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The mechanisms by which antigens specifically sensitize lymphocytes to induce immunity
are well recognized. The past decade has witnessed an increased awareness of the
importance of specific sensitization of monocytes, natural killer cells, and dendritic cells.
This sensitization results from long-lived epigenetic changes that profoundly enhance or
suppress immune responses. Stated simply, immunologic stimuli — infections or
immunizations — can have long-term consequences for the immune responsiveness of the
host. Our purpose is to describe the mechanisms by which these epigenetic effects come
about and their effects on responses to subsequent infection and vaccination. Epigenetic
therapies have improved clinical outcomes in patients with cancer and are on the verge of
regular clinical applicability in the management of infections and vaccine administration.

SPECIFICITY OF HUMORAL AND CELL-MEDIATED IMMUNITY

In the 1890s, Klemperer and Klemperer showed that inoculating rabbits with killed
pneumococci protected them against pneumococcal challenge. Infusing serum from immune
rabbits to nonimmune ones transferred protection, thus expressing the concept of humoral
immunity. They further discovered that this inoculation did not protect against challenge
with a different pneumococcal strain, thereby showing that humoral immunity was an
immunologically specific phenomenon.!

The concept of cell-mediated immunity developed more slowly. Koch’s attempts to
immunize against tuberculosis with tuberculin, a set of proteins extracted from
Mycobacterium tuberculosis, were not successful. Von Pirquet showed that, in patients who
had tuberculosis, injection of tuberculin caused a local inflammatory response; this delayed-
type hypersensitivity was characterized by accumulation of lymphocytes and macrophages
and was antigen-specific. In 1957, Dubos and Schaedler reported that injecting bacille
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Calmette-Guérin (BCG), an attenuated strain of Mycobacterium bovis, into mice enhanced
their resistance to Staphylococcus aureusand M. fortuitum.? They attributed this non—
antigen-specific immunity to activation of monocytes, a phenomenon that was shown in
vitro.3# Seminal experiments by Mackaness®:® showed that infection of mice with
intracellular organisms such as brucella or BCG protected them against antigenically
unrelated bacteria such as listeria. The proposed mechanism was an antigenically specific
stimulation that resulted in an enhanced nonspecific bactericidal capacity of macrophages.

Mackaness called this phenomenon acquired cellular resistance. Musher et al. reported that
infection with listeria protected mice against the quintessentially extracellular organism
Streptococcus pneumoniae’ and attributed this effect to increased oxidative metabolism in
listeria-infected macrophages.® Nonspecific acquired cellular resistance protected
experimental animals against challenge with intracellular bacteria (listeria),6 viruses
(influenza virus),? and protozoa (babesia and plasmodium,1? toxoplasma,1! and
leishmanial?). A crucial set of observations in Mackaness’s experiments went unexplained.
Macrophages from mice that were previously infected with listeria, brucella, or BCG
retained enhanced antimicrobial capacity after the original infecting organisms had been
eradicated, without reintroduction of the sensitizing antigen and independent of
lymphocytes. This phenomenon is now understood to be due to long-lasting epigenetic
changes in macrophages.

EPIGENETICS AND ANTIGEN-NONSPECIFIC TRAINED IMMUNITY

The mechanisms by which innate cells — macrophages, dendritic cells, natural Killer cells,
and reticuloendothelial cells — can become activated by acquiring antigen-nonspecific
immune memory have been elucidated in the past decade. This adaptive characteristic, one
that is independent of lymphocytes, has been termed “trained immunity.”13 The two most
commonly studied models for inducing trained immunity are immunization with BCG or
with B-glucan (a cell-wall component of Candida). The lymphocyte-independent nature of
this training and antigen nonspecificity have been shown in a broad array of experiments
(Table 1). Seven days after purified macrophages were incubated with BCG or with g-glucan
in vitro, exposure to lipopolysaccharide, candida, or staphylococcus caused them to generate
greater amounts of tumor necrosis factor than control macrophages.4 When mice that had
severe combined immunodeficiency (SCID) and, therefore, lacked B or T cells were infected
with BCG, their macrophages had more robust antigen-nonspecific secondary responses and
they were able to survive challenge with a lethal dose of candida.1* Mice that were
vaccinated with B-glucan had increased survival when given a lethal dose of S. aureus.1®
Three months after humans were vaccinated with BCG, their macrophages generated greater
amounts of tumor necrosis factor and interleukin-6 after exposure to staphylococcus or
candida.14 Other experiments in laboratory animals have shown that macrophages can
acquire antigen-nonspecific and cross-protective trained immunity against an array of
pathogens, including bacteria (Escherichia coli, S. pneumoniae, and S. aureus),1419-21
viruses (yellow fever and influenza),%15 parasites (plasmodia),22 and fungi (Candida
albicans) 1420.22.23 \Njjthin 5 days after initial exposure to BCG or g-glucan, innate cells
begin to exhibit more robust responses that persisted for at least 1 year, long after the initial
stimulus had been eradicated.?! Clearly, the trained immunity described in this body of
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experimental data is distinct from B-cell-mediated and T-cell-mediated antigen-specific
adaptive immunity.

