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Abstract

Trained immunity is defined as the de facto memory characteristics induced
in innate immune cells after exposure to microbial stimuli after infections or
certain types of vaccines. Through epigenetic and metabolic reprogramming
of innate immune cells after exposure to these stimuli, trained immunity
induces an enhanced nonspecific protection by improving the inflammatory
response upon restimulation with the same or different pathogens. Recent
studies have increasingly shown that trained immunity can, on the one hand,
be induced by exposure to viruses; on the other hand, when induced, it can
also provide protection against heterologous viral infections. In this review
we explore current knowledge on trained immunity and its relevance for
viral infections, as well as its possible future uses.

469


mailto:Jos.vanderMeer@radboudumc.nl
https://doi.org/10.1146/annurev-virology-091919-072546
https://www.annualreviews.org/doi/full/10.1146/annurev-virology-091919-072546
https://creativecommons.org/licenses/by/4.0/

470

THE INITIATION OF INNATE HOST DEFENSE AGAINST
VIRAL INFECTIONS

Despite the major advancements in science and medicine since the discovery of viruses in the late
nineteenth century, viral infections still account for a large burden of morbidity and mortality
worldwide. Many questions remain about the antiviral host defense mechanisms and specifically
the role of the innate immune system for protection against viral infections. An increased under-
standing of the innate host defense against viruses can provide exciting new approaches to viral
infectious diseases. This review highlights the role of the innate immune system in the antivi-
ral immune response and elaborates on how memory characteristics of innate immune cells, also
called trained immunity, can aid an adequate defense against viruses.

Upon exposure to a viral pathogen, the innate immune system is the first line of defense. After
successfully passing through the first barriers including the skin and mucous membranes, viruses
come into contact with innate immune cells such as myeloid cells and later natural killer (NK)
cells. Pathogen-associated molecular patterns (PAMPs), such as viral nucleic acids, are recognized
by pattern recognition receptors (PRRs) on these cells. Several families of PRRs are involved
in innate antiviral responses including Toll-like receptors (TLRs), retinoic acid-inducible gene I
(RIG-I)-like receptors (RLRs), C-type lectin receptors (CLRs), inflammasomes, and DNA sensors
(1). Interaction of PAMPs with these PRRs leads to the generation of various antiviral effectors,
most importantly the production of type-I interferons (IFNs).

Because viruses are obligate intracellular pathogens, recognition mostly occurs within the cell
in endosomes. Specifically, TLR3, TLR7/8, and TLRY are involved in the recognition of viral
nucleic acids in humans. Activation of these receptors results in MyD88-dependent nuclear factor
kappa B (NF-«B) and interferon response factor 7 (IRF7) activation and Toll/interleukin (IL)-1
receptor domain-containing adaptor inducing IFN-8 (TRIF)-dependent type-I IFN production.
However, there is evidence that various viral envelope proteins can also be sensed by surface TLRs
such as TLR2/6 and TLR4, while subsequently using signaling molecules such as MyD88 to
activate NF-«kB (2—4). The production of type-I IFNs is the result of cell activation by the various
recognition receptors present on both immune and nonimmune cells (e.g., epithelial cells). The
induction of signaling pathways by these cytokines, such as the Janus kinase signal transducer and
activator of transcription proteins (JAK-STAT) pathway, results in an antiviral state mediated by
interferon-stimulated genes (ISGs).

Recognition of viruses can also occur through activation of the inflammasomes, such as the
AIM? inflammasome and the NLRP3 inflammasome (5, 6). Their key role is the cleavage of
procaspase-1 to caspase-1 that subsequently leads to cleavage of inactive precursors into active
IL-1B, IL-18, and gasdermin D. IL-1B recruits neutrophils to the infected cell, and both IL-1p
and IL-18 activate the adaptive immune response mediated by helper and cytotoxic T cells. Espe-
cially the NLRP3 inflammasome plays an important role in the antiviral response, as it recognizes
viral components and related damage, and it inhibits viral replication upon activation (7).

NK cells are lymphoid cells of the innate immune system, although they lack specific antigen
receptors. They are particularly important in the defense against viruses, as they act much faster
than cytotoxic T lymphocytes to kill infected cells. Their activation is dependent on activating
receptors known as immunoreceptor tyrosine-based activating motifs ITAMs) and inhibitory re-
ceptors, also known as I'TIMs, in which the binding of the inhibitory receptor generally dominates
the activating receptor. NK cells have two cytotoxic proteins, perforins and granzymes, that are
able to kill specific target cells. Additionally, type-I IFNs mediate the production of interferon
gamma (IFN-y) by NK cells. IFN-y boosts the adaptive immune response and biases it toward a
cytotoxic response, aiding in the destruction of intracellular pathogens.
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In summary, the first steps in the host defense against viruses involve the activation of various
innate pathways leading to the killing of infected cells, the production of inflammatory cytokines,
and the induction of the antiviral state in uninfected cells. Furthermore, the activation of the innate
immune system initiates the adaptive immune response.

THE CLASSICAL VIEW OF IMMUNE MEMORY

Because of the memory characteristics of the immune system, the host immune response improves
upon secondary infection. Immune memory has previously been defined as the state of the im-
mune system induced by infection or vaccination that confers an improved, faster, more efficient
immune response upon secondary exposure. It is generally associated with activation of the adap-
tive immune system resulting in the formation of specific antibodies and T lymphocytes that are
able to react very rapidly and efficiently to neutralize the pathogen. Neutralizing antibodies have
been associated with protective immunity post infection or vaccination, and they are often used
as correlates of protection (8). A stronger and more rapid production of antibodies has therefore
been targeted as the basis for successful immunization and vaccination (9). However, induction of
potent memory cellular responses, which are T cell mediated, is gaining increased interest and is
a crucial component of protection after vaccination (10).

