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The mechanisms by which antigens specifically sensitize lympho-
cytes to induce immunity are well recognized. The past decade has wit-
nessed 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.

Specifici t y of Humor a l a nd Cell -Medi ated Immuni t y

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.1

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 re-
sponse; 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 Calmette–Guérin (BCG), an attenuated 
strain of Mycobacterium bovis, into mice enhanced their resistance to Staphylococcus 
aureus and M. fortuitum.2 They attributed this non–antigen-specific immunity to 
activation of monocytes, a phenomenon that was shown in vitro.3,4 Seminal ex-
periments by Mackaness5,6 showed that infection of mice with intracellular organ-
isms 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 mac-
rophages.

Mackaness called this phenomenon acquired cellular resistance. Musher et al. 
reported that infection with listeria protected mice against the quintessentially 
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extracellular organism Streptococcus pneumoniae7 
and attributed this effect to increased oxidative 
metabolism in listeria-infected macrophages.8 
Nonspecific acquired cellular resistance pro-
tected experimental animals against challenge 
with intracellular bacteria (listeria),6 viruses (in-
fluenza virus),9 and protozoa (babesia and plas-
modium,10 toxoplasma,11 and leishmania12). A 
crucial set of observations in Mackaness’s ex-
periments went unexplained. Macrophages from 
mice that were previously infected with listeria, 
brucella, or BCG retained enhanced antimicro-
bial capacity after the original infecting organ-
isms had been eradicated, without reintroduc-
tion of the sensitizing antigen and independent of 
lymphocytes. This phenomenon is now under-

stood to be due to long-lasting epigenetic changes 
in macrophages.

Epigene tics a nd A n tigen-
Nonspecific Tr a ined Immuni t y

The mechanisms by which innate cells — mac-
rophages, dendritic cells, natural killer cells, and 
reticuloendothelial cells — can become activated 
by acquiring antigen-nonspecific immune mem-
ory have been elucidated in the past decade. This 
adaptive characteristic, one that is independent 
of lymphocytes, has been termed “trained im-
munity.”13 The two most commonly studied 
models for inducing trained immunity are im-
munization with BCG or with β-glucan (a cell-

Table 1. Evidence for Persistent, Beneficial Nonspecific Immunity.*

Type of Evidence Epigenetic Modifications Reference

In vitro: incubating monocytes with BCG or 
βglucan enhances microbicidal activity 
against candida, Escherichia coli, and 
Staphylococcus aureus

BCG increases H3K4me3 at TNF and IL6 promoter14; BCG 
increases H3K27ac in immune pathways related to  
Fc epsilon signaling, chemokine signaling, and Fc 
gamma–mediated phagocytosis15; training occurs 
through long noncoding RNA, such as UMLILO, to 
rearrange topologically associated domains of chro
mosomes16

Kleinnijenhuis et al.,14 Arts  
et al.,15 Fanucchi et al.16

Animal models: infection by intracellular bac
teria (brucella, listeria, salmonella, toxo
plasma, influenza, or BCG) induces non
specific, crossprotective immunity against 
other intracellular pathogens

Historic studies from 1960–1970 did not evaluate epigen
etic modifications

Dubos and Schaedler,2 Ratzan 
et al.,8 Spencer et al.,9 Clark 
et al.,10 Remington et al.,11 
Murray et al.12

Animal models: memorylike cells capable of 
protective recall develop in mice infected 
with MCMV

After infection, memory NK cells and CD8+ T cells share a 
common opening in chromatin accessibility in genes 
related to immune memory (Tcf7 and Bach2) and 
immuneeffector function (granzymes and perforin)17

Lau et al.17

Animal models: infection with intracellular 
organisms induces nonspecific, cross
protective immunity against extracellular 
pathogens (E. coli, S. aureus, candida, and 
Streptococcus pneumoniae)

