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SUMMARY

Nonresolving inflammation contributes to many diseases, including COVID-19 in its fatal and long forms. Our
understanding of inflammation is rapidly evolving. Like the immune system of which it is a part, inflammation
can now be seen as an interactive component of a homeostatic network with the endocrine and nervous sys-
tems. This review samples emerging insights regarding inflammatory memory, inflammatory aging, inflam-
matory cell death, inflammatory DNA, inflammation-regulating cells and metabolites, approaches to
resolving or modulating inflammation, and inflammatory inequity.
INTRODUCTION

A review in 2010 entitled ‘‘Nonresolving Inflammation’’ (Nathan

and Ding, 2010) began, ‘‘Perhaps no single phenomenon con-

tributes more to the medical burden in industrialized societies

than nonresolving inflammation.’’ That view has not changed.

In 2021, a leading thinker in the field wrote that ‘‘inflammation

is associated with almost every major human disease’’ (Medzhi-

tov, 2021). That same year, 13,905 review articles flagged

‘‘inflammation’’ as a key word and 1,284 of them included

‘‘inflammation’’ in their titles. This not only reflects that the topic

is important but underscores that we are struggling to get a grip

on it.

Since 2010, the toll of inflammation on human health has not

subsided, despite major advances in understanding of the un-

derlying biology, the tireless efforts of drug developers, and the

clinical success of several interventions, such as biologics that

block signaling by interleukin-1b (IL-1b) or tumor necrosis fac-

tor-a (TNF-a) (Netea et al., 2017). On the contrary, since 2020, in-

flammatory responses to COVID-19 (Casanova and Abel, 2021;

Del Valle et al., 2020; Gruber et al., 2020; Karki et al., 2021) have

driven the death toll from nonresolving inflammation to the high-

est level in the lifetime of anyone reading these words. Mean-

while, the striking but partial success of immuno-oncology has

focused attention on the ability of intra-tumoral inflammation to

either frustrate or assist the immunological control of cancer.

Accordingly, efforts to resolve inflammation as a treatment for

autoinflammatory and autoimmune diseases have been joined

by efforts to modulate inflammation in the treatment of malig-

nancies.

The goal here is not to repeat or replace other reviews, but

to both enlarge our thinking and focus it. The enlargement of-

fers an expanded definition of inflammation and directs atten-

tion to emerging topics, among them inflammatory memory,

inflammatory modulation, and inflammatory inequity. The

focus is on emerging knowledge that might lead to treatments

for individuals and on the need for interventions to benefit

communities and populations. Necessarily, for a subject and

literature this vast, these topics are selective and the citations

illustrative.
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WHAT IS INFLAMMATION?

Definitions of inflammation are evolving as understanding of the

biology grows and as more studies assert the involvement of

inflammation without its classic signs—rubor (redness), calor

(heat), humor (swelling), and dolor (pain). In the 20th century,

inflammation was seen as a tissue reaction to an emergent stim-

ulus (Table 1). The reaction was macroscopically visible on the

outside of a host or within the host at endoscopy or surgery,

and microscopically apparent in tissue from an affected site as

the accumulation of neutrophils, monocytes, macrophages,

and/or lymphocytes in a structure that might be disordered by

edema, necrosis, fibrosis, lipidosis, malignancy, or infection.

The early 21st century introduced a fundamentally different

and still-evolving view, as summarized for versions V.0 (Nathan,

2002; Nathan and Ding, 2010), V.1 (Medzhitov, 2021), and V.2

(here) in Table 1. Versions V.0 and V.2 hold that in addition to

inflammation arising in response to stimuli that are evident and

new, multiple points of control act constitutively to restrain the

onset of inflammation that otherwise emerges as if spontane-

ously, presumably in response to unnoticed contact with mi-

crobes, inanimate particulates, noxious gases, or aberrant cells.

This is evidenced by the consequences of loss of function in any

one of a vast number of genes (Nathan, 2002; Nathan and Ding,

2010), a number that continues to grow (Tyler et al., 2021).

