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SUMMARY Even with strict implementation of preventive measures, surgical site
infections (SSIs) remain among the most prevalent health care-associated infections.
New strategies to prevent SSIs would thus have a huge impact, also in light of
increasing global rates of antimicrobial drug resistance. Considering the indispensa-
ble role of innate immune cells in host defense in surgical wounds, enhancing their
function may represent a potential strategy for prevention of SSls. Trained immunity
is characterized by metabolic, epigenetic, and functional reprogramming of innate
immune cells. These functional changes take place at multiple levels, namely, at the
level of bone marrow precursors, circulating innate immune cells, and resident tissue
macrophages. Experimental studies have shown that induction of trained immunity

can protect against various infections. Increasing evidence suggests that it may also Citation ter Steeg L, Dominguez-Andrés J,
lower the risk and severity of SSls. This may occur through several different mecha- Netea MG, Joosten LAB, van Crevel R. 2021.
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nisms. First, trained immunity enhances local host defense against soft tissue infec- RSt AT A S B S S5 el
) ) ) surgical site infections. Clin Microbiol Rev 34:
tions, including those caused by Staphylococcus aureus, the most common cause of €00049-21. https://doi.org/10.1128/CMR.00049

SSls. Second, training effects on nonimmune cells such as fibroblasts have been 21
shown to improve wound repair. Third, trained immunity may prevent or reverse the EA‘?PVE?’Tt@z:”Z;vAQ:e;@” SO;‘etny'
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There are multiple approaches to inducing trained immunity, such as vaccination Crevel, Reinoutvancrevel@radboudumc.nl.
with the bacillus Calmette-Guérin (BCG) tuberculosis vaccine, topical administration Published 29 September 2021

of B-glucan, or treatment with the Toll-like receptor 7 agonist imiquimod. Clinical-
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experimental studies should establish if and how induction of trained immunity can
best help prevent SSlIs and what patient groups would most benefit.

KEYWORDS postoperative immunosuppression, surgical site infections, tissue repair,
trained immunity

INTRODUCTION

urgical site infections (SSlIs) are infections of the soft tissues and organs after surgery

(1). SSls arise upon disruption of the balance between host defense mechanisms and
bacterial load or virulence (2). Many risk factors contributing to the disruption of this delicate
balance have been identified. These risk factors are generally divided into patient-related
and procedure-related risk factors (Table 1). Strategies for the prevention of SSIs focus on
both sides of this balance by improving host defense and also by reducing the risk of
bacterial contamination.

Despite strict implementation of preventive measures, SSIs remain one of the most
prevalent health care-associated infections. In the United States, almost 2% of surgical
procedures are complicated with an SSI (3). This adds up to annual 290,000 SSls in the
United States alone (4). SSIs are a substantial cause of morbidity, prolonged hospitalization,
readmission, and death. SSls are therefore a prominent burden for the health care system,
with extensive clinical and economic impact (5). In addition, SSls are increasingly caused by
antimicrobial-resistant pathogens, and surgical patients present more commonly with comor-
bidities (6, 7). This increases the challenge and costs of treating SSIs and emphasizes the need
for additional preventive measures (8, 9).

Trained immunity or innate immune memory can possibly form a new strategy for the
prevention of SSls. Trained immunity is a recently described process that indicates the non-
specific immune memory of the innate immune system. Training of innate immune cells is
mediated by the activation of pattern recognition receptors by an initial inflammatory stimu-
lus (e.g., B-glucan, bacillus Calmette-Guérin [BCG], oxidized low-density lipoprotein [oxLDL],
urate). This leads to epigenetic reprogramming and metabolic rewiring of innate immune
cells, resulting in functional changes that enable a stronger immune response to secondary
stimuli, thereby enhancing host protection (10). Considering the role of the innate immune
system in host defense of surgical wounds (11), trained immunity might provide insights for
new preventive measures for SSls. Therefore, the purpose of this review is to evaluate the fea-
sibility of trained immunity induction for prevention of SSls.

First, protection by trained immunity against bacterial infections—specifically against
surgical site infections—is discussed. Second, the effects of trained immunity on wound
healing are debated. Lastly, we will consider the effects of training on postoperative
immunosuppression and propose several ideas for inducing trained immunity for prevention
of SSls.

TABLE 1 Risk factors for surgical site infections?

Risk factor type Risk factors

Patient related Increased age, nutritional status, diabetes mellitus, obesity, alcoholism, smoking, immunosuppression (primary or
secondary immunodeficiencies, immunosuppressive drugs, chemotherapy), history of skin or soft tissue infection,
recent radiotherapy, preoperative albumin < 3.5 mg/dl, total bilirubin > 1.0 mg/dl, coexistent infection at a remote
body site, colonization with microorganisms

Procedure related

Preoperative Inadequate skin preparation; hair removal method; inappropriate antibiotic choice, timing, and dosing; length of preoperative
stay
Procedure Increased complexity of procedure, long duration of operation, blood transfusion, surgical technique, poor hemostasis, failure
to eliminate dead space, tissue trauma, poor glycemic control, hypothermia, inadequate oxygenation, breach in asepsis
Facility, equipment and Inadequate ventilation, increased operating room traffic, contaminated environmental surfaces, nonsterile equipment,
personnel inadequate gloving, inappropriate surgical scrub
Postoperative Higher wound classification, surgical drains, foreign material in the surgical site

9Based on data from references 2, 134, and 135.
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FIG 1 Trained immunity response. Trained immunity is defined as an increased nonspecific innate
immune response to (unrelated) pathogens after exposure to an initial stimulus.

