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Abstract  

Purpose of Review 

A host of immune modulators are now available in clinical practice. The perioperative period is 

characterised by profound alterations in host immunity, which can result in poor outcomes, which include 

infection, cancer recurrence and organ failure. Manipulation of the peri-operative immune response has 

the potential to improve outcomes. A complete understanding of the mechanisms and clinical 

consequences of altered immune function in this setting is therefore imperative.  

Recent findings 

Recent in vivo data has emerged which furthers our understanding of the interaction between tissue 

damage, immune modulation and clinical outcomes by utilising novel laboratory techniques capable of 

monitoring single cell immune signatures. Traditional gene expression assays have continued to 

demonstrate their utility and have been instrumental in defining the host response to perioperative 

allogeneic blood transfusion. These mechanistic studies are complemented by large clinical studies 

describing associations between anaesthetic modalities and immune-related outcomes.  

Summary 

Laboratory techniques are now available that can monitor the perioperative immune response and could 

be further developed to introduce personalised care pathways. Consideration must also be given to 

anaesthesia techniques and perioperative treatments that, whilst not immediately harmful, may be 

associated with poor outcomes temporally distant from the treatment, secondary to induced 

immunosuppression.   

  



	   3	  

Introduction 

Tissue damage is inevitable following major surgery and induces a complex host immune response. This 

is initiated by receptor-mediated detection of specific intracellular compounds released by damaged cells. 

These are collectively referred to as alarmins and they induce an inflammatory cascade, the ultimate aim 

of which is tissue repair and the restoration of homeostasis. However, inter-individual variability exists in 

the host response to alarmin release and a dysregulated, poorly coordinated immune response to tissue 

damage is a major contributor to perioperative organ injury and the development of a state of prolonged 

immunoparesis. Perioperative large-scale alterations in immune and inflammatory pathways are 

associated with many clinically important post-operative complications, which include infections, renal 

injury and cancer recurrence. In addition to tissue damage, many additional factors influence the 

perioperative host immune response. These include the administration of anaesthetic agents, regional 

anaesthesia, analgesics, anti-emetics, blood products and the underlying disease process. This review will 

discuss recent advances in our understanding of this response, potential triggers and the clinical 

consequences of altered perioperative immunity.    

 

The immune response to major tissue damage  

The immune response to major tissue damage has been extensively characterised [1*]. Although severe 

traumatic injury as a model provides information that is highly relevant and applicable to perioperative 

medicine, the picture is clouded by confounding influences such as hypoperfusion and the subsequent 

reperfusion injury, the frequent transfusion of allogenic blood products and neuro-inflammatory mediated 

changes secondary to an often coexisting traumatic brain injury [1*]. The key link between tissue damage 

and subsequent inflammation is the release of alarmins [2].  
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Alarmins, often termed Damage-Associated Molecular Pattern molecules (DAMPs), are a group of 

structurally diverse compounds released following tissue damage as cells undergo physiological stress or 

necrosis [3]. DAMPs are the endogenous equivalent of Pathogen Associated Molecular Pattern molecules 

(PAMPs) that initiate an immune response in the setting of infection.  Indeed, DAMPs such as high-

mobility-group box (HMGB) 1 and mitochondrial DNA (mtDNA) bear significant structural homology to 

their PAMP analogues and often activate the same pattern recognition receptors (PRRs) [3, 4]. This, in 

part, explains why the clinical pictures of severe sterile inflammation and sepsis can be difficult or 

impossible to distinguish. A wide variety of PRRs have been described including the membrane bound 

Toll-like receptors (TLRs) and the cytoplasmic NOD-like receptors (NLRs) [3, 5]. Activation of PRRs 

induces an enzymatic cascade, which results in down-stream phosphorylation of transcription factors such 

as NF-κB, which in turn alters cytokine transcription (Figure 1). Immune cell subtypes are activated 

dependent on their expression of specific PRRs on their cell surface at the time of alarmin release [5]. 

Alarmins not only activate this innate response but also provide a vital link between the innate and 

adaptive immune systems by activating antigen-presenting cells such as monocytes and dendritic cells [6].  

Until quite recently, studies exploring the inflammatory response to major tissue damage have been 

mainly limited to a reductionist approach where correlations have been sought between clinical end points 

and a limited number of candidate mediators. The success of this approach has varied depending on the 

end point chosen and the assay methodology, with quantitative polymerase chain reaction (qPCR) 

quantification of messenger RNA (mRNA) transcripts proving more sensitive than enzyme linked 

immunosorbant assays (ELISA) quantification of protein product. Levels of interleukin 6 (IL-6) and IL-

10 consistently rise in proportion to the extent of the tissue damage and levels are associated with a 

greater incidence of subsequent nosocomial infection [7-10]. As arguably the most potent anti-

inflammatory cytokine it is unsurprising that high IL-10 levels are associated with later infection. 