Trained immunity occurs through epigenetic changes, a reconfiguration of how the genome
is organized. Each human cell contains approximately 2 m of double-stranded DNA that is
packed and tightly wrapped into the nucleus in nucleosomes consisting of groups of eight
histones. The packing of the DNA is not haphazard; rather, it is organized into a three-
dimensional structure such that the ability of the gene-expression machinery to access a
specific gene promoter depends on the its location within the chromatin network. The
chromatin can be reorganized by acetylating or methylating histones or methylating the 5
cytosine residues of DNA (Fig. 1). Other layers of epigenetic regulation of transcription are
methylation of DNA itself, which controls the binding of transcription factors to gene
promoters, and the release of noncoding RNAs, which also regulate transcriptional
processes.

This reorganization, not of the DNA itself but “above” (epi) the DNA, is referred to as
epigenetic modification. These modifications restructure accessibility to promoters and,
therefore, accessibility to gene transcription (Fig. 1). The net result is a reorganization of the
interactions within topologically associated domains that inhibits or stimulates expression of
some genes; thus, the genes and domains become available for rapid coexpression on
cellular activation.18 After stimulation, innate cells undergo epigenetic rewiring with
increased chromatin accessibility that persists and allows the cell to respond more quickly
and robustly to a second stimulus that is either similar or antigenically different. “Trained
immunity” is the term given to these antigen-nonspecific, cross-protective, and long-lived
innate immune responses.

When BCG or S-glucan stimulates innate cells, nucleotide-binding oligomerization domain-
like receptors, C-type lectin receptors, and other pattern-recognition receptors induce a shift
in cellular metabolism, which increases glycolysis, glutaminolysis, and cholesterol
synthesis?? and triggers epigenetic changes.2528 The best-described changes to date are
increases in chromatin accessibility and histone 3 lysine trimethylation (H3K4me3) in
interleukin-1g, interleukin-6, and tumor necrosis factor. The use of chemical inhibitors of
histone methylation blocks BCG-induced epigenetic changes and trained immunity, which
establishes a mechanistic relationship between epigenetic changes and trained immunity.
14,1519 | addition to BCG and S-glucan, exposure of mice to another live, attenuated
vaccine derived from M. tuberculosis (called MTBVAC) induced similar epigenetic-
mediated innate training and decreased mortality when vaccinated mice were challenged
with S. pneumoniae.18 Epigenetic-mediated innate training was still detected 1 year after
initial sensitization, even though terminally differentiated innate cells are thought to live
only a few weeks. Preliminary evidence suggests that transcriptional, metabolic, and
epigenetic changes in hematopoietic stem cells yield terminally differentiated monocytes
with increased antimicrobial killing capacity,23:29-31 which establishes a potential
mechanism for the long-lived nature of antigen-nonspecific training.
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EPIDEMIOLOGY OF ANTIGEN-NONSPECIFIC IMMUNITY

These observations now explain epidemiologic studies that have shown a survival benefit
from live, attenuated vaccines that is not specific to the targeted pathogen. In developing
countries, children vaccinated with live vaccines — BCG, measles vaccine, or oral polio
vaccine — have decreased all-cause mortality.25 (Some nonlive vaccines have been
suggested to negate the benefit of live vaccines and increase the risk of unrelated, antigen-
nonspecific infections, especially among girls.26) Results have been mixed, but with follow-
up of 8 months to 5 years, measles or BCG vaccination decreased mortality from nontarget-
related infections.2® A randomized, controlled trial showed that, in the year after BCG
vaccination of South African adolescents, the risk of upper respiratory tract infections was
reduced by 729%.32 A similarly designed trial involving elderly adults showed that BCG
vaccination augmented antigen-nonspecific innate immunity that corresponded with
beneficial epigenetic changes and that vaccination was associated with a 75% decrease in
respiratory infections.2 The ability of BCG, the oral polio vaccine, and the measles vaccine
to improve antigen-unrelated immunity and decrease nonspecific infections is being broadly
evaluated as a means to decrease coronavirus disease 2019-related morbidity and mortality
in multiple studies.33