MOLECULAR MECHANISMS OF TRAINED IMMUNITY

The immune system is classically divided into the innate and adaptive immune systems.
The innate immune system consists of both myeloid (e.g., macrophages, monocytes, neutro-
phils) and lymphoid cells (e.g., NK cells, ¥5 T cells, innate lymphoid cells) and is characterized
as a rapid, nonspecific responder to insults. The adaptive immune system (T and B cells)
responds much slower, but in a highly specific way, with the ability to generate immunolog-
ical memory and protection against recurrent infections. However, this general view has
been challenged by several studies showing that innate immune cells are able to mount a
nonspecific immunological memory, which is called “trained immunity” (Fig. 1) (12).

Trained immunity or innate immune memory is mediated via epigenetic, metabolic,
and functional reprogramming of innate immune cells. An initial inflammatory stimulus
(e.g., vaccination [BCG], pathogen [B-glucan], oxLDL) leads to activation of pattern recognition
receptors (PRRs) by pathogen-associated molecular patterns (PAMPs) or damage-associated
molecular patterns (DAMPs) (13). Following activation, PRRs initiate intracellular pathways that
result in expression of genes important for host defense. After the initial stimulus is eliminated,
gene transcription returns to baseline. Nevertheless, sustained changes are induced in innate
immune cells by metabolic rewiring and epigenetic reprogramming (10). These changes result
in an enhanced accessibility of particular genes, allowing more robust gene expression upon a
subsequent encounter to (unrelated) pathogens (14, 15), with an increase in proinflammatory
cytokine production (interleukin-1 beta [IL-13], IL-6, tumor necrosis factor alpha [TNF-«]) and
microbicidal function. Thus, training of innate immune cells leads to an increased responsive-
ness to secondary infections.

Epigenetic Reprogramming

The increased responsiveness of innate immune cells is regulated through epige-
netic changes, predominantly by histone modifications. Methylation or acetylation of
histone tails at promoter and associated enhancer regions of inflammatory genes
results in an open, transcriptionally permissive configuration of chromatin (16). The
persistence of histone modifications after the initial insult underlies the more efficient
induction of these genes upon secondary encounter to (unrelated) pathogens. Histone
marks associated with an enhanced accessibility of genes in trained immunity are his-
tone 3 lysine 4 methylation (H3K4me1), histone 3 lysine 4 trimethylation (H3K4me3),
and histone 3 lysine 27 acetylation (H3K27ac) (15-17). The recently discovered latent
enhancers also seem to play a part in innate immune memory. Latent enhancers are
regions in the genome lacking histone mark H3K4me1l, which is characteristic for
enhancers, but acquire this mark in response to lipopolysaccharide (LPS) stimulation. A
fraction of these latent enhancers retains H3K4me1 after stimulation and contributes
to stronger activation of innate immune cells after restimulation (18, 19).

Recently, a class of long noncoding RNAs called “immune gene-priming IncRNAs” (IPLs)
were shown to be responsible for accumulation of H3K4me3 at promoter sites of inflamma-
tory genes in trained immunity. IPLs bind to histone methyltransferase complexes and direct
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FIG 2 Intertwist of epigenetics and metabolism in trained immunity. Upon recognition of specific ligands by
pattern recognition receptors, intracellular pathways are induced that lead to the upregulation of several metabolic
pathways, including glycolysis, glutaminolysis, and cholesterol synthesis. Levels of certain metabolites—citrate and
fumarate—are increased and influence epigenetic enzymes, resulting in histone marks associated with trained
immunity. In addition, acetyl coenzyme A (acetyl-CoA) is converted into mevalonate, which creates an amplification
loop by activating insulin-like growth factor 1 receptor (IGF1R). Long noncoding RNAs are able to bind histone
methyltransferase complexes. They guide these complexes to genes and facilitate accumulation of histone 3 lysine
4 trimethylation (H3K4me3) marks. HIF1e, hypoxia-inducible factor 1 alpha; mTOR, mechanistic target of rapamycin;
TCA cycle, tricarboxylic acid cycle.

these complexes to inflammatory genes to facilitate H3K4me3 epigenetic priming (Fig. 2).
IPLs were shown to be upregulated upon training of innate immune cells (20). To conclude,
there are various levels at which epigenetic mechanisms mediate trained immunity.

Metabolic Rewiring

Several metabolic pathways are induced in trained immunity, including glycolysis,
glutaminolysis, and cholesterol synthesis (Fig. 2). The rewiring of cellular metabolism
not only results in increased energy production but also contributes to epigenetic
reprogramming by accumulation of metabolites modulating the activity of epigenetic
enzymes. These metabolic changes are epigenetically mediated (21, 22), hence show-
ing the interaction of epigenetics and metabolism in innate immune memory.