After encountering an antigen, B cells differentiate into antibody-secreting plasma cells, with
the help of T helper cells. T helper cells can recognize antigen on B cells and induce their differ-
entiation. Upon activation, the antibody-secreting cells secrete antibodies, which are the soluble
form of the specific B cell membrane receptors that were able to bind to the antigen. The functions
of antibodies are the neutralization of viral particles and toxins, the opsonization of viral particles
to enhance uptake by phagocytic cells, and the activation of the complement system. Upon sec-
ondary encounter with the same antigen, the antibody response is faster and more efficient by
producing more antibodies with higher affinity through clonal expansion of the particular B cells.
Besides antibodies, the adaptive immune system also has a memory response through memory
T cells. After an antigen has been cleared, most T cells that have proliferated during the active
phase of the infection will die. However, a remainder of T cells will differentiate into central, pe-
ripheral, resident, and effector memory T cells. These cells can be present lifelong independent
of antigen exposure. When challenged, memory T cells also undergo clonal expansion, resulting
in an improved cellular immune response.

While antigen-specific immune memory based on B and T cells is a crucial component of
host defense, increasing evidence during the last decade has demonstrated that certain infections
and vaccines can induce heterologous protection toward pathogens different from those causing
the initial infection. One explanation for such heterologous responses is cross-reactivity, which
is when specific receptors on lymphocytes also recognize antigens that are molecularly similar to
the targeted antigen. Heterologous lymphocyte responses upon activation by cytokines released by
innate immune cells can also contribute to nonspecific protection against infections (11). However,
in this review we focus on the property of innate immune cells to build adaptive characteristics, a de
facto innate immune memory termed trained immunity (12) (Figure 1), and how these responses
can be elicited by viral pathogens or protect against viral infections.

TRAINED IMMUNITY: THE CONCEPT OF INNATE IMMUNE MEMORY

Several lines of evidence suggest that innate immune responses develop memory characteristics
after viral infections (13). Here we outline the evolutionary, epidemiological, and experimental
arguments.
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Figure 1

The effect of trained immunity. Trained innate immune cells respond more robustly and faster upon
secondary stimulation. Training results in increased cytokine production, increased receptor expression, and
enhanced phagocytosis and killing. Abbreviations: BCG, Bacillus Calmette-Guérin; CMV, cytomegalovirus;
SARS-CoV-2, severe acute respiratory syndrome coronavirus 2. Figure adapted from images created with
BioRender.com.

Evolutionary Background

Only vertebrate animals have lymphocytes that can exert a classical adaptive immune response.
Plants and invertebrates do not possess such an adaptive immune system; however, upon sec-
ondary exposure to pathogens, they do show enhanced host defense, a direct demonstration that
innate immunity can adapt after an infection. In plants, this memory-like state is referred to as
systemic acquired resistance (SAR) and has also been shown to be induced by viral infections (14).
Inoculation of leaves of the tobacco plant Nicotiana tabacum with diluted tobacco mosaic virus
(TMV) leads to a resistance upon secondary challenge with the same pathogen (14). This effect
was seen not just in the inoculated leaves but also in other parts of the plant. Such an enhanced
response to secondary infection can be explained only by the presence of memory-like characteris-
tics in its innate immune response. It has been shown that other plant infections are accompanied
by epigenetic changes such as chromatin remodeling, DNA methylation, and RNA silencing (15,
16). There is even evidence that these alterations can be inherited by their progeny, leading to
transgenerational SAR (17).
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Similarly, invertebrate animals do not possess lymphocytes and a classical adaptive immune
system. However, upon infection, the mealworm beetle Tenebrio molitor displays a prolonged an-
timicrobial response that could provide protection against reinfection (18, 19). In Aedes aegypti
mosquitoes, priming with inactivated dengue virus during larval stages results in reduced viral
load when they are exposed to dengue virus as adults through RNA interference (RINAi) (20).
Additionally, after exposure to RNA viruses, these mosquitoes have a memory-like immune re-
sponse that is carried on to their offspring and is referred to as transgenerational immune priming
(T'GIP). There is convincing evidence that epigenetic mechanisms and RNAi play a major role in
this protection and are nonspecific (21).

The presence of memory characteristics in organisms that have only an innate immune sys-
tem indicates that the adaptive immune system is not, as generally thought, solely responsible for
memory responses in vertebrates.

Epidemiological Background

Already in the early days of vaccination, evidence emerged that some vaccines provide more pro-
tection than the protection offered against the specific pathogen for which they were developed.
Epidemiological studies have shown that especially live-attenuated vaccines have nonspecific ef-
fects, meaning that vaccinated individuals are better protected against infectious diseases other
than the one they were vaccinated against. Although initially these nonspecific effects were largely
attributed to socioeconomic aspects and increased health-seeking behavior of vaccinees, they were
later demonstrated in randomized clinical trials to be true biological effects (22). Subsequently, in-
nate immune memory provides an immunological explanation for this broader protection against
infections.

The first evidence of this enhanced protection against heterologous infections by vaccines came
from studies with Bacillus Calmette-Guérin (BCG), a vaccine containing an attenuated strain of
Mycobacterium bovis and originally developed to protect against tuberculosis. In epidemiological
studies of its efficacy as early as 1931, it was already seen that there was significantly less mortality
among vaccinated children compared to those who were not vaccinated (23, 24). This difference
could not be fully explained by the protection against tuberculosis alone and was found to be due
to a decrease in death from neonatal sepsis and respiratory tract infections (24).

