pre-Op þ ABO, open red squares), and preoperative sample þ their own cell salvage blood (Pre-Op þ ICS, open blue diamonds). Y axis:
median fluorescent intensity of indicated cytokine or surface marker in gated mDC (Lin�, HLADRþ, CD11cþ). Analysis of variance indicated
by bar and P-value with Tukey’s post-test indicated by *P < 0.05, **P < 0.01, ***P < 0.001.
HLA-DR: human leukocyte antigen DR phenotype; ICS: intraoperative cell salvage; IL: interleukin; MCP-1: monocyte chemoattractant
protein-1; MIP-1a: macrophage inflammatory protein-1 alfa; TNF-a: tumor necrosis factor alfa.
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Figure 4. ICS reduced transfusion-related immune modulation of monocytes. Monocyte intracellular cytokine production and expression
of surface activation and adhesion molecules following exposure to standard allogenic blood or autologous ICS. X axis: in vitro “transfusion”
conditions, preoperative sample (Pre-Op, open black circles), preoperative sample þ ABO-compatible allogeneic blood (Pre-Op þ ABO,
open purple squares), and preoperative sample þ their own cell salvage blood (Pre-Op þ ICS, open green diamonds). Y axis: median
fluorescent intensity of indicated cytokine or surface marker in gated monocytes (CD14þ). Analysis of variance indicated by bar and P-value
with Tukey’s post-test indicated by *P < 0.05, **P < 0.01, ***P < 0.001.
HLA-DR: human leukocyte antigen DR phenotype; ICS: intraoperative cell salvage; IL: interleukin; MCP-1: monocyte chemoattractant
protein-1; MIP-1a: macrophage inflammatory protein-1 alfa; TNF-a: tumor necrosis factor alfa.

Roets et al 7



adhesion molecule CD38 (P ¼ 0.032) and activation mole-

cules (CD80 [P ¼ 0.046], CD86 [P ¼ 0.030]) were sup-

pressed following exposure to ABT and ICS (Fig. 4).

These results demonstrate that assessment of HLA-DR alone

does not confirm monocyte function, but also the assessment

of a panel of activation markers as well as cytokine produc-

tion may be required.

ICS Reduced Dendritic Cell Immune Paralysis
Associated With ABT

The ability of myeloid dendritic cells to produce intracellular

cytokines in response to LPS exposure is another measure of

immune competence22. We added LPS to in vitro cultures to

assess immune competence following exposure to ABT and

ICS alternatively, to model bacterial infection. Impaired

production of dendritic cell IL-10 (P < 0.001), IL-12

(P < 0.0001), IL-1a (P ¼ 0.028), IL-6 (P ¼ 0.001), IP-10

(P ¼ 0.013), MCP-1 (P ¼ 0.003), MIP-1a, and MIP-1b
(P ¼ 0.042) was seen following exposure to ABT and ICS

(Fig. 5). However, the transfusion-associated suppression was

significantly improved considering production of IL-10, IL-12,

IL-1a, MIP-1a, and MIP-1b following ICS compared to ABT

(P < 0.05, Tukey’s post hoc test, Fig. 5).

In addition to production of proinflammatory cytokines

such as TNF-a and IL-12, dendritic cell maturation is asso-

ciated with upregulation of CD80 and CD86 expression27.

The inability of dendritic cells to respond with an adequate

expression of co-stimulatory and adhesion molecules when

exposed to LPS suggests immune paralysis13. Surprisingly,

we found exposure to ABT and ICS had no significant

impact on expression of HLA-DR in our model of bacterial

infection. However, exposure to ABT and ICS was associ-

ated with reduced expression of CD9 (P ¼ 0.001), CD38

(P ¼ 0.003), CD83 (P ¼ 0.001), and CD86 (P ¼ 0.10) in

the infection model (Fig. 5). Even though this reduction

occurred following both ABT and ICS, exposure to ICS

demonstrated an improved immune response. In the bacterial

infection model, dendritic cell expression of CD38, CD83,

and CD86 was comparable between the preoperative and

ICS groups (P < 0.05, Tukey’s post hoc test, Fig. 5). In

combination the improved expression of important surface

activation molecules and inflammatory response in the pres-

ence of ICS provide evidence that immune paralysis associ-

ated with transfusion of ABT can be overcome by using ICS.