Upregulation of glycolysis is mediated by the Akt/mechanistic target of rapamycin
(mTOR)/hypoxia-inducible factor 1 alpha (HIF1a) pathway (21, 22). Trained monocytes
revealed increased glucose consumption, lactate production, and oxygen consumption
rate, reflecting an induction of glycolysis and oxidative phosphorylation (22, 23).
Lactate was shown to improve gene accessibility by inhibiting histone deacetylase ac-
tivity (24). As glycolysis is focused mainly on lactate production, upregulation of gluta-
minolysis is thought to replenish the tricarboxylic acid (TCA) cycle (25). Concentrations
of the TCA cycle metabolites citrate, succinate, malate, fumarate, and 2-hydroxygluta-
rate are increased in trained monocytes (25). Succinate and fumarate were shown to
have a stabilizing effect on HIF-1« (26, 27). In addition, fumarate influences epigenetic
reprogramming by inhibiting the activity of the KDM5 family of histone demethylases.
Citrate is converted into acetyl coenzyme A (acetyl-CoA) in the cytosol, which acts as
an acetyl donor for histone acetylation (28). Acetyl-CoA can enter the cholesterol syn-
thesis pathway to increase production of the metabolite mevalonate. Mevalonate can,
subsequently, induce an amplification loop by activating insulin-like growth factor 1
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receptor (29). The importance of these pathways is confirmed by abrogation of trained
immunity upon inhibition of glutaminolysis, cholesterol synthesis, or glycolysis (21, 22,
25, 29). Of interest, although similar pathways are induced in B-glucan- and BCG-induced
trained immunity, there are distinct differences in the metabolic rewiring. This is probably
due to different PAMPs and intracellular pathways involved in activation of the cells.

Cell Populations Involved in Trained Immunity

Monocytes/macrophages and NK cells are the cell populations described most often as
being able to develop innate immune memory phenotypes. Recently, however, neutrophils
were also discovered to have memory properties. Neutrophils isolated from BCG-vaccinated
individuals showed enhanced killing capacity following a subsequent challenge with Candida
albicans. Moreover, BCG vaccination increased the accessibility to proinflammatory genes in
blood-derived neutrophils (30).

Innate immune memory was shown to be maintained in monocytes and neutrophils for
several months, although these cells have a much shorter life span (17, 30). This paradox is
explained by the fact that training also takes place at the level of hematopoietic stem and pro-
genitor cells (HSPCs) (31-33). Exposure to BCG or B-glucan resulted in epigenetic changes in
HSPCs and enhanced myelopoiesis in the bone marrow. More importantly, educated HSPCs
were shown to generate trained monocytes/macrophages. As shared progenitor cells of mac-
rophages and neutrophils—granulocyte macrophage progenitors—are increased and reprog-
rammed upon training (31), it is reasonable to assume that the same is true for neutrophils.
Interestingly, neutrophil numbers are significantly increased in BCG-vaccinated infants days af-
ter vaccination, as proof of increased granulopoiesis (32). Moreover, genes involved in the de-
velopment and function of neutrophils were upregulated in HSPCs (32), and a subset of multi-
potent progenitor cells polarized toward the myeloid lineage showed high expression of
several granulocytic markers (33).

TRAINED IMMUNITY AND PROTECTION AGAINST BACTERIAL INFECTIONS

Surgical site infections are caused predominantly by bacteria, mostly by Staphylococcus aur-
eus, Escherichia coli, coagulase-negative staphylococci, Enterococcus faecalis, and Pseudomonas
aeruginosa (34). The relative importance of various pathogens has remained quite stable over
the years (35) but differs by surgery type and surgical wound class (clean, clean-contaminated,
contaminated, dirty-infected). This section reviews the evidence for protection against bacterial
infections by trained immunity.

Human Studies

Emerging data suggest the existence of trained immunity effects in humans. First, a
large number of epidemiological studies have shown nonspecific protective effects of
live vaccines such as BCG, measles vaccine, and oral polio vaccine against infections
other than the disease vaccinated for (36). Studies in West Africa showed a 45 to 59%
reduction in overall mortality in children vaccinated with BCG, which is a much bigger
decrease than could be explained by protection against tuberculosis (37-39). Several
randomized controlled trials have been performed to confirm these nonspecific effects
of BCG; they report conflicting results, which may be explained by differences in infectious
exposure, maternal BCG vaccination, and study endpoints between high- and low-income
settings (40-44).

Second, strong evidence supports that the nonspecific effects of BCG are partly mediated
via innate immune memory. In severe combined immunodeficiency mice that lack T and B
cells, BCG showed 100% protection against a lethal dose of C. albicans (17). In humans, multi-
ple studies have shown BCG vaccination to increase proinflammatory cytokine responses to
ex vivo stimulation with other pathogens (17, 45-49). Moreover, BCG vaccination induced epi-
genetic reprogramming of human monocytes, resulting in an increased accessibility to inflam-
matory genes (17, 46). Lastly, BCG vaccination showed protection in models of controlled
human infection with yellow fever and malaria (46, 50).

In humans, limited clinical evidence suggests that trained immunity protects against bacte-
rial infections. The protection by trained immunity against viral infections is being extensively

October 2021 Volume 34 Issue4 €00049-21

Clinical Microbiology Reviews

cmrasm.org 5


https://cmr.asm.org

ter Steeg et al.

studied, especially since the start of the coronavirus infection 2019 (COVID-19) pandemic (46,
51, 52). To our best knowledge, there are, however, no human studies regarding the protec-
tion of innate immune memory against bacterial infections. Protection against bacterial infec-
tions has only been suggested, as BCG vaccination was shown to decrease sepsis-related hos-
pitalization rate and mortality (40, 53), which is nearly always caused by bacteria. Of interest, a
recently published trial in elderly patients showed a significant decrease in the incidence of
infections upon BCG vaccination (49). This decrease was mainly attributable to prevention of
respiratory infections. Infections more commonly caused by bacteria (e.g., sepsis, pneumoniae,
skin infections) were not significantly decreased, probably because the study was insufficiently
powered to prove these differences.