However, although IL-6 is traditionally considered a pro-inflammatory cytokine it also up-regulates 

suppressor of cytokine signalling (SOCS)-1 expression and inhibits T helper cell type 1 (Th1) 
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differentiation [11]. In this manner, IL-6 could plausibly exert an effect that limits effective host 

bactericidal capacity. Similarly, the expression of Human Leukocyte Antigen DR on the surface of 

monocytes (mHLA-DR) consistently falls following tissue damage and is related to nosocomial infection 

[12, 13]. Again this is unsurprising as the maintenance of adequate Major Histocompatibility Complex 

(MHC) class ΙΙ molecules such as HLA-DR on the surface of antigen presenting cells is crucial to 

maintain immune competence. Others have proposed genomic signatures where higher ratios of anti-

inflammatory to pro-inflammatory cytokines correlate with postoperative infection [14]. What remains 

elusive is the mechanism whereby alarmin release and the subsequent enzymatic cascades lead to an 

immunosuppressed phenotype and the survival advantage, if any, of this trait.  

Advances in technology recently permitted the simultaneous analysis of the leukocyte transcriptome of 

20,720 genes in patients following severe blunt trauma and burn injury in a landmark paper [15]. 

Following these stimuli, which would clearly result in significant alarmin release, 80% of cellular 

pathways and functions were altered. Innate immunity pathways, B-cell receptor signalling and IL-10 

signalling all demonstrated up-regulated gene expression whereas antigen presentation and T-cell 

activation were down-regulated. Importantly, it was the overall magnitude of the genomic alterations that 

correlated with nosocomial infections and organ impairment as opposed to differential activation of 

specific pathways. Although this snapshot of the transcriptome was within 12 hours of injury, in some 

cases patients had undergone extensive resuscitation and therefore this heterogeneous picture should be 

interpreted with caution in the context of the perioperative patient. This paper has however helped to re-

define the previously proposed bimodal inflammatory response model to tissue damage, suggesting 

concomitant activation of pro-inflammatory and anti-inflammatory pathways. 

Further application of advanced technology has seen investigators utilise mass cytometry to detect 

surgery-induced immune perturbations in clinical samples and relate these findings to post-operative 

recovery [16**]. Mass cytometry involves using antibodies to tag cellular components prior to nebulising 

the cells and then using a time of flight mass spectrometer for analysis. This complex technique has 
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extensively described the immune response in peripheral blood following elective hip arthroplasty and 

has demonstrated a time-dependent and cell type specific activation of immune signalling networks. Over 

the early post-operative period there is an expansion of Natural Killer (NK) cells, neutrophils and CD14+ 

monocytes, which is followed, within 24 hours, by contraction of CD4+ and CD8+ T cells. Most notable 

was a six-fold expansion of CD33+CD11b+CD14+HLA-DRlow monocytes with phenotypic similarities to 

myeloid derived suppressor cells (MDSCs). MDSCs are a heterogeneous group of immunosuppressive 

cells [17] that remain poorly defined in terms of cell surface markers and directly suppress T cell 

functions through a variety of mechanisms including the production of reactive oxygen species (ROS) 

[18] and Arginase-1 [19] as well as IL-10 and TGF-β release [20]. In addition to the monocyte derived 

MDSCs that expand following hip arthroplasty, a distinct subset of CD62Ldim neutrophil-derived MDSCs 

appear shortly after blunt trauma and tissue injury and induce T cell suppression in a Mac-1 (CD11b) 

dependent fashion [21, 22]. Further characterisation of the expansion of MDSCs in the post-operative 

period may provide a vital link between alarmin release and an immunosuppressed phenotype.  An 

analysis of surgery induced changes in the phosphorylation of intracellular signalling proteins in different 

immune subsets provides interesting correlations, particularly in the CD14+HLA-DRlow monocyte clusters 

where immune correlates, such as STAT3 signalling, account for up to 60% of the variability in post-

operative recovery [16]. It is particularly relevant that in another cohort pre-operative differences in 

monocyte STAT signalling pathways correlate to post-operative complications [23*]. 

These data demonstrate that our understanding of the immune response to surgery and tissue damage is 

rapidly expanding in tandem with available technology and provides opportunities for the identification of 

therapeutic targets and predictive biomarkers. 
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Anaesthesia, analgesics & the inflammatory response 

Whilst the presence of significant tissue damage exerts the dominant influence on altered perioperative 

immunity, the administration of anaesthetic agents has additional and complex effects. In the clinical 

scenario it can be very difficult to confidently separate the immune modulating effects of anaesthesia 

from the response to surgery and tissue damage and consequently much of the available mechanistic data 

is generated either from in vitro experimental work or animal models. Broadly speaking, the overriding 

effect of anaesthesia on the immune system is one of suppression and is mediated both directly and 

indirectly. Inhalational and intravenous anaesthetics induce lymphocyte apoptosis and impair neutrophil 

phagocytosis [24]. Secondary immunosuppressive effects are mediated through modulation of the neural 

immune-regulatory circuit and activation of cholinergic anti-inflammatory pathways and also as a 

consequence of altered adrenocortical functions [25]. Opioids are administered frequently during 

anaesthesia and their inhibition of innate and adaptive immunity is well described [26]. Natural killer 

cells, a key facet of innate immunity and host tumour surveillance, are suppressed by both anaesthesia and 

opioids [27]. Clearly, the choice of anaesthetic technique may have important clinical implications 

independent of the surgical procedure. The presence of an anaesthesia-induced immunocompromised 

phenotype may affect outcome in different ways but in the perioperative setting it is the creation of a pro-

tumour and pro-infection cytokine and inflammatory milieu that is of key concern. Cancer and infection 

are intimately linked as both flourish in an environment of T cell exhaustion and lymphocyte anergy, such 

as is observed in the perioperative period [28*]. It is also notable that both conditions themselves also 

induce this phenotype, which has additional implications for those patients with chronic infections and 

malignancies that undergo operative treatment.     