ICS Reduced Monocyte Immune Paralysis
Associated With ABT

The capacity of monocytes to produce intracellular cyto-

kines in response to endotoxin exposure is important to

ensure an adequate defense against infection13. In our model

of bacterial infection, exposure to ABT and ICS impaired

monocyte production of IL-10 (P ¼ 0.001), IL-12

(P < 0.001), IL-1a (P ¼ 0.029), IL-6 (P ¼ 0.007), IP-10

(P ¼ 0.019), MIP-1a (P ¼ 0.002), and TNF-a (P ¼ 0.048,

Fig. 6). These results suggest that exposure to ABT and ICS

negatively impacts on the patient’s ability to respond against

infection. However, we provide evidence that ICS improves

the capacity to respond to bacterial infection considering that

suppression of monocyte IL-10, IL-12, IL-1a, and MIP-1a
was ameliorated by ICS (P < 0.05, Tukey’s post hoc test,

Fig. 6).

The inability of monocytes to respond with an adequate

expression of co-stimulatory and adhesion molecules when

exposed to LPS suggests immune paralysis26. As observed

for dendritic cells, we found exposure to ABT and ICS had

no significant impact on monocyte expression of HLA-DR

in our model of bacterial infection. Expression of monocyte

CD38 and CD83 was reduced following exposure to ABT

and ICS (Fig. 6). Compared to ABT, exposure to ICS was

associated with improved expression of CD83 (P < 0.05,

Tukey’s post hoc test, Fig. 6). The improved capacity of

monocytes to generate an inflammatory response and upre-

gulate cell activation markers following ICS compared to

ABT in our bacterial model demonstrates a reduction in

immune paralysis following ICS.

ICS Had Minimal Impact on the Overall
Leukocyte Response

The overall leukocyte response from ex vivo cultured blood

was used to assess cytokine response from all cell subsets.

Exposure to ABT and ICS was associated with increased

levels of IP-10 (P < 0.0001) and IFN-g (P ¼ 0.049, Fig.

7). For all cytokines measured, there was no difference in

the overall response following exposure to ABT versus ICS.

Exposure to ABT and ICS, in the LPS model, was associated

with reduced expression of IL-1a (P¼ 0.0146), TNF-a (P¼
0.021), IL-1b (P ¼ 0.043), and increased expression of IL-8

(P¼ 0.001), MCP-1 (P¼ 0.0451), and IL-10 (P¼ 0.058). In

the presence of LPS, ICS was associated with increased IL-8

expression but decreased IL-1a expression compared to

ABT. For the remaining cytokines there was little difference

in expression following exposure to ABT or ICS. IL-4,

IL-12, and IFN-a were at the limits of detection.