Animal Studies

Animal studies provide compelling evidence for protection against bacterial infec-
tions by trained immunity (Table 2). Multiple studies demonstrate that training mice
with different microbial ligands protects against subsequent infection with S. aureus
(21, 54-59). In addition, trained immunity was shown to protect mice against a range
of other bacteria, including Mycobacterium tuberculosis (60), Listeria monocytogenes
(58, 61), Yersinia pestis (61), Streptococcus pneumoniae (62, 63), Klebsiella pneumoniae
(64), Streptococcus pyogenes (65), Escherichia coli (58, 63, 65, 66), Pseudomonas aerugi-
nosa (58, 65), and Enterococcus faecalis (65). Most bacteria were administered systemi-
cally, but studies showed that trained immunity can also protect from infections of the
lungs (58, 60-63), peritoneum (58, 61), joint (65), muscle (66, 67), and skin (68-70).

Yet, there are two caveats to these animal studies. First, many of these studies lack
experimental detail, which makes it difficult to estimate risk of bias. Second, the effect
presented by some animal studies could be due to priming instead of trained immunity, with
priming defined as applying a stimulus to change the functional state of a cell and applying a
second stimulus when gene transcription has not returned to basal levels yet (as opposed to
trained immunity, where the second stimulus is applied only once gene transcription is back
to basal) (71). In an in vitro model with human monocytes, gene transcriptional levels return to
normal after 3 to 7 days. It is unknown how this translates to animal models, but it might take
longer due to the continuing presence of a training agent in the body and the induction of
trained immunity at the level of the bone marrow. In some studies, secondary challenge was
done within a week after primary infection. Protective effects reported by these studies might
therefore be due to priming rather than trained immunity. Nevertheless, protective effects
were also reported in mice that were challenged 1T month or longer after the first stimulus.
These more lasting effects are likely to be the result of trained immunity. That said, in vitro
models of trained immunity clearly have their own limitations, and animal studies are a very
important tool to study trained immunity and its protective effects, strongly supporting the
hypothesis that trained immunity can help protect against bacterial infections.

TRAINED IMMUNITY AND HOST DEFENSE IN SURGICAL WOUNDS

Trained immunity is likely to contribute to protection against bacterial infections.
Still, its protective features in specific compartments remain unclear. This section addresses
the role of innate immune cells in tissue repair and describes the contribution of trained im-
munity to protect against bacterial infections of surgical wounds.

Wound Repair and Involvement of Innate Inmune System

Cutaneous wound repair is generally divided into three phases that partly overlap
in time and space: inflammation, proliferation, and remodeling (72, 73). The inflamma-
tory phase is characterized by clot formation and infiltration of leukocytes to cleanse
the wound area of bacteria and necrotic tissue. During the proliferation phase, reepi-
thelialization, angiogenesis, and formation of granulation tissue are responsible for cov-
ering and filling the wound area to restore tissue integrity. Remodeling, the last phase of
wound healing that can take up to a year after injury, involves reorganization of the con-
nective tissue and wound contraction, with scar formation often the endpoint of wound
healing.
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Focusing on the inflammatory phase, neutrophils and monocytes/macrophages are the
main immune cells in cutaneous wound repair (11). Other immune cells with a function in
tissue repair are mast cells, y5 T cells, and T,;1/T;2 cells, the last two mentioned being mostly
involved in the proliferation and remodeling phase (11). Neutrophils are recruited to the site
of injury and phagocytose invading pathogens and necrotic tissue (74). Monocytes enter
the site of injury a few days later and ingest cell debris, including neutrophil remnants, and
remaining pathogens (72). Although resident macrophages contribute to the inflalmmatory
response to some extent, most macrophages found at the site of injury are derived from
blood monocytes and recruited by chemokine release (75).

Protection against Surgical Site Infections

The concept of immunostimulating therapies for prevention of surgical infections
has been studied in the past. Around 1980, multiple so-called “biologic response modi-
fiers” were examined, among which were BCG and muramyl dipeptide (MDP). These
agents were studied in an animal model of surgical infection involving intramuscular
insertion of a suture laden with bacteria. When administered 13 days before E. coli
infection, BCG was shown to significantly reduce the number of viable bacteria isolated
from adjacent tissue to the suture (66). Moreover, multiple studies have reported positive
effects of MDP on survival and local bacterial recovery from a Klebsiella pneumoniae infec-
tion (64, 67, 76, 77). However, considering that MDP was administered only 24 h before
the bacterial infection, these effects are more likely the result of direct stimulation and pri-
ming instead of trained immunity processes.

However, recent studies have shown that trained immunity protects against bacterial
infections in skin and soft tissue, which, apart from the surgical incision and tissue manipula-
tion, resembles a surgical site infection. Mice which were previously infected with S. aureus
showed a significantly reduced bacterial burden and smaller skin lesions upon subsequent
infection 3 to 6 weeks later (68-70, 78). Considering that these effects were also present in
Rag1~/~ and Rag2—"~ mice, which lack both T and B cell function, protection is afforded by
innate immune memory (68, 70). Moreover, primed Rag2—"~ yc~/~ mice, which lack mature
T, B, and NK cells, showed increased bacterial killing upon secondary infection (69), indicat-
ing the negligible role of NK cells in protection against surgical site infection.