MTBVAC (attenuated, live Mycobacterium tuberculosis vac
cine) increases H3K4me3 of TNF and IL6 promoters18; 
candida βglucan increases H3K27ac and H3K4me3 
of genes related to TNF, mTOR, and glycolysis (hexo
kinase, pyruvate kinase, TNF, IKKB, TSC1, and ribo
somal protein S6)19; BCG increases H3K4me3 of TNF 
and IL6 and decreases H3K9me3 of genes related to 
glycolysis (GLUD, GLS, HK2, and MTOR)20

Dubos and Schaedler,2 
Mackaness,5 Mackaness,6 
Musher et al.,7 Kleinnijenhuis 
et al.,14 Tarancón et al.,18 
Cheng et al.,19 Arts et al.,20 
Kleinnijenhuis et al.,21 Walk  
et al.,22 Kaufmann et al.23

Humans: injection of BCG or βglucan in
creases antibody responses to vaccines, 
increases clearance of yellow fever viremia, 
and increases symptoms after experimen
tally induced malaria infection

Elderly persons vaccinated with BCG have increased 
H3K27ac of the TNF and IL6 promoters24; βglucan 
increases epigenomewide chromatin accessibility 
(DNase accessibility assay), H3K27ac, and H3K4me3 
in genes related to cytokines and chemokines25

Arts et al.,15 Walk et al.,22 
GiamarellosBourboulis  
et al.,24 Saeed et al.25

Epidemiologic studies: BCG decreases neo
natal sepsis, pneumonia, and allcause 
mortality in developing countries

Humans vaccinated with BCG have increased H3K4me3 
at TNF and IL6 promoters14

Kleinnijenhuis et al.,14 Benn  
et al.26

Humans: βglucan reverses immune tolerance βglucan is able to restore beneficial H3K27ac marks in 
promoters and enhancers after LPSinduced tolerance27

Novakovic et al.27

*  BCG denotes bacille Calmette–Guérin, H3K4me3 trimethylation of histone 3 at lysine 4, H3K27ac acetylation of histone 3 at lysine 27, LPS 
lipopolysaccharide, MCMV murine cytomegalovirus, mTOR mammalian target of rapamycin, NK natural killer, and TNF tumor necrosis  
factor.
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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 puri-
fied macrophages were incubated with BCG or 
with β-glucan in vitro, exposure to lipopolysac-
charide, candida, or staphylococcus caused them 
to generate greater amounts of tumor necrosis 
factor than control macrophages.14 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.14 Mice that were vacci-
nated with β-glucan had increased survival when 
given a lethal dose of S. aureus.19 Three months 
after humans were vaccinated with BCG, their 
macrophages generated greater amounts of tu-
mor necrosis factor and interleukin-6 after expo-
sure to staphylococcus or candida.14 Other ex-
periments in laboratory animals have shown 
that macrophages can acquire antigen-nonspe-
cific and cross-protective trained immunity 
against an array of pathogens, including bacteria 
(Escherichia coli, S. pneumoniae, and S. aureus),14,19-21 
viruses (yellow fever and influenza),9,15 parasites 
(plasmodia),22 and fungi (Candida albicans).14,20,22,23 
Within 5 days after initial exposure to BCG or 
β-glucan, innate cells begin to exhibit more ro-
bust responses that persisted for at least 1 year, 
long after the initial stimulus had been eradi-
cated.21 Clearly, the trained immunity described 
in this body of experimental data is distinct 
from B-cell–mediated and T-cell–mediated anti-
gen-specific adaptive immunity.

Trained immunity occurs through epigenetic 
changes, a reconfiguration of how the genome 
is organized. Each human cell contains approxi-
mately 2 m of double-stranded DNA that is 
packed and tightly wrapped into the nucleus in 
nucleosomes consisting of groups of eight his-
tones. 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 reor-
ganized 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 fac-
tors to gene promoters, and the release of non-
coding RNAs, which also regulate transcrip-
tional processes.