Although the hormonal stress response is not completed ablated by the use of regional anaesthesia, 

avoiding general anaesthesia is associated with a blunted response and lower peak levels of serum cortisol 

[29]. Interestingly, in a large cohort of patients undergoing knee arthroplasty the administration of 

neuraxial anaesthesia alone when compared to general anaesthesia alone was associated with a decreased 
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incidence of post-operative infections [30].  The odds of pneumonia occurrence were 0.51 in those 

patients receiving neuraxial anaesthesia alone when compared to general anaesthesia alone in this cohort. 

Whilst this study was not randomised it is important that the association remained following a propensity-

matched analysis. A strategy of limiting, but not excluding, inhalational and intravenous anaesthetics by 

combining epidural and general anaesthesia has suggested subtle advantages above general anaesthesia 

alone in terms of the duration of post-operative immunosuppression, reduction in absolute T lymphocyte 

count and the relative proportions of Th1, Th2 and Treg cell subsets [31, 32]. However, the clinical benefit 

of this combined approach remains unclear. A meta-analysis of studies comparing a technique of 

combined epidural and general anaesthesia versus general anaesthesia alone failed to convincingly 

demonstrate a benefit in terms of cancer recurrence [33]. However, in a review of nearly 400,000 patients 

undergoing hip or knee arthroplasty, whilst the benefit of neuraxial anaesthesia alone was replicated in 

terms of lesser infection risk any protective effect appeared markedly reduced in the cohort that received a 

combined general and regional anaesthesia technique [34]. In each of the above studies the absence of 

randomisation makes interpretation difficult. Consequently, these studies are prone to inherent biases 

making it impossible to draw definitive conclusions and they should be viewed as hypothesis generating. 

This viewpoint is supported by a recent consensus statement expressing concern that experimental 

evidence suggests a link between anaesthestic technique and cancer recurrence yet accepts that there is 

insufficient clinical evidence to justify any change in practice and calls for the conduct of definitive 

randomised clinical trials [35]. 

 

Common adjunctive perioperative treatments & inflammation  

Dexamethasone is frequently administered during anaesthesia as an effective prophylactic anti-emetic. 

Single doses have additional beneficial effects such as enhanced analgesia and reduced surgical site 

swelling. However, it is a potent glucocorticoid and even single doses can display effects on 
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adrenocortical functions a number of days following administration [36]. Although there is clear 

physiological rationale for implicating dexamethasone in enhancing the risk of postoperative infection the 

clinical data have been conflicting [37-39]. A recent meta-analysis of randomised controlled trials using 

single-dose dexamethasone found no association with post-operative infection [40]. These results should 

however be interpreted cautiously as the dexamethasone group also received less opioids, thereby 

introducing a potential source of bias. 

Other ubiquitously prescribed perioperative treatments with potential immunomodulating properties, such 

as paracetamol, NSAIDs and gabapentinoids, have not demonstrated clear associations with important 

immune outcomes such as infection [41].   

The immunomodulating qualities of perioperative allogenic blood transfusion have long been appreciated 

and have even been exploited to prevent renal allograft rejection in the era prior to the development of 

effective immunosuppressants [42]. The unintended clinical consequences of perioperative immune 

modulation by allogeneic blood, particularly following colorectal surgery, include an increased 

susceptibility to infectious complications and also cancer recurrence [43-45]. More recently, similar links 

between transfusion and cancer recurrence have also been reported following surgery for prostate, 

hepatic, and head-and-neck cancers [46-48]. Progress towards identifying a plausible mechanism has been 

made by our group’s identification of a pattern of gene expression, consistent with immunosuppression, 

associated with blood transfusion in two separate cohorts of patients; those undergoing major elective 

gastrointestinal surgery and also following severe traumatic injury [49*, 50*]. The observed pattern of 

cytokine production could classically be described as both a pro-infection and pro-tumour environment 

and indeed in the trauma cohort an association was also observed between blood transfusion and 

infectious complications [50*]. Interestingly, blood stored for prolonged periods prior to administration 

may be particularly deleterious with in vivo models suggesting that aged red blood cells may exert 

enhanced tumour progression [51]. Our group has also recently demonstrated that the severity of post-

traumatic immunosuppression is related to the duration of storage blood products thereby suggesting a 
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mechanistic link [52]. These data support the hypothesis that aged red blood cells may promote tumour 

recurrence and increase susceptibility to infectious complications through modulation of the immune 

system. 