“Trained” Innate Imnmune Cells in Surgical Wounds

Tissue-resident macrophages and bone marrow-derived monocytes (BMDM) are likely to
be the major effector cells involved in the innate immune memory targeting skin and soft
tissue infections (69, 78). Bone marrow-derived macrophages, cultured from bone marrow
cells of mice primed with a subcutaneous injection of S. aureus, showed enhanced intracellu-
lar killing of S. aureus and were able to transfer their memory phenotype to naive mice (78).
This indicates the existence of “trained” bone marrow monocyte/macrophage progenitors,
which were able to generate “trained” bone marrow-derived macrophages but can be
expected to also give rise to “trained” bone marrow-derived blood monocytes, which can
infiltrate the site of skin injury. There also seemed to be a more localized protection, as mice
showed smaller lesions on the previously infected flank than on the naive flank (although
both flanks showed smaller lesions than those of naive mice) (68, 78). This might be
explained by the presence of primed resident macrophages in the previously infected flank.
Priming mice with an intradermal injection of S. aureus did not result in primed BMDM (69).
Instead, the memory effect was strictly dependent on resident macrophages. Resident mac-
rophages showed an altered transcriptional signature upon intradermal injection with S. aur-
eus, which was associated with increased resistance to secondary infection. Interestingly,
trained immunity effects were also seen in Ccr2™/~ mice, exhibiting defective monocyte
recruitment, but were abolished when resident macrophages were depleted from the skin
(69). To conclude, both BMDM and resident macrophages can acquire innate immune mem-
ory and can, independently of one another, provide protection against infection.

Innate immune memory in neutrophils has only recently been described (30) and
has not yet been studied in wound infection models. Still, one can expect a contribution of
“trained” neutrophils to protection against SSls, as they are—similar to bone marrow-derived
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monocytes—Ilikely derived from reprogrammed hematopoietic stem cells, and neutrophils
are recruited in large numbers to sites of skin injury. Future studies are needed to confirm
this hypothesis.

Trained Immunity-Induced Protection against Surgical Site Infection with S. aureus

The well-described immune response against S. aureus skin infection provides
insights into how “trained” innate immune cells might improve host defense. Upon
surgical incision, bacteria migrate from the skin and colonize the wound bed. S. aureus
is recognized by Toll-like receptor 2 (TLR2) on resident macrophages or other skin-resi-
dent immune cells. These cells produce numerous cytokines (IL-1¢, IL-18, IL-6, TNF-q,
IL-23) and chemokines, thereby promoting neutrophil and monocyte recruitment (79,
80). Cytokine production also stimulates T,17 cells and innate lymphoid cells 3 to
release IL-17A, IL-17F, and IL-22. These cytokines induce continuous production of neu-
trophil-attracting chemokines and antimicrobial peptides by keratinocytes. Production
of neutrophil-attracting chemokines is also stimulated by the release of IL-1«, which
initiates an IL-1a-IL-1R signaling loop in keratinocytes (79, 80). Infiltration of neutro-
phils at the site of injury promotes neutrophil abscess formation, which is required for
bacterial control and clearance (79, 80). While neutrophils in the skin already decrease
2 days after the infection, macrophages are present for a longer period of time, being
responsible for abscess resolution (81). Both cells continue secreting cytokines and
chemokines to enhance the recruitment of more effector cells.

Trained immunity enhances several immunological processes involved in host defense
against S. aureus (Fig. 3). Upon training, resident macrophages showed an elevated cytokine
production when exposed to S. aureus (69), which probably leads to an increased recruit-
ment of innate effector cells (as reported in references 68, 69, and 78). “Trained” innate
immune cells might also shape the response of other cells, as primed mice showed an
increase in the T,17 cell population and in IL-17A and IL-22 levels in the skin (68, 78), which
possibly explains the increased production of antimicrobial peptides upon training (68).
Furthermore, “trained” neutrophils and BMDM have shown increased cytokine production
and antimicrobial function (although not yet demonstrated at the single macrophage or
neutrophil level in a primed wound infection model) (15, 21, 30, 58, 60). These increased
pathways in the immune response against S. aureus likely contribute to enhanced clearance
of bacteria from a surgical wound.

To sum up, preliminary evidence shows that trained immunity can protect against
SSls. This protection is likely to be afforded by the infiltration of “trained” innate immune
cells in the surgical wound and the presence of “trained” resident innate immune cells.
Notwithstanding, local factors might diminish trained immunity effects on prevention of
SSls. Migration of “trained” innate immune cells might be impeded by the presence of
blood or necrotic tissue in the surgical wound. Then again, “trained” innate immune cells
might contribute to enhanced debridement of the surgical wound. Moreover, the effect
of a pathogen itself on trained immunity should be considered, as a recent study showed
that virulent Mycobacterium tuberculosis can reprogram hematopoietic stem cells (HSCs) and
impair development of trained immunity (82). However, to our best knowledge, there are
no studies associating the pathogens involved in SSIs with impairment of trained immunity.