This reorganization, not of the DNA itself but 
“above” (epi) the DNA, is referred to as epigen-
etic modification. These modifications restruc-
ture 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.16 
After stimulation, innate cells undergo epigene-
tic rewiring with increased chromatin accessibil-
ity 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 β-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 synthesis20 and 
triggers epigenetic changes.25,28 The best-described 
changes to date are increases in chromatin ac-
cessibility and histone 3 lysine trimethylation 
(H3K4me3) in interleukin-1β, interleukin-6, and 
tumor necrosis factor. The use of chemical inhibi-
tors of histone methylation blocks BCG-induced 
epigenetic changes and trained immunity, which 
establishes a mechanistic relationship between 
epigenetic changes and trained immunity.14,15,19 
In addition to BCG and β-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-medi-
ated innate training was still detected 1 year 
after initial sensitization, even though termi-
nally differentiated innate cells are thought to 
live only a few weeks. Preliminary evidence sug-
gests that transcriptional, metabolic, and epi-
genetic changes in hematopoietic stem cells yield 
terminally differentiated monocytes with in-
creased antimicrobial killing capacity,23,29-31 
which establishes a potential mechanism for 
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the long-lived nature of antigen-nonspecific 
training.

Epidemiol o gy of A n tigen-
Nonspecific Immuni t y

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.26 (Some nonlive 
vaccines have been suggested to negate the ben-
efit of live vaccines and increase the risk of un-
related, antigen-nonspecific infections, especial-
ly 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.26 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 72%.32 A similarly designed trial in-
volving elderly adults showed that BCG vaccina-
tion augmented antigen-nonspecific innate immu-
nity that corresponded with beneficial epigenetic 
changes and that vaccination was associated 
with a 75% decrease in respiratory infections.24 
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

De tr imen ta l Epigene tic Sc a r s 
in Immune Cell s

Unfortunately, epigenetic changes can serve as a 
double-edged sword, because the same mecha-
nisms that drive antigen-nonspecific, cross-pro-
tective beneficial immunity can also underlie 
detrimental, antigen-nonspecific immune sup-
pression. In order to prevent exuberant, patho-
logic immunity, epigenetic machinery rearranges 
chromatin organization to limit immune-induced 
collateral damage to host tissue. This was illus-
trated in experiments in which blocking these 
epigenetic changes led to exuberant immune 
pathologic responses.34,35 Limiting exuberant im-
munity in the short term has advantages, but in 
the long term, the persistent immune suppres-
sion 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 re-
sponses to tuberculin on delayed-type hypersen-
sitivity skin tests.36 Measles-induced immune 
suppression also increases the risk of secondary 

Figure 1 (facing page). Epigenetic Mechanisms of Antigen-
Nonspecific Immune Memory (Trained Immunity).