Inflammation is considered ‘‘nonresolving’’ not only when it is

unremitting but when it is recurrent. Moreover, according to

version V.0, inflammation can persist for reasons other than fail-

ure to remove an inciting stimulus (Nathan and Ding, 2010).

COVID-19 illustrates each of these additional routes to nonre-

solving inflammation: an excessive or prolonged initial response,

as in acute SARS-CoV-2 infection, which triggers inflamma-

somes (Rodrigues et al., 2021; Vora et al., 2021), elicits massive

cytokine release (Del Valle et al., 2020), activates complement

(Ma et al., 2021), and releases neutrophil extracellular traps (Ve-

ras et al., 2020); a subnormal initial response, as when autoanti-

bodies or loss-of-function mutations prevent production of or

response to type I interferons (Bastard et al., 2021; Zhang

et al., 2020) or signaling through TLR7 (Asano et al., 2021); and

emergence of secondary stimuli after viral clearance, such as
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Table 1. Changing conceptions of inflammation over the past two decades

Conception Detection Stimuli

Causes of non-

resolution or

recurrence Participating cells Overall function Therapeutic concerns

20th centurya,b macroscopically or

microscopically

emergent; usually

evident; may be single

persistent stimulus cells of the immune

system

resolve problem or

initiate an immune

response

infection, trauma,

cancer, asthma,

atherosclerosis,

diabetes, autoimmune

disorders, etc.

21st century V.0c,d macroscopically,

microscopically, or

inferred from increased

production of

cytokines,

chemokines, non-

protein mediators and

products they induce

dual stimuli, signaling

infection plus injury; or

inapparent but

seemingly continual

stimuli, implied by

spontaneous

inflammation being a

phenotype of

numerous gene

deficiencies

persistent stimulus;

emergent secondary

stimulus, such as

autoimmune response;

excessive or prolonged

initial response;

subnormal initial

response; defective

switch of cells and

mediators from pro- to

anti-inflammatory,

depending on context;

loss of a constitutively

operating anti-

inflammatory

mechanism

cells of the immune

system

resolve problem or

initiate an immune

response

as for 20th century, with

additional focus on

metabolic and

neurodegenerative

diseases

21st century V.1e ‘‘any process involving

signals and cells known

to orchestrate the more

familiar acute

inflammatory

response’’

reaction to a

perturbation, or

participation ‘‘in normal

homeostatic processes

in the absence of any

perturbations’’

21st century V.2f as for V.0 as for V.0 plus air

pollution, temperature

extremes, dietary

deficiencies, and

stresses of poverty and

discrimination

as for V.0, with

additional recognition

of inflammatory

memory and

inflammaging

any cells, including

microbiota

as for V.1, with

emphasis on joint

participation with the

endocrine and nervous

systems in providing

homeostatic control

and restoration

as for V.0, with

additional emphasis on

inflammatory

modulation in immuno-

oncology and societal

actions to reduce

inflammatory inequity

Cells in the table are unfilled when the topic was not a focus of the article cited.
aZweifach et al. (1965)
bGallin et al. (1988)
cNathan, 2002
dNathan and Ding, 2010
eMedzhitov, 2021
fThis article
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Figure 1. Inflammation as a component of
the homeostatic network
The immune system (with inflammation as a
prominent part), the endocrine system, and the
nervous system interact with each other in a
meta-system of homeostatic control and resto-
ration. Each member of the tripartite system
complements the others with respect to their
range of action in space and time, the diversity
and nature of responses they command, and their
exertion of control at levels of cells, tissues, or-
gans, and organism.
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when tissue damage sets up an autoimmune reaction (Wang

et al., 2021). COVID-19 reminded us that perpetuation of inflam-

mation by autoantibody formation in response to tissue damage

may be operative in diverse states of nonresolving inflammation.

It may contribute, for example, to atherosclerosis (Lorenzo et al.,

2021), the leading cause of death before COVID-19 from a dis-

ease in which nonresolving inflammation plays a prominent part.