TRAINED TISSUE REPAIR

Macrophages not only contribute to the inflammatory response but also produce
several growth factors that stimulate proliferation of nonimmune cells (e.g., keratino-
cytes, fibroblasts) and synthesis of extracellular matrix (83, 84). The general thought is
that macrophages acquire different phenotypes during tissue repair (proinflammatory,
pro-wound healing, profibrotic, anti-inflammatory, antifibrotic) linked to their different
functions, which is critical for the successful sequence of phases in tissue repair (83).
Neutrophils were, until recently, thought of as having only proinflammatory functions.
Neutrophils have now been shown to also contribute to the resolution of inflammation
by releasing growth factors and promoting angiogenesis (85). Thus, as both neutro-
phils and macrophages are believed to be involved in more than just the inflammatory
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FIG 3 Trained immunity enhances local host defense against S. aureus in a surgical wound. Trained immunity
improves the immune response against S. aureus in several ways. “Trained” resident macrophages produce
more proinflammatory cytokines (1) upon encounter with S. aureus. This results in an increased recruitment of
innate immune cells to the site of injury (2). “Trained” neutrophils and bone marrow-derived monocytes show
increased killing capacity upon exposure to a pathogen (3), although not yet proven in a wound infection
model. Moreover, the T,17 cell population (4) and production of T,,17-derived cytokines, i.e., IL-17A and IL-22,
in the skin increases upon training (5). This probably induces enhanced release of antimicrobial peptides by
keratinocytes (6). All of these processes contribute to an increased clearance of bacteria from the surgical
wound (7).

phase following tissue injury, training of innate immune cells in a surgical wound might
influence the overall process of tissue repair.

It is difficult to predict the effects of trained immunity on tissue repair, as this is
mediated by complex interactions between stimulating and inhibitory mediators.
Excessive or inappropriate induction of trained immunity could exacerbate tissue dam-
age and has been shown to play a role in cardiovascular disease (86) and hypothesized
to play a role in autoimmune and autoinflammatory diseases (87). Exposure of mono-
cytes to oxLDL was shown to induce a long-lasting proinflammatory phenotype in macro-
phages (86). It is unknown how training of macrophages will affect their phenotype and
function during wound repair. Decreased presence of anti-inflammatory macrophages or
uncontrolled production of inflammatory mediators is thought to contribute to develop-
ment of chronic wounds and pathological scar formation (83). On the other hand, it could
be argued that training in a surgical wound might benefit tissue repair. Training of innate
immune cells could result in an increased responsiveness of innate immune cells to infec-
tion, with an effective and rapid elimination of pathogens. This would prevent excessive
inflammation and facilitate succession to the proliferation phase of wound healing. Indeed,
primed mice showed a reduction in bacterial burden, infiltrating neutrophils, and skin IL-13
concentrations 5 days after a recurrent intradermal S. aureus infection (69). The same model
showed an increase in skin-infiltrating neutrophils and blood monocytes 4 h after challenge

October 2021 Volume 34 Issue4 €00049-21

cmr.asm.org

Clinical Microbiology Reviews

10


https://cmr.asm.org

Trained Immunity for Prevention of Surgical Infections

with S. aureus. More importantly, three similar studies reported a decrease in skin lesion se-
verity in primed mice when exposed to recurrent S. aureus soft tissue infection (68, 70, 78).

Training nonimmune cells in the surgical wound could possibly improve wound repair.
Trained immunity has mainly been described in a subset of innate immune cells and their
progenitors. However, recent studies show that nonimmune cells, including mesenchymal
stem cells, fibroblasts, endothelial cells, and skin epithelial stem cells, also have memory-like
features (88, 89). Importantly, two studies provide in vivo evidence for the beneficial effect of
the memory function of nonimmune cells on wound repair. Epithelial stem cells (EpSCs)
were primed with 5% imiquimod cream (a TLR7 agonist) (90). Upon wounding, inflammation-
recovered skin showed enhanced wound closure, even when the initial stimulus was applied
180 days earlier. This effect was also seen when mice were primed with epidermal abrasion
wounding or infection with C. albicans. Similar to mechanisms described for trained immunity,
epithelial cell memory was associated with alterations at the chromatin level, giving EpSCs
enhanced accessibility to key stress response genes upon secondary challenge. Of interest,
primed EpSCs showed a more accessible chromatin state of inflammatory genes, suggesting
enhancement of anti-infectious properties of nonimmune cells upon training. Subcutaneous
adipose tissue mesenchymal stem cells (AD-MSCs) were primed with LPS and injected in rats
undergoing skin flap surgery (91). Rats treated with LPS-primed AD-MSCs showed a significant
decrease in skin flap necrosis, indicating an acceleration of wound healing. Epigenetic mecha-
nisms were suggested to underlie the memory function of AD-MSCs.

Taken together, evidence suggests that training of immune and nonimmune cells in a sur-
gical wound might result in enhanced tissue repair. This is referred to as “trained tissue repair”
(92), which indicates the capability of immune and nonimmune cells to enhance tissue repair
after exposure to a previous inflammatory insult. Still, one should consider the risk of inap-
propriately activating trained immunity and delaying wound repair. The mechanisms underly-
ing excessive activation of trained immunity need further study, to add to our understanding
of regulating and safely deploying trained immunity as a strategy for prevention of SSIs.

TRAINED IMMUNITY AND POSTOPERATIVE IMMUNOSUPPRESSION

Postoperative immunosuppression is commonly seen after surgery. It results from a
dysregulated immune response, involving neurohormonal, immunological, and hemody-
namic factors (93, 94). Broadly described, surgical trauma induces a local hyperinflammatory
response, which contributes to inducing repair processes and eliminating invading patho-
gens. However, to protect surrounding tissues against inflammatory damage, compensatory
anti-inflammatory responses are elicited (95). This mainly affects cell-mediated immunity
and results in an overall immunosuppressed state (93, 94). Undoubtedly, the immune
responses involved in postoperative immunosuppression show similarities with sepsis, as
also being defined by the simultaneous presence of proinflammatory and anti-inflamma-
tory responses (96).