DETRIMENTAL EPIGENETIC SOARS IN IMMUNE CELLS

Unfortunately, epigenetic changes can serve as a double-edged sword, because the same
mechanisms that drive antigen-nonspecific, cross-protective beneficial immunity can also
underlie detrimental, antigen-nonspecific immune suppression. In order to prevent
exuberant, pathologic immunity, epigenetic machinery rearranges chromatin organization to
limit immune-induced collateral damage to host tissue. This was illustrated in experiments
in which blocking these epigenetic changes led to exuberant immune pathologic responses.
34,35 |imiting exuberant immunity in the short term has advantages, but in the long term, the
persistent immune suppression renders the host susceptible to a variety of microbial
pathogens. Previous infections may increase the risk of future antigen-nonspecific
infections. For example, in 1909 von Pirquet observed clinical flares of tuberculosis during
recovery from measles and showed that this clinical finding correlated with suppressed
responses to tuberculin on delayed-type hypersensitivity skin tests.3¢ Measles-induced
immune suppression also increases the risk of secondary bacterial otitis media, tracheitis,
and pneumonia.3” Similarly, hepatitis B and C have been associated with an increased risk of
staphylococcal and pneumococcal infections.38-40

After recovery from the acute phase of sepsis, adaptive and innate immune function may be
profoundly suppressed for a prolonged period, which can result in an increased risk of
secondary bacterial infections.#1:42 A propensity-matched cohort study showed that for at
least 2 years after recovery from sepsis, the risk of death is increased 10 to 22%.43 Similarly,
chronic helminth infections perturb host immunity and increase the risk of tuberculosis by a
factor of 44 and the risk of human immunodeficiency virus (HIV) by a factor of 2 to 6446
and cause a loss of vaccine immunogenicity.*” When Sandvall et al. reported that
pneumococcal pneumonia is followed by a persistent increase in the risk of death that was
proportional to the severity of the initial infection,8 their interpretation was that the initial
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infection was a marker of increased susceptibility*!; long-lasting detrimental epigenetic
changes that result from severe infection appear to offer a better explanation. Similarly, after
successful treatment of tuberculosis, an increase in all-cause risk of infection-related death
and non-infection-related death is noted.49-50

Mechanistic insight into these suppressed immune responses has been derived from a wide
variety of experiments in which detrimental epigenetic scars in both innate and adaptive
immune cells have been shown. The evidence for such changes is overwhelming (Table 2).
In mice, infection due to chronic lymphocytic choriomeningitis virus (LCMV) blunts
lymphocyte production of interleukin-2, tumor necrosis factor, and interferon-y with a
consequent decrease in T-cell proliferative capacity, delayed-type hypersensitivity, and
antigen-nonspecific microbial killing capacity.>1:54 Chronic LCMV infection induces DNA
hypermethylation marks in the promoter region of /FNG that inhibits CD8+ T-cell immunity.
52,55 Exposure of monocytes to lipopolysaccharide induces a closed chromatin conformation
that epigenetically silences the gene encoding interleukin-6 (/L6), which results in decreased
production of interleukin-6 (and other proinflammatory cytokines) on restimulation.2 In
animal models of sepsis, 12 weeks after ligation of the colon, persistent epigenetic
perturbations inhibit interleukin-12 production in dendritic cells, thereby diminishing type 1
helper T-cell immunity and skewing immunity toward a type 2 helper T-cell response
(decreased interferon-y and increased interleukin-4, -5, and -13).5” Experimental £, coli or
influenza pneumonia in mice causes long-lasting epigenetic changes that tolerize
macrophage function and decrease the capacity to phagocytose antigen-nonspecific,
unrelated bacteria.#1 One mechanism of the long-lived nature of epigenetic scarring is the
development of detrimental epigenetic marks in progenitor, stem-cell memory populations.
53,56,61 gpecifically, chronic LCMV induces epigenetic-mediated exhausted memory T cells.
53,56 Chronic M. avium infection in mice induces dysfunction in stem-cell differentiation,51
and macrophages derived after tolerization of hematopoietic stem cells have decreased
production of tumor necrosis factor on secondary stimulation.52