Recent years have revealed that immunity can involve any

cells in the body, not just those of lymphohematopoietic origin,

and, reciprocally, cells of lymphohematopoietic origin function

in the development and homeostatic maintenance of other tis-

sues and organs (Nathan, 2021). Medzhitov has ascribed similar

features to inflammation, which is an integral part of immunity,

namely, the participation in inflammation of more cells than

were classically implicated, and the impact of inflammation on

the development and homeostatic maintenance of tissues

(Medzhitov, 2021). This is strikingly evident in the role of inflam-

mation in normal fetal development and parturition, notwith-

standing that inflammation can also contribute to fetal damage

from infection (Megli and Coyne, 2022).

Definition V.2 (Table 1) is compatible with versions V.0 and V.1,

but with additions in scope and changes in emphasis. According

to V.2, inflammation, like the immune system of which it is a part,

is a major module in a network of homeostatic bodily responses

to perturbation that coordinates with the two other major sys-

tems of inter-organ, intra-tissue communication—the endocrine

and nervous systems—and complements the limitations of each

(Figure 1).

Like the endocrine system, inflammation can send soluble sig-

nals throughout the body but can do so with molecules (cyto-

kines) of greater molar potency than hormones, and more
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commonly takes advantage of the op-

portunity to release its signals in specific

sites. The influence of the endocrine sys-

tem on inflammation has long been

appreciated. For example, endogenous

stress-induced corticosteroids are anti-

inflammatory and immunosuppressive,

and corticosteroids in pharmacologic

doses remain among the most powerful

and widely used anti-inflammatory

drugs. Many of the same hormones that

regulate metabolism in other cells, such

as insulin, do so in lymphohematopoietic

cells as well. The reciprocal influence has

also long been apparent, for example,
with the recognition that inflammation is a major driver of insulin

resistance in obesity (Rohm et al., 2022). Obesity, like athero-

sclerosis, is one of the most prevalent states of nonresolving

inflammation.

More recent is the appreciation of functional similarities, com-

plementary differences, and reciprocal interactions between

inflammation and the nervous system (Kabata and Artis, 2019;

Pavlov et al., 2018). Like the nervous system, inflammation can

involve cell-cell contact, but is not limited to hard-wired, pre-

determined contacts and has a greater number of cell-surface

and secretory products that act on a larger repertoire of recep-

tors and induce a wider range of responses. Like the nervous

system, inflammation involves sensory and effector pathways.

As in the nervous system, these involve some developmentally

positioned cells, such as perivenular mast cells, skin-resident

dendritic cells, liver-resident Kupffer cells, bone-resident osteo-

clasts, lung-resident alveolar macrophages, brain-resident mi-

croglia, and innate lymphoid cells resident in diverse tissues

near neurons (Kabata and Artis, 2019). However, unlike nerves,

inflammatory cells canmigrate to any place in any tissue. The pe-

ripheral nervous system has a limited set of commands: it in-

structs cells to contract, relax, secrete, or excrete, and to do

so within seconds or minutes. Inflammation instructs cells to

change their transcriptome, metabolome, and secretome, and

sometimes to die, grow, or proliferate, while commanding tis-

sues to leak, swell, break down, or reconstruct, and issues these

instructions over a period of hours to days, weeks, months,

or years.

Increased understanding of interactions between inflamma-

tion on the one hand and the nervous system on the other

hand represents one of the most important developments in
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inflammation biology of the last two decades. An explosion of

insight followed the discovery that the inflammatory and nervous

systems interact through the far-reaching, highly arborized va-

gus nerve in the ‘‘inflammatory reflex’’ (Tracey, 2002). T cells

help induce inflammation through release of the neurotransmitter

acetylcholine (Cox et al., 2019). Inflammatory cell autacoids and

cytokines activate sensory neurons, while neuropeptides, neuro-

transmitters, and neuron-derived alarmins promote or restrain

inflammation (Kabata and Artis, 2019; Moriyama et al., 2018; Na-

gashima et al., 2019; Yang et al., 2021). Certain neuronal guid-

ance molecules prolong inflammation (Plant et al., 2020) or

resolve it (Körner et al., 2021). Strikingly, the brain houses a

form of inflammatory memory, as discussed in the following

section.