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 posttranslational modifi
cations include trimethylation of histone 3 at lysine 4 
(H3K4me3), which promotes open chromatin. In con
trast, trimethylation of histone 3 at lysine 27 (H3K27me3) 
promotes heterochromatin. The geneexpression impli
cations of certain epigenetic marks are well established 
(Panel B). DNA methylation decreases transcription
factor binding and decreases gene expression. In con
trast, H3K27 acetylation increases chromatin accessibil
ity, which increases the capacity for gene expression. 
Genes can also be “poised” in a bivalent state simulta
neously with both activating (i.e., H3K4me3) and re
pressive (i.e., H3K27me3) modifications. Epigenetic 
marks other than acetylation and methylation are not as 
well studied and are less understood. Long noncoding 
RNA (lncRNA) acts as a scaffolding to connect topo
logically associated domains of genes many kilobases 
apart. The role of histone ubiquination, crotonylation, 
butyrylation, or lactylation and of RNA acetylation and 
methylation in longlasting immune function is still 
 unknown. In macrophages (Panel C), bacille Calmette–
Guérin (BCG) and βglucan induce specific ligand–cell 
signaling pathways through nucleotidebinding oligo
merization domain–containing protein 2 (NOD2) and 
mammalian target of rapamycin (mTOR), respectively, 
which results in increased H3K4me3 at the TNF and IL6 
promoter. Thereby, when macrophages are exposed to 
an antigenically different, nonspecific stimulation, there 
is increased interleukin6 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 hy
permethylation and closed chromatin conformation 
that results in decreased effector function when the 
cells are challenged. CTLA4 denotes cytotoxic Tlym
phocyte–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, 
NFκB nuclear factor κB, PD1 programmed death 1, 
and TIM3 Tcell immunoglobulin mucin 3.
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bacterial otitis media, tracheitis, and pneumo-
nia.37 Similarly, hepatitis B and C have been as-
sociated 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 second-
ary bacterial infections.41,42 A propensity-matched 
cohort study showed that for at least 2 years af-
ter recovery from sepsis, the risk of death is in-
creased 10 to 22%.43 Similarly, chronic helminth 
infections perturb host immunity and increase 
the risk of tuberculosis by a factor of 444 and the 
risk of human immunodeficiency virus (HIV) by 
a factor of 2 to 645,46 and cause a loss of vaccine 
immunogenicity.47 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 infec-
tion,48 their interpretation was that the initial 
infection was a marker of increased susceptibil-
ity41; 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 epi-
genetic scars in both innate and adaptive im-
mune cells have been shown. The evidence for 
such changes is overwhelming (Table 2). In mice, 
infection due to chronic lymphocytic chorio-
meningitis virus (LCMV) blunts lymphocyte pro-
duction of interleukin-2, tumor necrosis factor, 
and interferon-γ with a consequent decrease in 
T-cell proliferative capacity, delayed-type hyper-
sensitivity, and antigen-nonspecific microbial 
killing capacity.51,54 Chronic LCMV infection in-
duces DNA hypermethylation marks in the pro-
moter region of IFNG that inhibits CD8+ T-cell 
immunity.52,55 Exposure of monocytes to lipo-
polysaccharide induces a closed chromatin con-
formation that epigenetically silences the gene 
encoding interleukin-6 (IL6), which results in 
decreased production of interleukin-6 (and other 
proinflammatory cytokines) on restimulation.25 
In animal models of sepsis, 12 weeks after liga-
tion of the colon, persistent epigenetic perturba-
tions inhibit interleukin-12 production in den-

dritic cells, thereby diminishing type 1 helper 
T-cell immunity and skewing immunity toward 
a type 2 helper T-cell response (decreased inter-
feron-γ and increased interleukin-4, -5, and -13).57 
Experimental E. coli or influenza pneumonia in 
mice causes long-lasting epigenetic changes that 
tolerize macrophage function and decrease the 
capacity to phagocytose antigen-nonspecific, un-
related bacteria.41 One mechanism of the long-
lived nature of epigenetic scarring is the devel-
opment of detrimental epigenetic marks in 
progenitor, stem-cell memory populations.53,56,61 
Specifically, chronic LCMV induces epigenetic-
mediated exhausted memory T cells.53,56 Chronic 
M. avium infection in mice induces dysfunction 
in stem-cell differentiation,61 and macrophages 
derived after tolerization of hematopoietic stem 
cells have decreased production of tumor necro-
sis factor on secondary stimulation.62

Just as with beneficial epigenetic marks, detri-
mental epigenetic scars are also persistently re-
tained. After bacterial pneumonia or sepsis, epi-
genetic reprogramming inhibits macrophage 
phagocytic capacity for at least 6 months.41 
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.58 Despite successful antituberculosis ther-
apy, detrimental epigenetic scars persist in both 
adaptive and innate immune cells for at least 
6 months.60 After 2 years of successful antiretro-
viral therapy, HIV-infected persons retain detri-
mental epigenetic marks in the genes encoding 
interleukin-2 and programmed death 1 in CD8+ 
T cells.59

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 memory63; 
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 forma-
tion. Therefore, detrimental epigenetic scars, 
whether from chronic infections or from aging, 
inhibit the development of new immune memory. 
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These observations may explain why elderly per-
sons lack strong immunologic responses, as 
shown by their increased susceptibility to infec-
tion 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.