The Effects of Viral Vaccines

These beneficial effects were not limited to the bacterial vaccine BCG; after routine vaccination
with various live-attenuated viral vaccines, reduced overall mortality was also reported. Decades
after routine Vaccinia vaccination, the vaccine that was used to prevent and ultimately eradicate
smallpox, had been implemented in Guinea-Bissau, an observational study showed a reduced mor-
tality ratio of 0.60 (0.41-0.87) in adults with Vaccinia scars (25, 26). Measles virus—containing
vaccines, such as the measles-mumps-rubella (MMR) vaccine, were shown to decrease childhood
mortality (27). Other observational studies confirmed this effect and reported a reduced mortality
rate of 0.51 (0.27-0.98) (28). The most pronounced differences in mortality were seen in death
due to pneumonia and malaria. A recent meta-analysis by a World Health Organization Strategic
Advisory Group of Experts confirmed the protective effect of MMR and BCG vaccines against
mortality in children beyond their target diseases (29).

During a shortage of diphtheria-tetanus-pertussis (DTP) vaccine in Guinea-Bissau, the effect
of the simultaneously given oral polio vaccine (OPV) was analyzed by looking at the case-fatality
rate in a pediatric ward. It showed that children who had received OPV only, instead of OPV
and D'TP, had a lower case fatality rate (30). Other epidemiologic studies in Guinea-Bissau have
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confirmed this observation when looking at child mortality rates in OPV-vaccinated and/or DTP-
vaccinated children before they received the measles vaccine (31). It has been hypothesized that
DTP, an inactivated vaccine, may display inhibitory effects on the beneficial nonspecific effects
seen after live-attenuated viral vaccines such as OPV, MMR, and Vaccinia. Currently we do not
know whether live organisms are essential to attain these effects; in fact, we know that inanimate
compounds such as beta-glucans (B-glucans), oxidized low-density lipoproteins, and monosodium
urate crystals are also able to induce trained immunity (32, 33).

These studies show that individuals vaccinated with certain vaccines have a more general pro-
tection against infectious diseases. The specific memory induced by the adaptive immune system
cannot explain these findings due to its antigen specificity, and trained immunity that induces a
nonspecific memory response upon exposure to pathogens explains these effects.

Experimental Background

Several murine studies on viral infections have explored this broader memory response. Mice
latently infected with murine gammaherpesvirus 68 or murine cytomegalovirus (MCMV) were
found resistant to Listeria monocytogenes and Yersinia pestis through elevated production of tumor
necrosis factor-o. (TINF-a) and IFN-y by macrophages for at least 3 months (34). Similarly, when
NK cells are exposed to MCMV memory, NK cells are generated that are able to exhibit an en-
hanced inflammatory response 70 days later when they are restimulated with antibodies that bind
to the NK1.1 or Ly49H receptor (35). Most of these results seem to be due to the increased proin-
flammatory cytokine production that is characteristic of trained immunity upon restimulation; an
increase in IFNs in vaccinated animals is considered to contribute to these effects.

Similar mechanisms seem to be responsible for protection by trained immunity against
other viral infections. Mice treated with N¢-acetylmuramyl-1-alanyl-d-isoglutaminyl-N¢®-stearoyl-
l-lysine [muramyl dipeptide (MDP)-Lys(L18)] appear to be resistant to Sendai virus and show
increased IFN production on the first day after this viral infection (36). Macrophages from BCG-
vaccinated mice are better able to reduce influenza A viral titers compared to control animals,
and this leads to reduced inflammation and less pulmonary injury (37). BCG vaccination also im-
proves resistance to encephalomyocarditis and to infection with herpes simplex virus (HSV) type 1
(38). Likewise, the vaccine improves the survival rate of newborn mice infected with HSV-2 (39).
When exposed to ectromelia virus, mice vaccinated with BCG have a lower mortality than control
animals, and they produce significantly more IFN in the peritoneum and the spleen (40).

In in vitro studies with human cells, the underlying mechanisms for this nonspecific induction
of resistance have been investigated. Monocytes primed with Vaccinia virus and restimulated with
bacterial pathogens show increased production of IL-6 and TNF-a. In contrast, cells exposed to
MVASSA (a tuberculosis vaccine consisting of a recombinant strain of modified Vaccinia virus ex-
pressing Mycobacterium tuberculosis antigen 85A) become tolerant, with a decreased production of
IL-6 and TNF-a upon restimulation. The immune tolerance induced by MVAS8S5A is also likely
to be caused by epigenetic reprogramming, as it could be reversed by the use of a histone methyl-
transferase inhibitor (41). Immune tolerance is on the opposite side of the spectrum compared
to trained immunity, and it can be detrimental in diseases characterized by defective host defense
such as sepsis (32, 42).

In vitro studies and the studies in mouse models were recently complemented by a model for
experimental human viral infection in which human volunteers recently vaccinated with BCG
were subsequently exposed to yellow fever vaccine. This vaccine contains an attenuated version
of the yellow fever virus, and it induces a very mild infection with viremia that is detectable
by polymerase chain reaction. The BCG-vaccinated individuals that subsequently received the
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yellow fever vaccine showed reduced viremia compared to control individuals that received only
the yellow fever vaccine, demonstrating the control of a nonmycobacterial infection by BCG (43).