INFLAMMATORY MEMORY

Appreciation has grown for forms of memory in the innate im-

mune system, sometimes called ‘‘trained immunity’’ (Saeed

et al., 2014). Likewise, evidence has mounted for an analogous

form of inflammatory memory, namely, epigenetic changes

that outlast a bout of inflammation and facilitate the recurrence

or persistence of inflammation in the host or its emergence in

the host’s offspring.

For example, inflammation can have an impact on hematopoi-

etic precursors in the bone marrow that lasts long after inflam-

mation has subsided. Inflammation can skew hematopoietic

stem cells toward myelopoiesis, and increased numbers of

myeloid cells can promote further inflammation (Chavakis

et al., 2019). Inflammatory suppression of hematopoiesis can

help select for the emergence of clones better able to withstand

it (Avagyan et al., 2021; Caiado et al., 2021; Trowbridge and

Starczynowski, 2021). Some of these clones may give rise to

myelodysplastic syndrome or leukemia. However, nonmalignant

clones that withstand the myelosuppression of inflammation can

persist and expand in a manner that is markedly dependent on

age (Jaiswal et al., 2014). In turn, this clonal hematopoiesis pro-

motes inflammation, notably in the cardiovascular system (Libby

and Ebert, 2018). In this sense, inflammation imprints a memory

of itself in hematopoietic cells that is recalled and amplified in

later years. Clonal hematopoeisis may be one of themajor expla-

nations for the association of age with an inflammatory diathesis,

sometimes called ‘‘inflammaging,’’ other features of which are

discussed further below.

Mature myeloid cells can also show lasting, epigenetically

mediated effects of an inflammatory experience. For example,

intraperitoneal injection of lipopolysaccharide (LPS) in mice

induced long-lasting epigenetic changes in their microglia that

impacted the responses of the microglia to inflammatory stimuli

6 months later (Wendeln et al., 2018). Pneumonia altered the epi-

genome of pulmonary alveolar macrophages, leading to a sus-

tained defect in their phagocytic capacity (Roquilly et al., 2020).

Epithelial and mesenchymal cells can display inflammatory

memory as well (Niec et al., 2021). For example, dermal inflam-

mation induced by a toll-like receptor 7 (TLR7) agonist, abrasion,

or fungal infection epigenetically altered epithelial stem cells

such that they responded much faster to a long-delayed second

insult (Naik et al., 2017). Injection of an agent that inflames the

pancreas led to transcriptional and epigenetic changes in
pancreatic acinar cells that reduced their inflammatory response

to a subsequent challenge, while promoting their malignant

transformation (Del Poggetto et al., 2021). Transient induction

of inflammation in neonatal mice led to accumulation of Th2 cells

alongside dermal fibroblasts, which led in turn to changes in

fibroblastic responses to a subsequent injury (Boothby

et al., 2021).

Prenatal inflammation can increase the incidence of inflamma-

tory, neurodevelopmental, and behavioral disorders in adult

progeny. For example, infection of pregnant mice induced IL-6,

which altered the fetal stem cell epigenome in such a way as

to predispose adult offspring to inflammation (Lim et al., 2021).

Similarly, infection of pregnant mice induced IL-17A, which

altered the maternal microbiota in such a way that offspring

had epigenetic changes in their CD4+ T cells (Kim et al., 2022).

Elevation of maternal IL-17A in response to injection of poly(I:C)

altered their adult offspring’s behavior (Shin Yim et al., 2017).

Exposure of pregnant mice to LPS altered the inflammatory re-

sponses of microglia in their adult offspring (Schaafsma

et al., 2017).