 

Epigenetics and immune responsiveness 

Epigenetics is an umbrella term that describes host mechanisms of altering gene expression that do not 

require a change in the underlying DNA sequence. The enzymatic conversion of cytosine to 5-

methylcytosine and the methylation or acetylation of chromatin usually causes transcriptional repression 

by impeding access to promoter regions whereas the overexpression of micro RNAs (miRs) can both 

inhibit transcription and target messenger RNA (mRNA) for degradation.  Cancer research has pioneered 

the study of epigenetic modifications that promote an immunosuppressed phenotype thereby facilitating 

immune evasion by cancerous cells and has also been at the forefront of developing epigenetic modifying 

agents that can target these processes [53*]. In the perioperative period epigenetic studies have largely 

focused on acute and chronic pain processes, although data supportive of a key role in inflammation and 

immunosuppression have emerged [54]. For example, the use of opioids in the perioperative period 

promotes global DNA methylation in peripheral blood leukocytes [55]. This is consistent with the 

transcriptional repression of pro-inflammatory genes, which may have longer-term implications as 

epigenetic alterations persist. Furthermore, our group have described the post-traumatic production of 

miRNAs with sequence complementarity to the mRNA transcripts of key cytokines whose expression 

levels change markedly following tissue damage [56]. This may represent an epigenetic regulation of the 

response to tissue damage through the targeted degradation of pro-inflammatory mRNAs by miRs. In this 

setting miR levels also correlate with nosocomial pneumonia. Although the study of epigenetics in the 

perioperative period is in its infancy the therapeutic and diagnostic implications may be substantial.     
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Conclusions 

Rapid advances in our understanding of perioperative inflammatory processes, their causes and 

consequences coincides with development of multiple, clinically applicable immune and epigenetic 

modulators such as growth factors, antibodies, DNA hypomethylating agents, histone deacetylase 

inhibitors and micro RNA mimics. The prospect of manipulating an errant immune response to major 

surgery is no longer aspirational. Personalised medicine has become a reality for many patients suffering 

from a variety of immune related disorders such as myelodysplasia, rheumatoid arthritis and 

inflammatory bowel disease. These patients now routinely benefit from therapies that target specific 

facets of a pathological immune response and the challenge for perioperative medicine is to distinguish 

between protective and pathogenic immune responses in the perioperative period and to identify 

modifiable immune pathways that when altered can impact on important clinical endpoints. 

Uniquely, the elective nature of the majority of surgical procedures introduces the possibility of 

developing a pre-emptive, preventative, immunotherapy strategy that may ultimately prove advantageous. 

The potential for pre-emptive or early therapies for those undergoing scheduled procedures vastly 

increases the prospects of success of any intervention for the perioperative patient. To achieve this 

ultimate aim basic scientists must continue to define pathological inflammatory pathways and collaborate 

with translational scientists identifying interventions suitable for clinical use. Clinical trialists must also 

be engaged with this process so that potential patient benefits are revealed in well-designed clinical trials. 
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Key Points 

 

1. The immunological response to tissue damage is broad but predominately 

immunosuppressive in nature. 

2. Anaesthetic technique plays a key role in modulating the immune response, with 

neuraxial anaesthesia potentially reducing the incidence of nocosomial infections 

through the avoidance of general anaesthetic agents. 

3. The role of allogeneic blood transfusion augments the immune response seen to 

tissue damage. 

4. Laboratory techniques are now available that can monitor the perioperative 

immune response and could be further developed to introduce personalised care 

pathways to manipulate an errant immune response.  

 

 

  



	   13	  

Acknowledgements 
 
This work was supported by grants from Barts and the London Charity, the Intensive Care Society, the 

Isaac Schapera Trust & the Royal College of Surgeons of England.  



	   14	  

References 

*1.	   Lord	  JM,	  Midwinter	  MJ,	  Chen	  YF,	  et	  al.	  The	  systemic	  immune	  response	  to	  trauma:	  an	  overview	  

of	  pathophysiology	  and	  treatment.	  Lancet	  2014;	  384(9952):1455-‐1465.	  

Annotation: This is the current and most up to date review regarding the immunological response to trauma. 

2.	   Oppenheim	   JJ,	   Yang	   D.	   Alarmins:	   chemotactic	   activators	   of	   immune	   responses.	   Curr	   Opin	  

Immunol	  2005;	  17(4):359-‐365.	  

3.	   Chan	  JK,	  Roth	  J,	  Oppenheim	  JJ,	  et	  al.	  Alarmins:	  awaiting	  a	  clinical	   response.	   J	  Clin	   Invest	  2012;	  

122(8):2711-‐2719.	  

4.	   Akira	  S,	  Takeda	  K.	  Toll-‐like	  receptor	  signalling.	  Nat	  Rev	  Immunol.	  2004;	  4(7):499-‐511.	  

5.	   Manson	   J,	   Thiemermann	   C,	   Brohi	   K.	   Trauma	   alarmins	   as	   activators	   of	   damage-‐induced	  

inflammation.	  Br	  J	  Surg	  2012;	  99	  (Suppl.	  1):12-‐20.	  

6.	   Bianchi	   ME,	   Manfredi	   AA.	   High-‐mobility	   group	   box	   1	   (HMGB1)	   protein	   at	   the	   crossroads	  

between	  innate	  and	  adaptive	  immunity.	  Immunol	  Rev	  2007;	  220:35-‐46.	  