BCG also has effects on HSV-1 and HSV-2 infections in humans. Multiple clinical studies,
mainly in the 1970s, were performed using administration of BCG in patients with recurrent her-
pes genitalis and labialis (44, 45). Similar to the animal studies, these studies showed a beneficial
effect, i.e., patients saw clinical improvement and the rate of recurrence reduced. Only one ran-
domized controlled trial (RCT) was done, in which patients received either BCG vaccination or
the, unknown at that time, nonspecific immunomodulatory Candida sp. skin test antigen, which
showed that both could lead to a reduction in recurrence, while no significant difference between
the two immunomodulators was seen (46).

Besides these vaccines that are still commonly used, there have been other examples of im-
munomodulators used to improve nonspecific host defense mechanisms against infections. Non-
specific resistance and macrophage activation through pathogen-derived components such as
Broncho-Vaxom and Biostim (both extracts of bacterial cultures) for chronic or recurrent in-
fections were previously used (47). Another example is Polidin, an immunomodulatory vaccine
licensed in 1966 containing heat-killed bacteria from 13 different species, which provides non-
specific improved antimicrobial resistance. It was used in Romania in the second half of the twen-
tieth century as a preventive measure against infections during flu season, but it was also given as
adjuvant therapy against various infections and in burn patients (48).

Collectively, these arguments support the concept that certain vaccines can induce long-term
protection against heterologous infections, including those caused by viral pathogens (Table 1).
Due to the heterologous (antigen-independent) nature of the protection induced by these vaccines,
memory characteristics built within innate immune cells are most likely an important mechanism
mediating these effects.

MOLECULAR AND CELLULAR MECHANISMS UNDERLYING
TRAINED IMMUNITY

The various mechanisms that are involved in the induction and effects of trained immunity can be
identified and described at different levels, and these include cellular, immunological, transcrip-
tional, and metabolic mechanisms.

Cellular Mechanisms

Several innate immune cells are known to acquire a memory-like response. The best-studied cells
are monocytes/macrophages and NK cells (49-51).

Monocytes are bone marrow—derived cells that differentiate into macrophages when entering
tissues. They are important in the recognition, phagocytosis, and killing of microbial pathogens.
Monocytes and macrophages contribute to antiviral host defense in several ways. First, these cells
produce defensins, molecules that block viral infection by interacting with the viral envelope, that
are also able to trigger cytokine production and macrophage chemotaxis. Second, they produce
IFNs and proinflammatory cytokines that subsequently activate other immune cells with direct
antiviral effect (such as NK cells and cytotoxic T cells). Third, myeloid cells present antigens to
T cells and contribute to induction of adaptive immune responses.

Depending on the training stimuli, different pathways induce trained immunity in monocytes
and macrophages. B-glucan induces trained immunity through the Dectin-1/Rafl-dependent
pathway, whereas BCG uses nucleotide-binding oligomerization domain 2 (NOD2) signaling.
Which pathways mediate the training induced by viruses is currently unknown. Trained immu-
nity improves the response against viruses through monocytes and macrophages by increasing
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Table 1 Overview of evidence supporting trained immunity

Argument Stimulus Studied in Effect(s) Reference(s)

Evolutionary "Tobacco mosaic virus Nicotiana Systemic acquired resistance; 14

tabacum resistance upon secondary challenge
Epigenetic changes 16,17

Transgenerational 15

Lipopolysaccharide Tenebrio molitor | Long-lasting response against 19
Metarbizium anisopliae after priming

Transgenerational immune priming 18

Dengue Aedes aegypti Reduction in viral load 20

Epigenetic modifications and RNA 21

interference in transgenerational
immune priming

Epidemiological | BCG

Human Reduced childhood mortality; 23,24
reduction in neonatal sepsis and
respiratory tract infections

Vaccinia Human Reduced mortality rate 25,26
Measles-mumps-rubella Human Reduced childhood mortality 27,28
Oral polio vaccine Human Lower case fatality rate in pediatric 30,31
ward
Experimental Murine gammaherpesvirus-68; Mice Resistance to Listeria monocytogenes and | 34
MCMV Yersinia pestis
MCMV Mice Prolonged inflammatory response in 35
natural killer memory cells
Muramyl dipeptide-Lys syn. Mice Resistance to Sendai virus; increased 36
L18 interferon production
BCG Mice Reduction in influenza A titers; 37

reduced inflammation and
associated pulmonary injury

Improved resistance against HSV-1 38

Improved survival in HSV-2 infection 39
Reduced mortality rate; enhanced 40
interferon production

Abbreviations: BCG, Bacillus Calmette-Guérin; HSV, herpes simplex virus; MCMYV, murine cytomegalovirus.

476

the production of monocyte- and macrophage-derived cytokines, leading to several downstream
antiviral effects.

NK cells are considered to be at the interface of the innate and adaptive immune system and
share many characteristics with T cells. NK cells survey for missing self and have various impor-
tant functions within the antiviral immune response. NK cells have several mechanisms by which
they provide protection: antibody-dependent cellular cytotoxicity (ADCC), secretion of IFN-y
and TNF-a upon activation, and cytolytic granule-mediated cell apoptosis of virus-infected cells.
Besides infection, cytotoxicity can alternatively be achieved through cytokine-driven pathways,
particularly type-I IFNs.