Recently, Koren et al. (2021) identified specific neurons in the

mouse posterior insular cortex that were activated during exper-

imental colitis and other neurons that were activated during peri-

tonitis. After the inflammation had subsided, the investigators

activated the neurons that had responded to colitis, and this eli-

cited a recurrence of lymphocyte accumulation in the colonic

mucosa. When the investigators instead activated neurons that

had responded to peritonitis, this elicited some of the inflamma-

tory cell accumulations and cytokine elevations that character-

ized the original bout of peritonitis. These recall responses

were mediated through the autonomic nervous system (Koren

et al., 2021). This landmark study suggests the possibility that

there is a fifth general route to nonresolving inflammation—un-

derstood here as recurring inflammation— besides the four

routes described earlier (Nathan and Ding, 2010) and summa-

rized in Table 1, namely, conscious or subconscious mental

recall of a previous bout of inflammation. The signs of inflamma-

tion induced by activation of the neuronal ‘‘engram’’ were only a

subset of what was seen after oral administration of dextran so-

dium sulfate or intraperitoneal injection of zymosan (Koren et al.,

2021). However, it now seems possible that remembering the

experience of inflammation might synergize with other factors

to delay its resolution or contribute to flares, such as in relaps-

ing-remitting multiple sclerosis or systemic lupus erythemato-

sus. However, it will be difficult to establish whether this form

of inflammatory memory occurs in people. And it will be impor-

tant not to fault patients for reflecting on their illness. How could

they not?

INFLAMMATORY AGING (‘‘INFLAMMAGING’’)

Aging promotes inflammation in additional ways besides through

the inflammatory memory associated with the age-dependent

expansion of clonal hematopoiesis. Aging-associated obesity is

a major driver of inflammation (Rohm et al., 2022). Caloric restric-

tion,whichcounteractssomeeffectsofaging, reduced theexpres-

sion of the platelet activating factor acetylhydrolase PLA2G7 in

human and mouse myeloid cells, leading to decreased cer-

amide-dependent NLRP3 activation (Spadaro et al., 2022).
Immunity 55, April 12, 2022 595
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Deletion of PLA2G7 led to lower amounts of circulating TNF-a and

IL-1b in 2-year-old mice, implicating PLA2G7 as a mediator of in-

flammatory aging (Spadaro et al., 2022). Age-related de-repres-

sion of retrotransposable elements promotes type I IFN secretion

(De Cecco et al., 2019). Mitochondrial function declines in aged

T cells; T cells with an engineered mitochondrial deficiency drove

a cytokine storm (Desdı́n-Micó et al., 2020). Epigenetic changes in

T cells caused by residence in an aging host promoted clonal

expansion of a subset of T cells that secreted granzyme K, which

elicited inflammatory responses in other cells (Mogilenko et al.,

2021). Decreased diurnal expression of the transcription factor

Kruppel-like factor 4 accounted for functional defects in the mac-

rophagesofoldmice (Blacheretal., 2022). Increasedproductionof

solubleVEGFreceptorwithage led to reducedVEGFsignalingand

impaired maintenance of microcapillaries, accompanied by an in-

crease in circulating granulocytes, perivascular inflammatory cell

infiltrates, elevated levels of monocyte chemoattractant-1 (MCP-

1) andC-reactive protein (CRP), and immune cell infiltration of liver

and fat (Grunewald et al., 2021). A study of leukocytes from

205,011 men in the UK biobank detected a markedly age-depen-

dent loss of theY chromosome (LOY) that reached a prevalenceof

43.6%ofmen over 70 years of age (Thompson et al., 2019). Given

the epidemiologic association between LOY and several diseases

associated with nonresolving inflammation, such as obesity, car-

diovascular disease, type II diabetes, and Alzheimer’s disease

(Thompson et al., 2019), it deserves study whether LOY may

contribute to inflammaging.