7.	   Mokart	   D,	   Leone	   M,	   Sannini	   A,	   et	   al.	   Predictive	   perioperative	   factors	   for	   developing	   severe	  

sepsis	  after	  major	  surgery.	  Br	  J	  Anaesth	  2005;	  95(6):776-‐781.	  

8.	   Giannoudis	   PV,	   Smith	   RM,	   Perry	   SL,	   et	   al.	   Immediate	   IL-‐10	   expression	   following	   major	  

orthopaedic	  trauma:	  relationship	  to	  anti-‐inflammatory	  response	  and	  subsequent	  development	  of	  sepsis.	  

Intensive	  Care	  Med	  2000;	  26(8):1076-‐1081.	  

9.	   Baigrie	  RJ,	  Lamont	  PM,	  Kwiatkowski	  D,	  et	  al.	  Systemic	  cytokine	  response	  after	  major	  surgery.	  Br	  

J	  Surg	  1992;	  79(8):757-‐760.	  

10.	   Fragkou	   P,	   Torrance	   HD,	   Ackland	   G,	   et	   al.	  Major	   gastrointestinal	   surgery	   is	   associated	  with	   a	  

specific	   gene	   expression	   profile	   that	   is	   quantitatively	   associated	   with	   infectious	   complications.	   Eur	   J	  

Anaesthesiol	  2014;	  31(Suppl.52):14.	  



	   15	  

11.	   Diehl	   S,	   Rincon	   M.	   The	   two	   faces	   of	   IL-‐6	   on	   Th1/Th2	   differentiation.	   Mol	   Immunol	   2002;	  

39(9):531-‐536.	  

12.	   Wakefield	   CH,	   Carey	   PD,	   Foulds	   S,	   et	   al.	   Changes	   in	  major	   histocompatibility	   complex	   class	   II	  

expression	   in	   monocytes	   and	   T	   cells	   of	   patients	   developing	   infection	   after	   surgery.	   Br	   J	   Surg	   1993;	  

80(2):205-‐209.	  

13.	   Cheron	   A,	   Floccard	   B,	   Allaouchiche	   B,	   et	   al.	   Lack	   of	   recovery	   in	   monocyte	   human	   leukocyte	  

antigen-‐DR	  expression	  is	  independently	  associated	  with	  the	  development	  of	  sepsis	  after	  major	  trauma.	  

Crit	  Care	  2010;	  14(6):R208.	  

14.	   White	   M,	   Martin-‐Loeches	   I,	   Lawless	   MW,	   et	   al.	   Hospital-‐acquired	   pneumonia	   after	   lung	  

resection	   surgery	   is	   associated	   with	   characteristic	   cytokine	   gene	   expression.	   Chest	   2011;	   139(3):626-‐

632.	  

15.	   Xiao	  W,	  Mindrinos	  MN,	  Seok	   J,	  et	  al.	  A	  genomic	  storm	   in	  critically	   injured	  humans.	   J	  Exp	  Med	  

2011;	  208(13):2581-‐2590.	  

**16.	   Gaudilliere	  B,	  Fragiadakis	  GK,	  Bruggner	  RV,	  et	  al.	  Clinical	  recovery	  from	  surgery	  correlates	  with	  

single-‐cell	  immune	  signatures.	  Sci	  Transl	  Med	  2014;	  6(255):255ra131.	  

Annotation: This paper uses mass cytometry to characterise the immunological response to orthopaedic surgery. 

Describing changes to cellular populations and signalling pathways following tissue damage It highlights the 

important role that CD14+ monocytes play in recovery, particularly with regard to STAT3 (signal transducer and 

activator of transcription), CREB (adenosine 3′,5′-monophosphate response element–binding protein), and NF-kB 

(nuclear factor Kappa-light-chain-enhancer of activated B cells) mediated signalling. 

17.	   Gabrilovich	  DI,	  Bronte	  V,	  Chen	  SH,	  et	  al.	  The	  terminology	   issue	  for	  myeloid-‐derived	  suppressor	  

cells.	  Cancer	  Res	  2007;	  67(1):425;	  author	  reply	  426.	  

18.	   Schmielau	  J,	  Finn	  OJ.	  Activated	  granulocytes	  and	  granulocyte-‐derived	  hydrogen	  peroxide	  are	  the	  

underlying	  mechanism	  of	  suppression	  of	   t-‐cell	   function	   in	  advanced	  cancer	  patients.	  Cancer	  Res	  2001;	  

61(12):4756-‐4760.	  



	   16	  

19.	   Highfill	  SL,	  Rodriguez	  PC,	  Zhou	  Q,	  et	  al.	  Bone	  marrow	  myeloid-‐derived	  suppressor	  cells	  (MDSCs)	  

inhibit	  graft-‐versus-‐host	  disease	  (GVHD)	  via	  an	  arginase-‐1-‐dependent	  mechanism	  that	  is	  up-‐regulated	  by	  

interleukin-‐13.	  Blood	  2010;	  116(25):5738-‐5747.	  

20.	   Ostrand-‐Rosenberg	   S,	   Sinha	   P.	   Myeloid-‐derived	   suppressor	   cells:	   linking	   inflammation	   and	  

cancer.	  J	  Immunol	  2009;	  182(8):4499-‐4506.	  