NK cells carry both specific and nonspecific memory responses. There are different types
of NK cell memory, including virus-induced, hapten-induced, and cytokine-induced memory
(52). Nonspecific NK memory responses are mediated through epigenetic imprinting of the Ifig
locus and result in an enhanced production of proinflammatory cytokines, especially IL-18, as
IFN-y enhances the release of IL-18 in humans (35, 53). Even though NK cells do not possess
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antigen-specific receptors, they do have the ability to respond more rapidly and robustly upon
restimulation. This memory has been seen after viral infection with human cytomegalovirus
(HCMV), exposure to haptens such as 2,4-dinitro-1-fluorobenzene, and cytokines. These mem-
ory NK cells also have an increased life span. When mice are infected with MCMYV, the NK
cell population expands and contracts, similar to T cells. Upon reinfection, these NK cells were
able to produce higher amounts of IFN-y compared to naive NK cells. Adoptive transfer of the
memory NK cells from mice with previous exposure to MCMV to a naive host also preserves
this enhanced response in the acceptor (35).

Innate lymphoid cells ILCs) are a population of innate lymphocytes that are closely related to
NK cells. Group 1 ILCs (ILC1s) rapidly produce IFN-y at the infection site to limit replication
of viruses before NK cells can do so. Tissue-resident ILC1s possess a persisting memory response
after MCMYV infection. They undergo expansion and functional changes, including epigenetic
reprogramming, that result in an enhanced protection against secondary MCMYV challenge (54).
Tissue resident ILCls are found in the salivary gland and the liver. ILCls also migrate to the
salivary gland and expand in response to infection or inflammatory signals.

Not much is known about the role of neutrophils in the antiviral response, although there
is evidence that a lack of neutrophils has a significant negative effect on the outcome of viral
infections. In knock-out mice depleted of neutrophils, viral titers are significantly higher and there
was increased mortality upon exposure to infection with HSV-1, influenza virus, and a neurotropic
JHM strain of mouse hepatitis virus (55-58).

Progenitor HSCs as well as neutrophils can be trained (50). When granulocyte-monocyte pro-
genitors are trained, their transcriptome shows preference toward production and maturation of
neutrophils (59, 60). Among the changes that occur after restimulation, an upregulation of type-I
IFN signaling was noticed (60). The training of these cells has mostly been investigated for its
antitumor activity; however, as previously described, type-I IFN is important in viral infections.
Even though neutrophil training has not been performed in the context of viral infections, one
may speculate that training of neutrophils also contributes to trained immunity responses against
viruses. More research is needed to evaluate the role of trained immunity of neutrophils and their
progenitor cells in viral infection.

In contrast to the adaptive immune response, which provides lifelong protection against certain
viruses, the effects of trained immunity are thought to be shorter lived, based on immunological
studies that report waning of trained immunity in the course of one year (61). Other arguments
for a longer duration have come from epidemiological studies (26, 62, 63). However, a duration
of years raises the question of how this is maintained, as the lifespan of innate immune cells is
limited. This means there must also be central induction of trained immunity in HSCs and/or the
other progenitors of myeloid cells.

In mouse studies, increased cytokine production after secondary stimulation is seen for at least
3 months after BCG vaccination (64). After administration of p-glucan, there is an expansion of
myeloid progenitor cells in the bone marrow. This indicates that not just mature innate immune
cells are involved in trained immunity but also their precursors. In this way the reprogramming
lasts longer than the life span of the circulating innate immune cells (65). A different study con-
firmed the involvement and reprogramming of HSCs and their ability to confer this memory to
the cells derived from these HSCs, such as bone marrow—derived macrophages (BMDMs) (59).

Similarly, in human volunteers, BCG vaccination induces transcriptomic changes in the HSCs
and other progenitor cells. There is upregulation of genes involved in myeloid and granulocytic
function and priming; specifically, transcription factor HNF1A/B plays a key role in the repro-
gramming. Transcriptomic changes were also seen in CD14% monocytes that derive from these
HSCs, while no differences in the number of cells were seen (66).
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Immunological Effector Mechanisms

Trained immunity leads to an enhancement of the effector innate immune responses when res-
timulated. Among these effector mechanisms, the most relevant for antiviral host defense are
pathogen recognition, cytokine production, and killing mechanisms (the latter mediated espe-
cially by NK cells and other ILCs). Typically, trained cells produce higher amounts of innate
proinflammatory and anti-inflammatory cytokines when restimulated.

The increased cytokine production after reinfection is an essential functional consequence of
trained immunity. This mechanism is most relevant for monocytes and macrophages, which are the
main producers of proinflammatory cytokines such as IL-1p, IL-6, and TNF-o and chemokines
such as CXCL9, CXCL10, and CXCL11. Cytokines and chemokines have an important antimi-
crobial effect by activating macrophages and neutrophils, potentiating phagocytosis, and stimu-
lating the killing of pathogens and infected cells in case of viruses.

IL-18 is a cytokine with a wide range of effects. One of these is costimulation of T cells. IL-1p
is linked to increased antibody production through stimulation of IL-6 production. In an in vivo
experimental setting of BCG followed by yellow fever vaccination, it was shown that the upregu-
lation of IL-1B after BCG vaccination is strongly correlated to a reduction of viremia due to the
yellow fever 17D vaccine strain, independent of IFN-y. Interestingly, besides the reduction of cir-
culating yellow fever virus, there was a lower concentration of circulating inflammatory cytokines
in BCG-vaccinated individuals, while the concentration of neutralizing antibodies was similar
(43).

Type-I IFNs are cytokines produced by fibroblasts and monocytes, innate immune cells, and
are well known for their antiviral effects. They bind to the IFN-a/p receptor IFNAR) and inhibit
viral replication at various stages as well as promote apoptosis of infected cells through ISGs and
p53 activity. Unfortunately, the type-I IFNs have not yet been thoroughly studied in the context
of trained immunity. It has been shown that training of bone marrow GMPs with B-glucan leads
to increased concentrations of IFN-a in bone marrow plasmacytoid dendritic cells (DCs) and
macrophages (60). What impact trained immunity has on the production of type-I IFNs in the
context of virus infections remains to be investigated in future studies.