Discussion

ICS is a safe autologous alternative to ABT15. Considering

that the immune consequences of “foreign” blood transfu-

sion are postulated as a mechanism of TRIM4, this novel

study characterizes immune modulation following ABT and

ICS. Our results suggest there is potential to reduce immune

modulation (suppression) by using ICS. Dendritic cells play

a unique and specialized role positioned between the innate

and adaptive immune responses12. The normal protective

human immune response depends on the ability of dendritic

cells to produce cytokines28. The functional impairment of

cytokine production following surgery, trauma, or transfu-

sion represents the downregulation of the immune system

and may lead to increased susceptibility to infection and
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Figure 5. ICS reduced transfusion-related immune modulation of dendritic cells in a model of bacterial infection. Dendritic cell intracellular
cytokine production and expression of surface activation and adhesion molecules following exposure to standard allogenic blood or
autologous ICS. X axis: in vitro “transfusion” conditions, preoperative sample (Pre-Op, closed black circles), preoperative sample þ
ABO-compatible allogeneic blood (Pre-Op þ ABO, closed red squares), and preoperative sample þ their own cell salvage blood
(Pre-Op þ ICS, closed blue diamonds). Y axis: median fluorescent intensity of indicated cytokine or surface marker in gated dendritic cells
(Lin�, HLADRþ, CD11cþ). Analysis of variance indicated by bar and P-value with Tukey’s post-test indicated by *P < 0.05, **P < 0.01, ***P <
0.001, ****P < 0.0001.
HLA-DR: human leukocyte antigen DR phenotype; ICS: intraoperative cell salvage; IL: interleukin; MCP-1: monocyte chemoattractant
protein-1; MIP-1a: macrophage inflammatory protein-1 alfa; TNF-a: tumor necrosis factor alfa.
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Figure 6. ICS reduced transfusion-related immune modulation of monocytes in a model of bacterial infection. Monocyte intracellular
cytokine production and expression of surface activation and adhesion molecules following exposure to standard allogenic blood or
autologous ICS. X axis: in vitro “transfusion” conditions, preoperative sample (Pre-Op, closed black circles), preoperative sample þ
ABO-compatible allogeneic blood (Pre-Op þ ABO, closed purple squares), and preoperative sample þ their own cell salvage blood
(Pre-Op þ ICS, closed green diamonds). Y axis: median fluorescent intensity of indicated cytokine or surface marker in gated monocytes
(CD14þ). Analysis of variance indicated by bar and P-value with Tukey’s post-test indicated by *P < 0.05, **P < 0.01, ***P < 0.001,
****P < 0.0001.
HLA-DR: human leukocyte antigen DR phenotype; ICS: intraoperative cell salvage; IL: interleukin; MCP-1: monocyte chemoattractant
protein-1; MIP-1a: macrophage inflammatory protein-1 alfa; TNF-a: tumor necrosis factor alfa.
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worsened outcomes29,30. The results from this study con-

firmed that intracellular dendritic cell production of IL-12,

IL-1a, IL-6, IL-8, IP-10, MCP-1, MIP-1a, MIP-1b, TNF-a,

and IL-10 was modulated by ABT and ICS. Following ICS,

compared to ABT, an improved immune competence was

evident as reflected by the increased production of these

cytokines. The observed modulation of IL-6 and IL-1a pro-

duction from dendritic cells confirmed an improved response

following ICS. IL-8 is produced in response to inflammatory

stimuli and plays a role in chemotactic and stimulatory activ-

ity within the immune system31. In our study, improved

dendritic cell production of IL-8, IP-10, MCP-1, MIP-1a,

and MIP-1b in the ICS group suggests an improved chemo-

tactic ability. IL-10, as regulatory mediator, holds important

pro-inflammatory and anti-inflammatory functions and

ensures the activation of various immune pathways14. In our

study, dendritic cell production of IL-10 was reduced in the

ABT group but relatively improved in the ICS group, sug-

gesting improved immune mediation following ICS. Dendri-

tic cells are the first producers of IL-12 in response to

pathogens during infections and regulates T-lymphocyte and

natural killer cell responses and the production of IFN-g32.

The impaired ability to produce IL-12 (an essential central

mediator between the innate and adaptive immune

responses) increases a patient’s susceptibility to develop

postoperative sepsis33. Our study identified a significant

increase in the dendritic and monocyte production of

IL-12, following ICS compared to ABT. In our study, den-

dritic cell TNF-a production (important to ensure

T-lymphocyte, macrophage, and proinflammatory response

in sepsis)30,34 was reduced following ABT and comparably

increased following ICS. Co-stimulatory and adhesion mole-

cule expression on dendritic cells triggers intracellular sig-

nals responsible for the regulation of antigen

presentation12,35. In this study, the improved ability of den-

dritic cells to express CD9, CD38, CD40, CD83, and CD86

following ICS compared to ABT was confirmed. Dendritic

cell HLA-DR expression was increased following both

ABT and ICS, with the most significant improvement fol-

lowing ICS.