H a r nessing Epigene tics t o He a l 
De tr imen ta l Sc a r s

An understanding of epigenetic mechanisms 
shows why, in vaccine development, investiga-
tors cannot simply extrapolate results from ex-
perimental animals or healthy humans to results 
in countries where chronic infections are preva-

Table 2. Evidence for Persistent, Detrimental Effects on Nonspecific Immunity.*

Type of Evidence Epigenetic Modifications Reference

In vitro: LPS causes decreased TNF and inter
leukin6 production after exposure of mono
cytes to diverse challenges

LPStolerized monocytes decrease H3K4me3 and 
H3K27ac marks in proinflammatory genes and tran
scription factors (IRFs, STAT, and HIF1α)27; LPS 
induces epigenome loss of H3K27ac marks25

Saeed et al.,25 Novakovic et al.27

Animal models: chronic LCMV infection inhibits 
TNF, interleukin2, and interferonγ produc
tion; decreases antigeninduced proliferation, 
and decreases nonspecific microbicidal 
activity

CD8+ T cells from chronic LCMV–infected mice have in
creased DNA methylation and decreased chromatin 
accessibility in Ifng, Myc, and genes related to Tcell 
receptor signaling and interleukin7 and 2 signaling; 
increased chromatin accessibility in genes related 
to immunecheckpoint inhibition (PD1, TIM3, and 
LAG3)5153

Seo et al.,51 Ghoneim et al.,52 
Miller et al.,53 Ahmed et al.,54 
Bengsch et al.,55 Yao et al.56

Animal models: sepsis causes prolonged epi
genetic inhibition of interleukin12 and de
creased microbial killing capacity

Six weeks after colon ligation–induced sepsis, interleu
kin12 and both p35 and p40 promoters of dendritic 
cells have decreased H3K4me3 and increased 
H3K27me2; PRC remains bound and inhibits the 
 interleukin12 promoter57

Roquilly et al.,41 Wen et al.57

Animal models: infection with E. coli or influenza 
virus induces detrimental epigenetic marks 
and inhibits phagocytosis of unrelated or
ganisms

Infectioncured mice have decreased H3K27ac of TLR5 
and epigenomic overlap with human monocytes 
tolerized by LPS41

Roquilly et al.41

Humans: measles increases the risk of TB and 
other bacterial infections

No studies have yet evaluated whether epigenetic per
turbations are part of the postmeasles ablation of 
adaptive immunity

Turk,36 Perry and Halsey37

Humans: recovery from sepsis is followed by a 
persistent increased risk of death

No human studies have documented postsepsis in
duced immune tolerance and immune exhaustion, 
but no epigenetic studies involving humans post 
sepsis have yet been completed

van der Poll et al.,42 Prescott  
et al.43

Humans: hepatitis B or C virus infection in
creases the risk of bacteremia or bacterial 
pneumonia

Patients with hepatitis have DNA hypermethylation 
and closed chromatin conformation that resembles 
chronic LCMV–induced immune exhaustion

Musher and McKenzie,38 Marrie 
et al.39

Humans: helminths ablate vaccine immuno
genicity

Six months after successful deworming, CD4+ T cells 
from children who had had schistosomiasis retained 
DNA hypermethylation of interleukin12–interferonγ 
signaling and multiple transcription factors58

Labeaud et al.,47 DiNardo et al.58

Humans: chronic helminth infection increases 
the risk of TB or HIV infection

Memory CD4+ T cells in patients with HIV have DNA 
hypermethylation of interleukin2; 2 years after suc
cessful aviremia, CD8+ T cells retain unmethylated 
DNA marks at PD159

Kroidl et al.,45 Downs et al.,46 
Youngblood et al.59

Humans: after successful therapy, patients with 
TB are at increased risk for recurrent TB and 
other infections and retain detrimental DNA 
hypermethylation marks

After TB therapy, NK cells, monocytes, and CD8+ and 
CD4+ T cells retain DNA hypermethylation of the 
interferonγ, mTOR, TNF–NFκB, and PI3K–AKT 
signaling pathways60