The increase in cytokine production also has several downstream effects, for instance on the
functioning of the adaptive immune system. BCG vaccination has been shown to improve the im-
munogenicity of subsequent influenza and hepatitis B vaccination (67, 68). This could be explained
by the enhanced cytokine response, for example IL-6 promoting B and T cell differentiation, an-
tibody synthesis, and memory cell formation. Trained immunity could thus potentially influence
antibody responses to other vaccines as well.

The expression of various receptors on immune cells also changes in trained cells. In monocytes
from BCG-vaccinated volunteers, there is an increased expression of TLR4 and CD11b compared
to prevaccination (64). The enhanced expression of CD11b is interesting for viral infections, as
it is a marker for CD8" cytotoxic T cell activation and memory response (69). -Glucan-trained
monocytes express more TLR2 (70).

Memory NK cells, as an example of trained cells, also show enhanced expression of certain
receptors compared to resting naive NK cells. In the context of MCMYV infection, the expression
of the Ly49H receptor on NK cells is an indicator for MCMV-specific memory NK cells. They
highly express killer cell lectin-like receptor G1 (KLRGI), an inhibitory receptor also present
on CD8" T cells (35). The results of these changes are improved IFN-y production and more
robust degranulation, which lead to enhanced killing capacity by NK cells. The human counter-
parts of these Ly49H™ NK cells are thought to be CD94-NKG2C* NK cells, which expand after
reinfection with HCMV and remain elevated for a prolonged time (71, 72).
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Transcriptional and Epigenetic Mechanisms

One of the most important molecular mechanisms for the induction of trained immunity is the
epigenetic reprogramming of innate immune cells, leading to an enhanced capacity to respond
transcriptionally. Epigenetic regulation of gene transcription can take place at different levels:
chromatin accessibility influenced by histone modifications [e.g., methylation at histone H3 lysine
4 (H3K4) and histone H3 lysine 9 (H3K9), acetylation at histone H3 lysine 27 (H3K27)], DNA
methylation, and long noncoding RNA (IncRNA) expression modulation (73, 74). A combina-
tion of the genome-wide epigenetic modifications mediated by these diverse mechanisms leads to
memory-like responses in various cell types (Figure 2).

After stimulation cells reprogram in order to meet the need to respond to the stimulation,
and the unpacking of chromatin around gene regions involved in the immune response allows
for the transcription of proinflammatory genes. The initial activation of proinflammatory genes
goes hand in hand with the accumulation of open chromatin marks such as H3K4me3 on pro-
moters. Immune priming IncRNAs are also upregulated by the initial stimulation and regulate
the deposition of epigenetic marks on gene promoters (75, 76). Not only are gene promoter re-
gions affected, but also modulation of H3K4mel and H3K27Ac on enhancer regions seems to be
involved in regulation of trained immunity (77).

IFN-B stimulation leaves chromatin marks on ISGs leading to transcriptional memory. After
mouse embryonic fibroblasts are exposed to IFN-B, a secondary stimulation with encephalomy-
ocarditis virus after washout of the initial IFN-B leads to improved antiviral activity. This effect was
also seen in BMDMs. This memory response can also be considered a form of trained immunity
and is especially interesting in the context of viral infections (78).

It is important to realize that the epigenetic reprogramming of cells can go in two directions:
toward trained immunity but also toward immune tolerance. During the latter, the epigenetic
changes result in diminished expression of inflammatory genes, and this may ultimately lead to
immune paralysis, such as seen in sepsis (79). Recent studies have suggested that coronavirus dis-
ease 2019 (COVID-19) can induce immune paralysis in a minority of patients (80), but this needs
to be investigated in more detail.

After stimulation, several of these modifications may persist, leaving the cell in a trained state
that facilitates a rapid and robust transcription after secondary stimulation. This epigenetic re-
programming is considered a hallmark of trained immunity without which training cannot take
place.

Metabolic Modulation of Trained Immunity

The link between intracellular signaling through immune receptors and the long-term epige-
netic changes that underlie the change in cell function is provided by a rewiring of the cellular
metabolism (Figure 3). In turn, epigenetic changes also influence genes involved in metabolic
processes, such as those involved in glycolysis. In parallel, upregulation of genes responsible for
increased proinflammatory cytokine production occurs (81, 82).

During induction of trained immunity, activation of the Akt/mammalian target of rapamycin
(mTOR) pathway induces a metabolic switch also known as the Warburg effect, in which cell
metabolism switches from oxidative phosphorylation to aerobic glycolysis. This induces a further
stimulation of the cell, as well as provides a faster, yet less efficient, source of energy in the form
of ATP for the cell. However, the Krebs cycle is changing from a catabolic to an anabolic state
to produce citrate and acetyl-coenzyme A (CoA) that subsequently enters the lipid-synthesis
pathway. Additionally, Krebs cycle metabolites are cofactors of epigenetic enzymes and impact
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Figure 2

The epigenetic mechanisms that result in the enhanced immune response upon secondary stimulation in
trained immunity. Upon initial stimulation chromatin opens, DNA methylation is low and there is active
gene expression. A trained cell does not return to an unstimulated state; chromatin only mildly condenses,
and there is mild DNA methylation. This allows for enhanced gene expression upon restimulation. Figure
adapted from images created with BioRender.com.

the remodeling of chromatin: For example, accumulation of fumarate inhibits KDMS5 histone
demethylases, thus allowing the persistence of methylation marks on histones (81). In turn,
succinate also promotes the activity of TLR3 and TLR7, receptors relevant for viral recognition
(83). At the same time, the cholesterol pathway metabolite mevalonate amplifies trained immunity
through the insulin-like growth factor 1 receptor (IGFIR) and phosphatidylinositol-3-kinase
(PI3K)/mTOR pathway (74).
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pathways are involved in the remodeling of chromatin and amplifying the trained state of the cell.
Abbreviations: CoA, coenzyme A; G6P, glucose 6-phosphate; HIF-1a, hypoxia-inducible factor 1-alpha;
IGF1R, insulin-like growth factor 1 receptor; mTOR, mammalian target of rapamycin; PDH, pyruvate
dehydrogenase; PRR, pattern recognition receptor. Figure adapted from images created with
BioRender.com.