Figure 7. ICS had minimal impact on overall leukocyte inflamma-
tory response. Inflammatory markers were quantified from super-
natants of in vitro model. X axis: in vitro “transfusion” conditions,
preoperative sample (Pre-Op), preoperative sample þ ABO-
compatible allogeneic blood (Pre-Op þ ABO), and preoperative
sample þ their own cell salvage blood (Pre-Op þ ICS). Left panel:
no LPS data (open black circles). Right panel: þLPS (bacterial infec-
tion model, closed black circles). Y axis: level of indicated cytokine
(pg/ml). Analysis of variance indicated by bar and P-value with
Tukey’s post-test indicated by *P < 0.05, **P < 0.01, ***P < 0.001.
ICS: intraoperative cell salvage; IFN-g: interferon gamma; IL: inter-
leukin; LPS: lipopolysaccharide; MCP-1: monocyte chemoattractant
protein-1; MIP-1a: macrophage inflammatory protein-1 alfa; TNF-a:
tumor necrosis factor alfa.
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Changes to dendritic cell response following LPS stimu-

lation may represent the downregulation of the immune sys-

tem29. The increased dendritic cell IL-6, IL-1a, and IL-10

production following ICS suggests improved

pro-inflammatory systemic activation and regulation, com-

pared to ABT. ABT exposure reduced dendritic cell IL-12

production, and significantly improved following ICS. In

addition, improved chemotactic ability of dendritic cells

(i.e., superior production of MIP-1b) was seen following ICS

versus ABT. Dendritic cell maturation leads to release of

TNF-a, followed by surface remodeling and increased

CD80 and CD86 co-stimulatory molecule expression, to

generate a functional T-lymphocyte response30. When

dendritic cells are activated by LPS, co-stimulatory mole-

cules and HLA-DR are upregulated30,36. Downregulation

of HLA-DR early postoperatively is associated with a

significant increased risk of sepsis (odds ratio 2.9)37 and

increased mortality33,38. The expression of dendritic cell

co-stimulatory and adhesion molecules ensures activation

and regulation of various pathways within the adaptive

immune response39. In our study, expression of dendritic cell

CD9, CD38, and CD83 improved following ICS, suggesting

improved activation, cell migration, antigen presentation,

and T-lymphocyte regulation.

Pro-inflammatory and anti-inflammatory monocyte

responses are essential to ensure immune homeostasis

following surgery14. This study results confirmed that intra-

cellular monocyte production of IL-6, IL-1a, TNF-a, IL-10,

IL-12, IL-8, MIP-1a, and MIP-1b was modulated by

ABT and ICS. The monocyte production ability of IL-6,

TNF-a, and Il-1a following ICS suggested improved

pro-inflammatory competency. IL-10 is produced by circu-

lating monocytes, and other sources, for example, other

macrophages, lymphocytes in the liver, lung, kidney, myo-

cardium, and brain14. Il-10 is important as a potent inhibitor

of pro-inflammatory cytokines. In our study, monocyte Il-10

production was reduced flowing ABT but relatively

improved following ICS. Our study identified a significant

increase in the monocyte IL-12 and IL-8 production, follow-

ing ICS versus ABT. An improved monocyte production of

MIP-1a and MIP-1b (essential chemokines)22 and expres-

sion of HLA-DR, CD38, CD80, and CD86 followed ICS,

suggesting superior activation and regulation.

The increased monocyte IL-6 and IL-1a production follow-

ing LPS stimulation suggests improved pro-inflammatory sys-

temic activation30 evident following ICS versus ABT.