Due to impairment of cell-mediated immunity, postoperative immunosuppression
is associated with an increased susceptibility to infection (97, 98). In sepsis-induced
immunosuppression, the functions of both tissue-resident and blood immune cells are
impaired (99, 100). Since tissue-resident immune cells play an important part in the
immune response against invading pathogens in a surgical wound (101), impairment
of their function will contribute to an increased susceptibility to SSls. Thus, trained im-
munity might be able to prevent SSIs by decreasing postoperative immunosuppres-
sion. We envision two possibilities on how trained immunity might affect postopera-
tive immunosuppression, partly based on evidence from studies of sepsis.

First, postoperative immunosuppression might be decreased by the increased respon-
siveness of “trained” innate immune cells in the surgical wound. Admittedly, with the simul-
taneous presence of hyperinflammation and immunosuppression, one could suggest that
increased proinflammatory cytokine production associated with trained immunity would
elicit a deepened immunosuppressive state. Indeed, multiple studies have shown that an
exaggerated IL-6 response is associated with subsequent development of postoperative
complications (102, 103). However, to our best knowledge, evidence causally linking IL-6
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FIG 4 Trained immunity decreases immunosuppression by inducing an effective innate immune response. The
“trained” innate immune system becomes activated by the extensive release of damage-associated molecular
patterns (DAMPs) from damaged tissue. In addition, the relatively small release of pathogen-associated
molecular patterns (PAMPs) from invading pathogens contributes to eliciting an immune response. Upon
recognition of DAMPs and PAMPs, “trained” innate immune cells show an increased responsiveness, thereby resulting
in an effective clearance of pathogens and damaged tissue. This results in a low concentration of PAMPs and DAMPs
in the surgical wound, thereby preventing excessive inflammation and severe immunosuppression.

expression to poor postoperative outcomes is lacking and IL-6 could merely be a marker of
excessive inflammation due to defective clearance of damaged tissue and pathogens. Based
on earlier data regarding the role of cytokines in host defense during sepsis (104), we pro-
pose that trained immunity would limit immunosuppression by enhancing antimicrobial
properties and clearance of damaged tissue, thereby limiting unnecessary or inefficient
inflammation that can be deleterious (Fig. 4).

Second, trained immunity might decrease postoperative immunosuppression by reversing
surgery-induced tolerance of innate immune cells. In the postoperative period, monocyte
deactivation can occur. This is characterized by reduced human leukocyte antigen DR (HLA-
DR) expression and diminished production of proinfllmmatory cytokines upon LPS stimula-
tion (also referred to as immunoparalysis or tolerance) (105-107). Monocyte deactivation has
been extensively studied in sepsis and simulated in experiments by LPS administration to
induce tolerance. These experiments showed LPS-induced tolerance, as opposed to training,
to be mediated by silencing of inflammatory genes by epigenetic modifications (14).
Interferon gamma was shown to partially recover metabolic function, cytokine production,
and HLA-DR expression on monocytes, indicating reversal of tolerance (99, 108, 109). Similarly,
training with B-glucan was able to reverse LPS-induced tolerance in monocytes (110).

In postoperative immunosuppression, we hypothesize that extensive tissue damage
following major surgery can induce a state of tolerance in innate immune cells by pro-
longed or high exposure to DAMPs. Indeed, the levels of several DAMPs are increased
after tissue injury (by trauma or surgery) and are negatively correlated with HLA-DR
expression (111, 112). Moreover, studies have shown that DAMPs induce tolerance in
monocytes via epigenetic changes (113, 114), similar to LPS-induced tolerance. As LPS-
and DAMP-induced tolerance are both mediated via epigenetic changes and show
largely similar gene expression profiles (14, 113), trained immunity might also reverse
DAMP-induced tolerance.

Still, postoperative immunosuppression is complex and incompletely understood. The
first step into further research could be the isolation of innate immune cells from surgical
patients to study tolerance mechanisms and possible reversal by trained immunity.

HOW TO INDUCE TRAINED IMMUNTIY FOR PREVENTION OF SURGICAL SITE
INFECTIONS

Innate immune memory takes place at the level of bone marrow precursors (central
innate immune memory) and at the level of resident macrophages (peripheral innate immune
memory). As mentioned before, the induction of trained immunity in both niches provides, in-
dependently of one another, protection against skin and soft tissue infection (68, 69). Training
of both levels simultaneously seems to increase protection even more (as seen by a greater
protection in a previously infected flank than in a naive flank) (68, 78). Thus, it is important to
bear in mind which levels of training are induced by administration of a stimulus. Ideally, this
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FIG 5 Administration of stimuli at the (future) site of injury can induce central innate immune memory,
peripheral innate immune memory, and/or trained tissue repair. Central innate immune memory is induced by
training of bone marrow precursors, resulting in “trained” blood monocytes and neutrophils. Peripheral innate
immune memory arises upon training of resident macrophages. By increasing their effector functions, “trained”
innate immune cells enhance bacterial clearance. Trained tissue repair is mediated by training of nonimmune
cells (e.g., epithelial stem cells, mesenchymal stem cells) and results in enhanced wound closure. As the cells
involved often have multiple functions, we hypothesize a contribution of “trained” keratinocytes to host
defense by increasing their production in cytokines and antimicrobial defensins. Moreover, “trained”
macrophages might contribute to trained tissue repair by an increase in their production of growth factors.

trained immunity-inducing stimulus would be administered at the (future) site of injury and
could induce long-term responses of resident (non)immune cells and of bone marrow precur-
sors (Fig. 5).