Figure 3

COVID-19 AND TRAINED IMMUNITY

While we have focused in this review on the impact of trained immunity on viral infections in
general, we should also reflect on its importance in the context of the COVID-19 pandemic. Based
on the growing body of evidence that certain vaccines induce trained immunity and heterologous
protection against infections, several clinical trials using vaccines that induce trained immunity
have been designed to combat COVID-19 (Table 2). An improved innate immune response could
result in a milder course of the disease and prevent further spreading of severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) (84). Using trained immunity—inducing vaccines as bridge
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Table 2 Nonspecific effects of vaccines in the COVID-19 pandemic

Vaccine Study design Effect(s) on COVID-19 Reference
BCG Cohort Reduced seroprevalence of anti-SARS-CoV-2 immunoglobulin 85
G; reduced self-reported COVID-19 symptoms
Ecological Negative association between BCG vaccine coverage and 86
COVID-19 mortality
Cohort Reduced incidence of self-reported sickness and extreme fatigue 89
RCT Reduced incidence of COVID-19 diagnosis 90
No effect on COVID-19 incidence 91
Increased neutralization by antibodies after COVID-19 93
vaccination after recent BCG vaccination
Mice Sterilizing immunity using BCG-adjuvanted COVID-19 vaccine | 92
Influenza Cohort 49% risk reduction for SARS-CoV-2 positivity 94
24% reduced odds of SARS-CoV-2 positivity; 42% reduced odds | 96
of needing hospitalization; 55% reduced odds of needing
ventilation when infected; shorter COVID-19-related hospital
stay
29% reduced odds of symptomatic disease 97
Pneumococcal Cohort 52% reduced odds of symptomatic disease 97
Measles-mumps-rubella | RCT 48% risk reduction for symptomatic COVID-19; 76% risk 99
reduction in COVID-19 treatment
Cohort 38% reduction of COVID-19-related hospitalization; 32% 100
reduction of COVID-19 intensive care unit admission or death
Recombinant zoster Cohort 16% risk reduction for COVID-19; 32% risk reduction for 101

associated hospitalization

Oral polio vaccine

Cohort Fewer symptomatic infections 102

Abbreviations: BCG, Bacillus Calmette-Guérin; COVID-19, coronavirus disease 2019; RCT, randomized controlled trial; SARS-CoV-2, severe acute
respiratory syndrome coronavirus 2.

vaccinations until a specific vaccine (or a vaccine adapted to a new viral mutant) is developed could
limit morbidity and mortality in the population and mitigate the effects of the pandemic.

Epidemiological and ecological studies have found a correlation between a history of BCG vac-
cination and reduced seroprevalence of SARS-CoV-2 immunoglobulin G (IgG) and self-reported
health complaints (85), as well as reduced mortality in countries that have an ongoing BCG na-
tional vaccianation program (86, 87). However, these studies are not definitive proof of a direct
negative relation between BCG vaccination and SARS-CoV-2, as they are prone to bias. Several
randomized placebo-controlled trials are currently underway in many different countries to ana-
lyze whether BCG vaccination could provide protection against COVID-19 in health care workers
(NCT04328441, NCT04327206, NCT04461379, NCT04648800), and there are also studies in
various countries where this effect is analyzed in the elderly (88) INCT 04417335, NCT04414267,
NCT04537663, NCT04475302).

Surrounding these trials, there were some concerns that the immune boost by BCG could
amplify hyperinflammation when individuals become infected with COVID-19. One study has
shown that recent BCG vaccination was safe and might be associated with a lower incidence of
self-reported sickness and of extreme fatigue during the first wave of COVID-19 in the Nether-
lands. It must be mentioned that there was limited access to SARS-CoV-2 testing during the re-
ported period, and this retrospective study had only small numbers of participants (89). However,
the hypothesis that recent BCG vaccination does not cause more severe disease was supported by
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the data of the ACTIVATE-2 clinical trial, in which elderly individuals revaccinated with BCG
did not display more symptoms. Moreover, this study identified fewer diagnoses of COVID-19
in BCG-vaccinated individuals than in the control group (90). However, the first results of the
BCG-CORONA-ELDERLY trial in the Netherlands did not show significant effects of BCG
vaccination on the incidence of total COVID-19 diagnoses. No conclusions could be drawn re-
garding the severity of infection due to the limited number of cases of severe COVID-19 requiring
hospitalization. Interestingly, recently BCG-vaccinated individuals exhibited an increase in IL-6
after in vitro stimulation with SARS-CoV-2, as well as an improved serological response after
COVID-19 infection. In addition, BCG-vaccinated individuals that were subsequently infected
with SARS-CoV-2 had a higher antibody response (91). All in all, it is too early to tell whether
BCG vaccination has beneficial effects on COVID-19, and the results of additional studies are
eagerly awaited to provide definitive answers regarding the effects on incidence and severity of
the disease.