21.	   Pillay	  J,	  Kamp	  VM,	  van	  Hoffen	  E,	  et	  al.	  A	  subset	  of	  neutrophils	  in	  human	  systemic	  inflammation	  

inhibits	  T	  cell	  responses	  through	  Mac-‐1.	  J	  Clin	  Invest	  2012;	  122(1):327-‐336.	  

22.	   Pillay	   J,	   Tak	  T,	  Kamp	  VM,	  et	  al.	   Immune	  suppression	  by	  neutrophils	  and	  granulocytic	  myeloid-‐

derived	  suppressor	  cells:	  similarities	  and	  differences.	  Cell	  Mol	  Life	  Sci	  2013;70(20):3813-‐3827.	  

*23.	   Lahiri	  R,	  Derwa	  Y,	  Bashir	  Z,	  et	  al.	  Systemic	   inflammatory	  response	  syndrome	  (SIRS)	  after	  major	  

abdominal	  surgery	  is	  predicted	  by	  early	  upregulation	  of	  TLR4	  and	  TLR5.	  Ann	  Surg	  2015.	  (In	  Press).	  

Annotation: This paper, amongst other things, identifies a cohort patients undergoing high-risk abdominal surgery 

with an increased preoperative Interferon alpha-mediated STAT1 phosphorylation that went on to develop a late 

Systemic Inflammatory Response Syndrome (SIRS) postoperatively. 

24.	   Matsuoka	  H,	  Kurosawa	  S,	  Horinouchi	  T,	  et	  al.	  Inhalation	  anesthetics	  induce	  apoptosis	  in	  normal	  

peripheral	  lymphocytes	  in	  vitro.	  Anesthesiology	  2001;	  95(6):1467-‐1472.	  

25.	   Picq	  CA,	  Clarencon	  D,	   Sinniger	  VE,	   et	   al.	   Impact	  of	  Anesthetics	   on	   Immune	  Functions	   in	   a	  Rat	  

Model	  of	  Vagus	  Nerve	  Stimulation.	  PLoS	  One	  2013;	  8(6):e67086.	  

26.	   Vallejo	  R,	  de	  Leon-‐Casasola	  O,	  Benyamin	  R.	  Opioid	  therapy	  and	   immunosuppression:	  a	  review.	  

Am	  J	  Ther	  2004;	  11(5):354-‐365.	  

27.	   Markovic	  SN,	  Knight	  PR,	  Murasko	  DM.	   Inhibition	  of	   interferon	   stimulation	  of	  natural	   killer	   cell	  

activity	  in	  mice	  anesthetized	  with	  halothane	  or	  isoflurane.	  Anesthesiology	  1993;78(4):700-‐706.	  

*28.	   Hotchkiss	  RS,	  Moldawer	  LL.	  Parallels	  between	  cancer	  and	  infectious	  disease.	  N	  Engl	  J	  Med	  2014;	  

371(4):380-‐383.	  



	   17	  

Annotation: This review article explores the links between malignancy and chronic infection in terms of 

immune response and the implications for potential novel pharmacotherapy in sepsis utilising current 

cancer medications.  

29.	   Milosavljevic	  SB,	  Pavlovic	  AP,	  Trpkovic	  SV,	  et	  al.	   Influence	  of	   spinal	  and	  general	  anesthesia	  on	  

the	  metabolic,	  hormonal,	  and	  hemodynamic	  response	  in	  elective	  surgical	  patients.	  Med	  Sci	  Monit	  2014;	  

20:1833-‐1840.	  

30.	   Liu	   J,	   Ma	   C,	   Elkassabany	   N,	   et	   al.	   Neuraxial	   anesthesia	   decreases	   postoperative	   systemic	  

infection	  risk	  compared	  with	  general	  anesthesia	  in	  knee	  arthroplasty.	  Anesth	  Analg	  2013;	  117(4):1010-‐

1016.	  

31.	   Chen	  WK,	  Ren	  L,	  Wei	  Y,	  et	  al.	  General	  anesthesia	  combined	  with	  epidural	  anesthesia	  ameliorates	  

the	   effect	   of	   fast-‐track	   surgery	   by	  mitigating	   immunosuppression	   and	   facilitating	   intestinal	   functional	  

recovery	  in	  colon	  cancer	  patients.	  Int	  J	  Colorectal	  Dis	  2015.	  (ePub	  ahead	  of	  print	  Jan	  13)	  

32.	   Cheng	   YC,	   Cheng	   XB,	   Li	   XJ,	   et	   al.	   Combined	   general	   and	   regional	   anesthesia	   and	   effects	   on	  

immune	  function	  in	  patients	  with	  benign	  ovarian	  tumors	  treated	  by	  laparoscopic	  therapy.	  Int	  J	  Clin	  Exp	  

Med	  2013;	  6(8):716-‐719.	  

33.	   Pei	  L,	  Tan	  G,	  Wang	  L,	  et	  al.	  Comparison	  of	  combined	  general-‐epidural	  anesthesia	  with	  general	  

anesthesia	  effects	  on	  survival	  and	  cancer	  recurrence:	  a	  meta-‐analysis	  of	  retrospective	  and	  prospective	  

studies.	  PLoS	  One	  2014;	  9(12):e114667.	  