ANTI-INFLAMMATORY FUNCTIONS OF PRO-
INFLAMMATORY CELLS

A given type of cell can have a predominantly pro-inflammatory

or anti-inflammatory impact, depending on context (Nathan and

Ding, 2010) (Table 1). Recent evidence adds new examples and

mechanisms. Regulatory T (Treg) cells are indispensable for res-

olution of inflammation (Hu et al., 2021), yet intradermal Treg

cells promoted epidermal inflammation in wounded skin by

driving keratinocytes to produce neutrophil-recruiting chemo-

kines (Moreau et al., 2021). Platelets helped resolve the pulmo-

nary inflammation associated with bacterial pneumonia in mice

by physically trapping Treg cells in the lung and inducing a

pro-resolution transcriptional program in macrophages (Ros-

saint et al., 2021). IgM+ B cells adhering within the pulmonary

vasculature in the lungs of mice with pneumonitis induced by

zymosan or Aspergillus produced lipoxin A4, reducing accumu-

lation of neutrophils (Podstawka et al., 2021). Neutrophils helped

restrain allergic inflammation in the lung by suppressing chemo-

kine generation by type 2 innate lymphoid cells (ILC2s) (Patel

et al., 2019). Neutrophil-like myeloid-derived suppressor cells

appeared to be critical for suppressing inflammation in neonatal

mice and human infants (He et al., 2018). Astrocytes drove

inflammation in some contexts (Wheeler et al., 2020) and

restrained it in others (Sanmarco et al., 2021).

INFLAMMATORY CELL DEATH

Cell death from trauma, infection, intoxication, autoimmune

attack, or the host’s inflammatory response can promote inflam-

mation when cells dying by pyroptosis or necroptosis release
596 Immunity 55, April 12, 2022
IL-1a, IL-1b, IL-18, IL-33, HMGB1, galectin-1, or DNA (Newton

et al., 2021; Orning et al., 2019; Russo et al., 2021). A kinase-cas-

pase cascade readies gasdermins to form pores; the ensuing

ionic imbalance activates cell surface NINJ1 protein to drill and

rupture the plasma membrane (Kayagaki et al., 2021). Cells

dying by apoptosis are considered non-inflammatory, but if

they are not cleared, NINJ1 lyses them as well (Kayagaki et al.,

2021). Clearance of apoptotic cells not only removes alarmins

from the extracellular space, but helps trigger production of

pro-resolving mediators, both processes being assisted by the

protein developmental endothelial locus 1 (DEL-1) (Kourtzelis

et al., 2019). Ferroptosis may also contribute to inflammation,

including by fostering the generation and release of oxidized

lipids and oxidized nucleosides (Chen et al., 2021b).

INFLAMMATORY DNA

One of the most important advances in inflammation biology of

the last decade has been the discovery of cGAS as a sensor of

cytosolic DNA that generates cGAMP as an activator of

STING, a driver of type I interferon production (Sun et al.,

2013). The inflammation characteristic of type I interferonopa-

thies can result both from gain of function in DNA-sensing mole-

cules like STING and MDA5 and loss of function in any of a large

number of nucleic acid metabolizing enzymes or pathways con-

trolling mitochondrial integrity (Crow and Stetson, 2021; Li and

Chen, 2018).