Just as with beneficial epigenetic marks, detrimental epigenetic scars are also persistently
retained. After bacterial pneumonia or sepsis, epigenetic reprogramming inhibits
macrophage phagocytic capacity for at least 6 months.*! Similarly, 6 months after children
have been successfully treated for schistosomiasis, they retain detrimental DNA
hypermethylation marks in CD4+ T cells that ablate immune responses to BCG.?8 Despite
successful antituberculosis therapy, detrimental epigenetic scars persist in both adaptive and
innate immune cells for at least 6 months.80 After 2 years of successful antiretroviral
therapy, HIV-infected persons retain detrimental epigenetic marks in the genes encoding
interleukin-2 and programmed death 1 in CD8+ T cells.>®

Detrimental epigenetic scars also occur as a consequence of physiologic aging. With aging,
immune cells increase global DNA methylation and closed chromatin conformation. These
age-related epigenetic changes occur preferentially in aspects of immunity that are required
for the development of new immunologic memory83; DNA hypermethylation and chromatin
closure at the interleukin-7 receptor and T-cell factor 1 (TCF1) appear to be responsible.
Interleukin-7 is required for the survival of memory cells, and TCF1 is a transcription factor
necessary for the development of effector memory immune formation. Therefore,
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detrimental epigenetic scars, whether from chronic infections or from aging, inhibit the
development of new immune memory. These observations may explain why elderly persons
lack strong immunologic responses, as shown by their increased susceptibility to infection
and decreased responses to immunization. The implications of epigenetic scars for tumor
immunology and susceptibility to autoimmune disease are apparent, but these problems are
beyond the scope of the present article.

HARNESSING EPIGENETICS TO HEAL DETRIMENTAL SCARS

An understanding of epigenetic mechanisms shows why, in vaccine development,
investigators cannot simply extrapolate results from experimental animals or healthy humans
to results in countries where chronic infections are prevalent. An important question is
whether it is possible to use knowledge of epigenetics to mend detrimental scars. Immune
cells, and macrophages in particular, have plasticity in their fate and function,54 and initial
evidence preliminarily suggests that detrimental epigenetic scars are mendable. In ex vivo
studies, human monocytes that had decreased responsiveness to lipopolysaccharide were
rescued by B-glucan, resulting in reversal of detrimental epigenetic chromatin marks and
restoration of the production of tumor necrosis factor.2” In mice, decitabine, a
hypomethylating agent, reversed chronic LCMV-induced detrimental DNA
hypermethylating marks in CD8+ T cells and restored immune functionality.>2 Additional
evidence that epigenetic scars can be reversed comes from a trial involving elderly adults
after hospital discharge, a population expected to have substantial epigenetic scars. This trial
showed a benefit from BCG vaccination, as indicated by increased candida-induced cytokine
production and decreased all-cause infections (especially respiratory infections), changes
that were associated with epigenetic rewiring.24

IMPLICATIONS OF EPIGENETICS FOR VACCINE DEVELOPMENT

Ideally, vaccine development would simultaneously harness classic B-cell and T-cell
adaptive immunity, as well as antigen-nonspecific innate immune training. With BCG
bioengineered to lack urease production and include lysteriolysin O, a toxin that enables
listeria to escape the phagosome, the VPM1002 strain of BCG increases T-cell
immunogenicity while maintaining innate training.5® Similarly, MTBVAC enhances T-cell
immunity while also inducing epigenetic-mediated trained immunity.18 Vaccination with M.
tuberculosis-specific antigens (Rv0125 and Rv1196) together with the adjuvant ASO1E
induces both robust innate and adaptive immunity and provides substantial protection
against progression of tuberculosis.86 Previous administration of a live vaccine augments
humoral responses to influenza, hepatitis B, pneumococcal, and meningococcal vaccines.28
Clarifying and harnessing the mechanisms for these effects might help to enhance the
efficacy of all existing vaccines. In contrast, the timing of vaccine administration needs to
address the phenomenon by which administration of nonlive vaccines hinders immunity and
increases the risk of nonrelated infections, particularly among young women.26

N Engl J Med. Author manuscript; available in PMC 2021 April 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

DiNardo et al. Page 7

CONCLUSIONS AND IMPLICATIONS FOR THE FUTURE

Studies over the past decade have revealed a new epigenetic basis for acquired immunity in
both innate and adaptive immune cells. These studies provide a mechanistic explanation for
the antigen-nonspecific immune enhancement that has been shown in numerous studies
during the past 60 years. They show that innate training works in concert with, and
augments, specific T- and B-cell responses. The metaphor of a double-edged sword reflects
the fact that those same mechanisms that underlie beneficial epigenetic innate training also
underlie detrimental epigenetic scarring that occurs after severe infections or with aging.
Identifying safe mechanisms to reverse detrimental epigenetic scars, for example by
injection of S-glucan or BCG vaccination, could have broad implications for decreasing
mortality after serious infections, protecting elderly persons against infection, improving
treatment approaches for tuberculosis and other chronic infections, and implementing
effective vaccines in developing countries.