Training agents can be administered before or after surgery. When administered
just before or after surgery, effects would be, strictly speaking, due to priming instead
of training, as the interval between training agent and surgically inflicted damage is
too short for activity of innate immune cells to return to basal levels. The effect of the
second stimulus would therefore be additive to the immune response (71). This per-
haps has the potential advantage of reversing surgery-induced tolerance of innate
immune cells, as discussed in the previous section. The time interval between training
and surgery or vice versa needs to be the subject of further research.

Here, we propose several simple and cost-effective ways to induce trained immunity for
prevention of SSls. First, BCG has been well studied for the induction of trained immunity in
humans and has proven to be safe for use in immunocompetent individuals and in those
with prior BCG vaccination (115, 116). BCG can be delivered as an intradermal injection in the
upper arm before or after surgery, as is standard protocol. This has been shown to train bone
marrow precursors (32). One could consider administration of BCG at a (future) site of injury,
as this might induce training of resident (non)immune cells in the skin. Local application of
BCG is not uncommon, with BCG as a standard immunotherapy for superficial bladder cancer
and as an option for intralesional therapy in cutaneous melanoma (117, 118). As training with
a live attenuated virus, such as BCG, is not considered safe in severely immunocompromised
patients, killed gamma-irradiated BCG might be an alternative (119). The limitations of BCG
can be represented by the fact that only 50% of individuals respond with an effective induc-
tion of trained immunity after BCG vaccination (46, 50).

Second, topical or oral administration of B-glucan might be a potent preventive
measure against SSIs. Topical application of 8-glucan on wounds has been extensively
studied (120). In humans, the application of B-glucan on diabetic ulcers has been
shown to increase wound healing (121), mediated by an increased proliferation of
fibroblasts and keratinocytes (120). In addition, topical application of B-glucan has
been associated with an induced TNF-a release in wound site macrophages (122). As
such, B-glucan’s application on surgical wounds might increase local host defense.
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Importantly, the safety of topical application of B-glucan on chronic wounds is con-
firmed by several human clinical studies (121, 123, 124).

Oral administration of B-glucan might also be an attractive method to induce train-
ing in surgical patients, as it is inexpensive and well tolerated. In mice, oral glucan
administration was shown to significantly increase survival upon secondary infection
with S. aureus or C. albicans (125). However, in humans, ingestion of 1,000 mg B-glu-
can once daily for a week did not result in enhanced innate immune responses (126),
possibly because B-glucan was not able to cross into the circulation of the subjects
in this study.

Lastly, host defense in a surgical wound might be increased by topical application
of imiquimod (TLR7 agonist). Imiquimod was shown to train skin epithelial stem cells
and enhance wound closure (90). This raises the question whether imiquimod can also
induce innate immune memory. Topical application of imiquimod was shown to
induce local TNF-a and alpha interferon (IFN-a) release (127). More importantly, topical
application of imiquimod significantly increased immunogenicity against the influenza
vaccine, indicating a priming effect (128). A small study in which imiquimod was
applied on surgical wounds reported no serious adverse events, albeit local skin reac-
tions were reported (129).

In addition, there are several other training agents: muramyl dipeptide, CpG oligo-
deoxynucleotides, mevalonate, oxLDL, and uric acid (130). These might also be worth
considering for prevention of SSls. In addition, recent studies have suggested a role for
gut microbiota in induction of trained immunity (131, 132). This raises the question
whether changing the composition of the gut microbiota before surgery can perhaps
change the microbe-associated molecular patterns or metabolites to which innate
immune cells are exposed and thereupon induce innate immune memory.

CONCLUSIONS

Trained immunity provides a compelling concept to be exploited for additional preven-
tion of SSIs. Multiple mechanisms seem to be involved in the protection against SSIs by
trained immunity. First, trained immunity enhances local host defense against infections in
the skin and soft tissue, which, apart from the surgical incision and tissue manipulation,
resemble surgical site infections. Protection in the skin is afforded by “trained” bone mar-
row-derived monocytes and resident macrophages, but “trained” neutrophils might also
contribute. Second, the increased responsiveness of innate immune cells in a surgical wound
results in a rapid clearance of pathogens and damaged tissue. This might prevent excessive
inflammation and, as such, promotes tissue repair and limits immunodepression. Third, tis-
sue repair is possibly enhanced after exposure to a previous inflammatory insult, also termed
trained tissue repair. This is (partly) mediated by training of nonimmune cells, which act by
enhancing wound closure. Trained tissue repair restores the mechanical barrier more quickly
and prevents invasion of pathogens. Lastly, trained immunity might counter surgery-induced
tolerance of innate immune cells.

Future research should focus on expanding knowledge of these mechanisms. Animal mod-
els can help study the “trained” immune response in surgical wounds—specifically the role of
“trained” neutrophils—and to study B-glucan, BCG, and imiquimod as preventive measures
against SSls. The wound infection model described by Stratford et al. or by Lamont et al. can
be used as a murine model of surgical site infection (64, 133). Nevertheless, considering the
differences in mouse and human immunology, the most important line of study will be the
clinical translation from animals to humans. Hopefully, this review can inspire future preclinical
and clinical studies in this area and contribute to new preventive measures for surgical site
infections.
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