Verver et al.,49 Romanowski  
et al.,50 DiNardo et al.60

*  HIF1α denotes hypoxiainducible factor 1α, IRF interferon regulatory factor, LAG3 lymphocyteactivation gene 3, LCMV lymphocytic cho
riomeningitis virus, NFκB nuclear factor κB, PD1 programmed death 1, PI3K phosphatidylinositol 3kinase, PRC polycomb repressive 
complex, STAT signal transducer and activator of transcription, TB tuberculosis, TIM3 Tcell immunoglobulin mucin 3, and TLR5 tolllike 
receptor 5.
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lent. An important question is whether it is pos-
sible to use knowledge of epigenetics to mend 
detrimental scars. Immune cells, and macro-
phages in particular, have plasticity in their fate 
and function,64 and initial evidence preliminarily 
suggests that detrimental epigenetic scars are 
mendable. In ex vivo studies, human monocytes 
that had decreased responsiveness to lipopoly-
saccharide were rescued by β-glucan, resulting 
in reversal of detrimental epigenetic chromatin 
marks and restoration of the production of tu-
mor necrosis factor.27 In mice, decitabine, a hypo-
methylating agent, reversed chronic LCMV– 
induced detrimental DNA hypermethylating marks 
in CD8+ T cells and restored immune function-
ality.52 Additional evidence that epigenetic scars 
can be reversed comes from a trial involving elder-
ly adults after hospital discharge, a population 
expected to have substantial epigenetic scars. 
This trial showed a benefit from BCG vaccina-
tion, as indicated by increased candida-induced 
cytokine production and decreased all-cause in-
fections (especially respiratory infections), chang-
es that were associated with epigenetic rewiring.24

Implic ations of Epigene tics  
for Vaccine De v el opmen t

Ideally, vaccine development would simultane-
ously 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 in-
creases T-cell immunogenicity while maintain-
ing innate training.65 Similarly, MTBVAC en-
hances T-cell immunity while also inducing 
epigenetic-mediated trained immunity.18 Vacci-
nation with M. tuberculosis–specific antigens 
(Rv0125 and Rv1196) together with the adjuvant 
AS01E induces both robust innate and adaptive 
immunity and provides substantial protection 
against progression of tuberculosis.66 Previous 
administration of a live vaccine augments hu-
moral responses to influenza, hepatitis B, pneu-
mococcal, and meningococcal vaccines.26 Clari-
fying and harnessing the mechanisms for these 
effects might help to enhance the efficacy of all 
existing vaccines. In contrast, the timing of vac-
cine administration needs to address the phe-

nomenon by which administration of nonlive 
vaccines hinders immunity and increases the 
risk of nonrelated infections, particularly among 
young women.26

Conclusions a nd Implic ations 
for the Fu t ur e

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 anti-
gen-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 epigen-
etic scarring that occurs after severe infections 
or with aging. Identifying safe mechanisms to 
reverse detrimental epigenetic scars, for example 
by injection of β-glucan or BCG vaccination, 
could have broad implications for decreasing 
mortality after serious infections, protecting el-
derly persons against infection, improving treat-
ment 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 contin-
ued 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 chang-
es will clarify methods to manipulate the system 
and identify potential means to overcome im-
mune suppression.51,55,67 The differences in epi-
genetic 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 documenta-
tion of detrimental and beneficial epigenetic 
marks is only beginning. Oncologists have es-
tablished public database repositories (the Can-
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cer Genome Atlas and Gene Expression Omni-
bus) that allow data to be merged and mined, 
thereby aiding in the identification of new 
therapeutic options. Because of similarities be-
tween chronic infection and cancer-induced im-
mune suppression,51 tools identified to reverse 
cancer-induced detrimental epigenetic scars69 
have the potential to reverse postinfectious epi-
genetic 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 recipi-
ent.”70 Up to one third of the world’s population 
has been affected by malaria, helminth infec-
tions, 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 devel-
opment 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 im-
munogenicity. Finding a mechanism to reverse 
detrimental epigenetic immune scarring may be 
the key to better treatment of infections in el-
derly persons and for successful application of 
vaccines in countries where malaria, helminthic 
infection, tuberculosis, and other acute or 
chronic infections are so unfortunately wide-
spread.

Disclosure forms provided by the authors are available with 
the full text of this article at NEJM.org.
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