With regard to SARS-CoV-2 vaccination, there is evidence of a similar synergistic effect of
BCG (re)vaccination on the specific antibody response. In mice, a single dose of BCG-adjuvanted
COVID-19 vaccine results in sterilizing immunity against SARS-CoV-2 infection (92). In humans,
recent revaccination of health care workers with BCG before SARS-CoV-2 vaccination showed
increased titers of neutralizing antibodies compared to placebo (93).

Other vaccines have also been investigated for protective effects against COVID-19. An
interesting example of this is vaccination with quadrivalent inactivated influenza vaccine (QIV),
a vaccine that is offered yearly to health care personnel and the elderly. One study found that
the incidence of COVID-19 in health care personnel vaccinated in flu season 2019/2020 was
lower than that in unvaccinated personnel. This is also in line with experiments in vitro, in which
restimulation with heat-killed SARS-CoV-2 after training with QIV results in greater production
of IL-1RA (94). IL-1RA is anti-inflammatory that can reduce the severe inflammation seen in
COVID-19-related respiratory problems and has even been used as treatment for hospitalized
patients (95). Additionally, several clinical studies have shown that there are fewer COVID-19
diagnoses and a reduced risk of COVID-19 hospitalization and mortality in influenza-vaccinated
individuals (96-98).

Studies on the MMR vaccine showed that it does not prevent SARS-CoV-2 infection, but it
reduces the risk of symptomatic COVID-19 by 48% after only one dose of MMR; even better
results were obtained with two doses (99). Although trained immunity after MMR vaccine has not
yet been demonstrated, it is thought to provide protection against SARS-CoV-2 through cross-
reactive memory T cells reactivated by SARS-CoV-2 (100).

A large cohort study on recombinant ASOlg-adjuvanted herpes zoster vaccination and
COVID-19 found a risk reduction of 16% for COVID-19 diagnosis and of 32% for associated
hospitalization (101). The ASO1 adjuvant is thought to induce heterologous protection, possibly
due to the induction of trained immunity.

Finally, OPV has also been suggested as a potential strategy against COVID-19. In one study,
Iranian women who were exposed to children who had received OPV were reported to have fewer
symptomatic SARS-CoV-2 infections than women without such exposure. The excreted attenu-
ated polio virus would have led to exposure of the former group of women (102).

FUTURE PERSPECTIVES

In summary, the innate immune response is important as a first line of defense against viruses.
The nonspecific innate immune memory, known as trained immunity, contributes to an en-
hanced immune response against viral infectious diseases. This memory response is mediated by
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functional reprogramming of innate immune cells by certain vaccines and involves epigenetic,
metabolic, cellular, and immunological changes that are not limited to one generation of cells.
There is, however, heterogeneity of trained immunity, which can be partially explained by host
factors such as gender, age, genetics, and diet, but also seasonality and kind of stimulus (103).
Most studies have focused on the induction of training with bacterial and fungal products, but
the role of viruses and their ligands in training is largely unexplored.

Currently the major knowledge gap in trained immunity that requires further investigation
most urgently is the duration of effective protection. Also, the relevance of timing of initial stim-
ulation in relation to other vaccinations and natural exposure to disease has not been researched.
Throughout life, natural exposure, environmental determinants, and physiological changes could
greatly affect trained immunity. It is still unknown how the antiviral immune response benefits
from these.

Considering the protective effects induced by trained immunity, one could consider its use for
clinical applications. Trained immunity can provide additional beneficial nonspecific effects after
vaccination, which gives a new approach to the development of new vaccines. Knowing how long
trained immunity persists can provide arguments to adapt vaccination programs to include trained
immunity-inducing vaccines or adjuvants to further reduce the impact infectious diseases have on
morbidity and mortality. Its use can also lead to vaccination in a broader public health approach,
aiming to reduce pathology of more than just a single pathogen.

This is promising not only for vulnerable populations, in which vaccines do not always work
well, but also for diseases for which vaccines are not very successful. The largest vulnerable popula-
tion that can benefit from improved vaccines is the elderly population. Many vaccines lack efficacy
in elderly people due to aging of the immune system, of which the adaptive immune system and
vaccination responses are most affected. Trained immunity may improve their vaccine responses,
as it makes use of the innate immune system, which remains largely intact in old age. In addition,
it might be beneficial to use trained immunity-inducing stimuli as adjuvants to existing vaccines.
In that way, vaccines may be more effective and also provide heterologous protection and thereby
prevent other (viral) infectious diseases.

Unfortunately, currently most vaccines in use that induce trained immunity are live-attenuated
vaccines. Live-attenuated vaccines cannot always be administered safely to immunocompromised
individuals, such as people infected with human immunodeficiency virus or using immunosup-
pressive medication. More research into noninfectious agents that can provide similar nonspecific
protection and are safe for use could be a breakthrough in the protection of vulnerable popula-
tions. Another application that can be envisaged is the use of viral ligands as inducers of trained
immunity. These might be used in clinical conditions of immunosuppression, such as sepsis or
cancer. Indeed, the use of bacterial or fungal structures as immunomodulators in cancer has been
recently proposed, and initial data are already promising (60, 104). However, little is currently
known of viral compounds with potential trained immunity—inducing properties, and future stud-
ies are warranted.

In conclusion, trained immunity definitely plays a role in the antiviral immune response. Some
viruses are able to induce trained immunity by themselves, but the host can also be better protected
against viral infections by vaccines and other compounds that induce trained immunity. More
research is necessary to explore the full beneficial potential of trained immunity in human viral
infections.
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