34.	   Memtsoudis	   SG,	   Sun	   X,	   Chiu	   YL,	   et	   al.	   Perioperative	   comparative	   effectiveness	   of	   anesthetic	  

technique	  in	  orthopedic	  patients.	  Anesthesiology	  2013;	  118(5):1046-‐1058.	  

35.	   Buggy	  DJ,	  Borgeat	  A,	  Cata	  J,	  et	  al.	  Consensus	  statement	  from	  the	  BJA	  Workshop	  on	  Cancer	  and	  

Anaesthesia.	  Br	  J	  Anaesth	  2015;	  114(1):2-‐3.	  



	   18	  

36.	   Elston	  MS,	   Conaglen	   HM,	   Hughes	   C,	   et	   al.	   Duration	   of	   cortisol	   suppression	   following	   a	   single	  

dose	   of	   dexamethasone	   in	   healthy	   volunteers:	   a	   randomised	   double-‐blind	   placebo-‐controlled	   trial.	  

Anaesth	  Intensive	  Care	  2013;	  41(5):596-‐601.	  

37.	   Bolac	   CS,	  Wallace	  AH,	   Broadwater	  G,	   et	   al.	   The	   impact	   of	   postoperative	   nausea	   and	   vomiting	  

prophylaxis	   with	   dexamethasone	   on	   postoperative	   wound	   complications	   in	   patients	   undergoing	  

laparotomy	  for	  endometrial	  cancer.	  Anesth	  Analg	  2013;	  116(5):1041-‐1047.	  

38.	   Percival	   VG,	  Riddell	   J,	   Corcoran	   TB.	   Single	   dose	  dexamethasone	   for	   postoperative	  nausea	   and	  

vomiting-‐-‐a	  matched	   case-‐control	   study	   of	   postoperative	   infection	   risk.	   Anaesth	   Intensive	   Care	   2010;	  

38(4):661-‐666.	  

39.	   Corcoran	  TB,	  Truyens	  EB,	  Ng	  A,	  et	  al.	  Anti-‐emetic	  dexamethasone	  and	  postoperative	   infection	  

risk:	  a	  retrospective	  cohort	  study.	  Anaesth	  Intensive	  Care	  2010;	  38(4):654-‐660.	  

40.	   Waldron	  NH,	  Jones	  CA,	  Gan	  TJ,	  et	  al.	  Impact	  of	  perioperative	  dexamethasone	  on	  postoperative	  

analgesia	  and	  side-‐effects:	  systematic	  review	  and	  meta-‐analysis.	  Br	  J	  Anaesth	  2013;	  110(2):191-‐200.	  

41.	   Mathiesen	  O,	  Wetterslev	   J,	   Kontinen	   VK,	   et	   al.	   Adverse	   effects	   of	   perioperative	   paracetamol,	  

NSAIDs,	   glucocorticoids,	   gabapentinoids	   and	   their	   combinations:	   a	   topical	   review.	   Acta	   Anaesthesiol	  

Scand	  2014;	  58(10):1182-‐1198.	  

42.	   Opelz	   G,	   Terasaki	   PI.	   Improvement	   of	   kidney-‐graft	   survival	   with	   increased	   numbers	   of	   blood	  

transfusions.	  N	  Engl	  J	  Med	  1978;	  299(15):799-‐803.	  

43.	   Amato	  A,	  Pescatori	  M.	  Perioperative	  blood	  transfusions	  for	  the	  recurrence	  of	  colorectal	  cancer.	  

Cochrane	  Database	  Syst	  Rev	  2006(1):	  CD005033.	  

44.	   Cata	   JP,	   Wang	   H,	   Gottumukkala	   V,	   et	   al.	   Inflammatory	   response,	   immunosuppression,	   and	  

cancer	  recurrence	  after	  perioperative	  blood	  transfusions.	  Br	  J	  Anaesth	  2013;	  110(5):690-‐701.	  



	   19	  

45.	   Jensen	   LS,	   Andersen	   AJ,	   Christiansen	   PM,	   et	   al.	   Postoperative	   infection	   and	   natural	   killer	   cell	  

function	  following	  blood	  transfusion	  in	  patients	  undergoing	  elective	  colorectal	  surgery.	  Br	  J	  Surg	  1992;	  

79(6):513-‐516.	  

46.	   Soubra	  A,	  Zabell	  JR,	  Adejoro	  O,	  et	  al.	  Effect	  of	  Perioperative	  Blood	  Transfusion	  on	  Mortality	  for	  

Major	  Urologic	  Malignancies.	  Clin	  Genitourin	  Cancer	  2014.	  (ePub	  ahead	  of	  print	  Dec	  18)	  

47.	   Schiergens	  TS,	  Rentsch	  M,	  Kasparek	  MS,	  et	  al.	  Impact	  of	  perioperative	  allogeneic	  red	  blood	  cell	  

transfusion	  on	   recurrence	  and	  overall	   survival	  after	   resection	  of	   colorectal	   liver	  metastases.	  Dis	  Colon	  

Rectum	  2015;	  58(1):74-‐82.	  