Impaired monocyte HLA-DR expression and inability to pro-

duce TNF-a in response to LPS exposure is referred to as

immunoparalysis13,14 and leads to a susceptibility to develop

postoperative infection40, worse outcomes, and increased mor-

tality13,25,26. During our infection model, reduced TNF-a pro-

duction followed ABT and ICS. IL-10 production was reduced

following ABT and relatively improved following ICS, con-

firming an improved regulatory ability following ICS. In addi-

tion, the improved expression of monocyte CD83 seen

following ICS may predict an associated postoperative

adverse outcome (infection-related) reduction.

Many laboratory-based TRIM studies assessed changes in

cytokine levels in patient plasma or supernatants from in

vitro models14,41. Although our study focused on specific

dendritic cell and monocyte responses, to facilitate compar-

ison with previous studies, we also assessed changes in over-

all leukocyte response following exposure to ABT and ICS

using an in vitro model. Our panel focused on inflammatory

markers associated with early-phase immune responses. In

the absence of LPS, minimal modulation of the overall

immune response occurred. Exposure to ABT and ICS

resulted in increased IP-10 and decreased IFN-g, with no

difference in response dependent on ABS or ICS. The

impaired production of TNF-a and IL-1b that occurs after

in vitro LPS stimulation is associated with worse outcomes

in patients with sepsis13,42. In line with previous publica-

tions13, in vitro LPS stimulation concurrent with ABT expo-

sure was associated with suppression of IL-1a, TNF-a, and

IL-1b and increased production of IL-8, MCP-1, and IL-10.

For the majority of cytokines studied (during overall leuko-

cyte production) there was no difference in response to LPS

following exposure to ICS versus ABT; however, ICS was

associated with increased production of chemokine IL-8 and

reduced production of pro-inflammatory cytokines IL-1a
and TNF-a. A reduction in overall TNF-a production capac-

ity is associated with increased infection-related postopera-

tive complications, Staphylococcus aureus co-infection, and

longer intensive care unit stay41,43–45. Understanding differ-

ences in specific immune pathways leading to differences in

expression of TNF-a, IL-1a, and IL-8 is important and

worthy of further study. This trio of cytokines are produced

in large quantities by neutrophils—the most numerous leu-

kocyte in peripheral blood. Therefore, the results of this

study suggest that specific analysis of neutrophil responses

would be warranted to further understand mechanisms asso-

ciated with immune competence following transfusion with

ABT and ICS. It is important to note that assessing super-

natants from ex vivo stimulation of peripheral blood cells is

not truly representative of the complexity of the biology

associated with changes in cytokine levels in patient plasma.

Conclusion

This study provides evidence of a different immune profile

and improved immune competence following transfusion of

ICS versus ABT. Despite the clinical evidence of the asso-

ciation between transfusion and immune modulation, the

precise mechanism(s) remain largely undefined. TRIM is

likely multifactorial and many adverse outcomes may be a

consequence of other confounding factors such as complex

surgery and/or patient comorbidities. As there is no consen-

sus on the definition of TRIM and in the absence of specific

diagnostic tests to define it, the importance of TRIM is sub-

ject of ongoing debate. The in vitro evidence provided in this

study is essential to support the benefits of ICS as an

12 Cell Transplantation



alternative to ABT. Rather than proving the presence of

TRIM, we provide evidence that the use of ICS as an alter-

native to ABT may improve immune competence and sub-

sequently reduce infection-related adverse outcomes. In

addition, this evidence may provide a method of testing to

use while studying the link between immune consequences

seen in clinical and in vitro studies. The results support our

hypothesis that adverse outcomes may be reduced by using

ICS instead of ABT, due to improved immune competence

following transfusion. Considering >800,000 red blood cell

units are transfused in Australia per year46, the value of ICS

as an alternative to ABT to improve immune competence

during surgery may be substantial.

Key Messages

� Dendritic cell and monocyte immune competence is

improved following ICS compared to ABT.

� Considering the complexity of the immune system, it

is important to study specific immune cell responses

in vitro in addition to plasma levels of cytokines to

clarify immunological changes that occur during

TRIM.
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