Reversing detrimental epigenetic scarring and applying beneficial innate training are on the
verge of clinical applicability but require continued basic and translational research. Cellular
metabolic shifts trigger the epigenetic changes that underlie both beneficial innate training
and detrimental epigenetic scarring. Identifying the metabolic processes that drive epigenetic
changes will clarify methods to manipulate the system and identify potential means to
overcome immune suppression.51:55.67 The differences in epigenetic effects according to sex
suggest that we will need to clarify how hormones influence epigenetic changes before they
can be broadly used.26:68 Detrimental scars that are induced by chronic LCMV in mice are
well-characterized, and this understanding needs to be applied to chronic infections in
humans. The documentation of detrimental and beneficial epigenetic marks is only
beginning. Oncologists have established public database repositories (the Cancer Genome
Atlas and Gene Expression Omnibus) that allow data to be merged and mined, thereby
aiding in the identification of new therapeutic options. Because of similarities between
chronic infection and cancer-induced immune suppression,>! tools identified to reverse
cancer-induced detrimental epigenetic scars®® have the potential to reverse postinfectious
epigenetic scars.

In 1966, Fazekas de St. Groth and Webster presciently stated: “Response to vaccine depends
not only on the nature of the antigen itself but also on the immunological history of the
recipient.”7% Up to one third of the world’s population has been affected by malaria,
helminth infections, HIV infection, tuberculosis, or another chronic infection. The effect of
the persistent epigenetic scars from these chronic infections increases susceptibility to other
infections and decreases vaccine immunogenicity; how this can be reversed is unknown. To
date, vaccine development has been focused nearly exclusively on the vaccine and the
adjuvant, not on the host receiving the vaccine. Detrimental epigenetic scars that occur after
chronic infection or with aging will probably inhibit robust vaccine immunogenicity.
Finding a mechanism to reverse detrimental epigenetic immune scarring may be the key to
better treatment of infections in elderly persons and for successful application of vaccines in
countries where malaria, helminthic infection, tuberculosis, and other acute or chronic
infections are so unfortunately widespread.
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Figure 1. Epigenetic M echanisms of Antigen-Nonspecific Immune Memory (Trained |mmunity).
DNA is condensed into closed heterochromatin and open euchromatin by wrapping DNA

around histone proteins (Panel A). Histone proteins have tails that can be modified, often
with marks that make genes more accessible. Some common post-translational
modifications include trimethylation of histone 3 at lysine 4 (H3K4me3), which promotes
open chromatin. In contrast, trimethylation of histone 3 at lysine 27 (H3K27me3) promotes
heterochromatin. The gene-expression implications of certain epigenetic marks are well
established (Panel B). DNA methylation decreases transcription-factor binding and
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decreases gene expression. In contrast, H3K27 acetylation increases chromatin accessibility,
which increases the capacity for gene expression. Genes can also be “poised” in a bivalent
state simultaneously with both activating (i.e., H3K4me3) and repressive (i.e., H3K27me3)
modifications. Epigenetic marks other than acetylation and methylation are not as well
studied and are less understood. Long noncoding RNA (IncRNA) acts as a scaffolding to
connect topologically associated domains of genes many kilobases apart. The role of histone
ubiquination, crotonylation, butyrylation, or lactylation and of RNA acetylation and
methylation in long-lasting immune function is still unknown. In macrophages (Panel C),
bacille Calmette-Guerin (BCG) and B-glucan induce specific ligand-cell signaling pathways
through nucleotide-binding oligomerization domain-containing protein 2 (NOD2) and
mammalian target of rapamycin (MTOR), respectively, which results in increased H3K4me3
at the 7A/Fand /L6 promoter. Thereby, when macrophages are exposed to an antigenically
different, nonspecific stimulation, there is increased interleukin-6 and tumor necrosis factor
(TNF) response. In both monocytes and lymphocytes (Panel D), sepsis, pneumonia, and
chronic infections induce detrimental epigenetic scars, such as DNA hypermethylation and
closed chromatin conformation that results in decreased effector function when the cells are
challenged. CTLA-4 denotes cytotoxic T-lymphocyte—associated protein 4, H3K9me3
trimethylation of histone 3 at lysine 9, H3K27ac acetylation of histone 3 at lysine 27, NFAT
nuclear factor of activated T cells, NF-xB nuclear factor kB, PD-1 programmed death 1, and
TIM3 T-cell immunoglobulin mucin 3.
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