48.	   Danan	  D,	   Smolkin	  ME,	  Varhegyi	  NE,	  et	   al.	   Impact	  of	  blood	   transfusions	  on	  patients	  with	  head	  

and	  neck	  cancer	  undergoing	  free	  tissue	  transfer.	  Laryngoscope	  2015;	  125(1):86-‐91.	  

*49.	   Fragkou	  PC,	  Torrance	  HD,	  Pearse	  RM,	  et	  al.	  Perioperative	  blood	  transfusion	  is	  associated	  with	  a	  

gene	   transcription	   profile	   characteristic	   of	   immunosuppression:	   a	   prospective	   cohort	   study.	   Crit	   Care	  

2014;	  18(5):541.	  

Annotation: This in vivo description of the perioperative immune response following blood transfusion 

suggests a mechanistic link between blood transfusion and an immune response that could promote 

tumour growth and increase susceptibility to infectious complications. Importantly, this is independent of 

the severity of the surgical insult. 

*50.	   Torrance	   HD,	   Brohi	   K,	   Pearse	   RM,	   et	   al.	   Association	   Between	   Gene	   Expression	   Biomarkers	   of	  

Immunosuppression	   and	   Blood	   Transfusion	   in	   Severely	   Injured	   Polytrauma	   Patients.	   Ann	   Surg	   2014;	  

261(4):751-‐9.	  	  

Annotation: This in vivo study proposes a potential mechanistic link between blood transfusion, immune 

modulation and an increase in infectious complications.  

51.	   Atzil	  S,	  Arad	  M,	  Glasner	  A,	  et	  al.	  Blood	  transfusion	  promotes	  cancer	  progression:	  a	  critical	  role	  

for	  aged	  erythrocytes.	  Anesthesiology	  2008;	  109(6):989-‐997.	  



	   20	  

52.	   Torrance	  HD,	  Vivian	  ME,	  Brohi	  K,	  et	  al.	  Changes	  in	  gene	  expression	  following	  trauma	  are	  related	  

to	  the	  age	  of	  transfused	  packed	  red	  blood	  cells.	  J	  Trauma	  Acute	  Care	  Surg	  2015;	  78(3):535-‐542.	  

*53.	   Héninger	   E,	   Krueger	   TEG,	   Lang	   JM.	   Augmenting	   antitumor	   immune	   responses	  with	   epigenetic	  

modifying	  agents.	  Front	  Immunol	  2015;	  6(29):1-‐14.	  

Annotation: This review article summarises the available treatments that target specific epigenetic 

process in order to restore immune homeostasis.  

54.	   Lirk	  P,	   Fiegl	  H,	  Weber	  NC,	  et	   al.	   Epigenetics	   in	   the	  Perioperative	  Period.	  Br	   J	  Pharmacol	  2014.	  

(ePub	  ahead	  of	  print	  Jul	  30)	  

55.	   Doehring	   A,	   Oertel	   BG,	   Sittl	   R,	   et	   al.	   Chronic	   opioid	   use	   is	   associated	   with	   increased	   DNA	  

methylation	  correlating	  with	  increased	  clinical	  pain.	  Pain	  2013;	  154(1):15-‐23.	  

56.	   Owen	   HC,	   Torrance	   HD,	   Brohi	   K,	   et	   al.	   MicroRNA-‐regulated	   immunosuppression	   in	   severely	  

injured	  polytrauma	  patients.	  Intensive	  Care	  Medicine	  Experimental	  2014;	  2(Suppl.	  1):P84.	  

 

  



	   21	  

Legend 

Fig. 1: Pathways of immune activation following tissue damage 

Tissue damage leads to the release of Damage Activated Molecular Patterns (DAMPs) into the 

circulation, in this case illustrated by high-mobility-group box (HMGB) 1 and mitochondrial DNA 

(mtDNA), causing activation of pattern recognition receptors (PRRs). DAMPs also independently 

activate neutrophils, monocytes and dendritic cells.  

Activation of PRRs causes the triggering of signalling pathways and transcription factors such as NF-kB. 

NF-kB then translocates to the nucleus, promoting cytokine gene transcription. Protein translation results 

in the secretion of cytokines and chemokines.  

Postoperatively, increases in neutrophils, monocytes and natural killer (NK) cells are seen along with later 

decreases in CD4+ and CD8+ T-cells. IL-6 and IL-10 consistently increase during this phase and IL-10 is 

associated with downregulation of HLA-DR expression on the surface of circulating monocytes. 

Immunosuppressive Treg cells and myeloid derived suppressor cells (MDSCs) increase postoperatively. 

MDSCs cause T-cells suppression via the secretion of reactive oxygen species (ROS), arginine-1 as well 

as the immunosuppressive cytokines, IL-10 and TGF-β, amongst other mechanisms. Treg cells are known 

producers immunosuppressive cytokines; IL-10, TGF-β and IL-4. 

The transfusion of blood and blood products is known to contribute to this immunosuppressive 

environment, while anaesthetics and opioids cause increase T-cell apoptosis, impair neutrophil 

phagocytosis and suppress NK cells suppression. Anaesthetics mediate secondary effects through altered 

adrenocortical function and central mechanisms. 
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