Recent findings have revealed diverse cGAS-STING-depen-

dent processes by which DNA can come to act as an inflamma-

tory stimulus. In senescent cells or cells undergoing DNA dam-

age from irradiation, chemotherapy, or deficiencies in DNA

repair pathways, fragments of chromatin in cytosolic micronuclei

can activate cGAS (Crow and Stetson, 2021; Dou et al., 2017; Li

and Chen, 2018). In people with systemic lupus erythematosus,

maturing erythrocytes tend to exhibit defective mitophagy. Auto-

antibodies can opsonize the erythrocytes for ingestion by mac-

rophages. The ingested mitochondrial DNA can find its way to

activating cGAS (Caielli et al., 2021). Mitochondrial DNA was a

STING-dependent driver of inflammatory cytokine production

and cell death in endothelial cells in skin lesions from patients

with COVID-19, and ingestion of dying endothelial cells activated

cGAS-STING-dependent type I IFN secretion in their macro-

phages (Domizio et al., 2022). Similarly, mitochondrial DNA trig-

gered STING-dependent inflammation in exercising mice with

Parkinson’s disease-associatedmutations in themitophagy reg-

ulators parkin and PINK1 (Sliter et al., 2018). In mice fed a high fat

diet, the skin microbiota induced keratinocytes to increase their

expression and reverse transcription of endogenous retrovi-

ruses, whose cDNA activated the cGAS-STING pathway, lead-

ing to accumulation of IL17A-producing T cells (Lima-Junior

et al., 2021). In mouse models of macular degeneration, RNA

from Alu retroelements, rather than leading to dsDNA, acted by

an unclear mechanism to promote release of mitochondrial

DNA, which activated cGAS (Kerur et al., 2018).

However, oxidized mitochondrial DNA can also contribute to

inflammation in otherways, suchasbybinding and helping to acti-

vateNLRP3 (Zhong et al., 2018). Further, endogenous retroviruses

can contribute to inflammation without acting through cGAS. For

example, many patients with inflammatory bowel disease have a
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colonic deficiency of the histone methyltransferase SETBD1; in

SETBD1-deficient mice, mobilization of retroviruses triggered

necroptosis in intestinal stem cells in a ZBP-1-, RIP3-dependent

manner (Wang et al., 2020). DNA released from dying cells can

be taken up by macrophages via its attached histones, which

are recognized by the C-type lectin Clec2d, and delivered to en-

dosomes, where the DNA can trigger TLR9-driven cytokine and

chemokine release (Lai et al., 2020). Extracellular histones them-

selves promote inflammation when they causemembrane disrup-

tion, leading to necrotic cell death (Silvestre-Roig et al., 2019).

INFLAMMATION-REGULATING METABOLITES

Both the host and its microbiota are sources of metabolites with

pro- or anti-inflammatory actions. Several intermediates in the

host’s central carbon metabolism such as pyruvate and a-keto-

glutarate are a-ketoacids that can act as antioxidants by under-

going oxidative decarboxylation upon encountering hydrogen

peroxide (O’Donnell-Tormey et al., 1987). Those molecules and

dicarboxylic acids can also acylate proteins, modifying their ac-

tivity, and some of them bind G-protein coupled receptors. It is

difficult to unravel which of these effects account for the anti-in-

flammatory activity of fumarate (given as a dimethyl ester) in mul-

tiple sclerosis (Liu et al., 2021) or pyruvate (given as an ethyl

ester) in diverse preclinical models of inflammation (Koprivica

et al., 2022). Among the acylation targets of succinate is gasder-

min D, which when so modified, no longer supports pyroptosis

(Humphries et al., 2020). The inflammation-resolving effects of

IL-33 have been traced to its promotion of increased production

of itaconate (Faas et al., 2021). Among the diverse effects of itac-

onate are inhibition of the NLRP3 inflammasome and activation

of Nrf2 and ATF3, transcription factors with anti-inflammatory

regulons (Peace and O’Neill, 2022).

Many microbiotal metabolites can affect inflammation,

including through epigenetic regulation (Krautkramer et al.,

2021). This branch of inflammation research took off with the dis-

covery by Hazen and his colleagues that microbiotal metabolism

of dietary phosphocholine and carnitine leads to trimethylamine-

N-oxide, which is both a biomarker for and a driver of vascular

inflammation, leading to both atherosclerosis (Koeth et al.,

2013;Wang et al., 2011) and stroke (Zhu et al., 2021). Microbiotal

metabolism of L-tyrosine to p-cresol reduced chemokine pro-

duction by airway epithelial cells (Wypych et al., 2021). Microbio-

tal metabolism of tryptophan to indole and indoxyl sulfate sup-

pressed miR-181 in white adipose tissue, preventing the tissue

from becoming inflamed (Virtue et al., 2019), and generated li-

gands for the arylhydrocarbon receptor, suppressing inflamma-

tion (Hezaveh et al., 2022; Lamas et al., 2020).

While the responsible microbiotal products remain to identi-

fied in many cases, a voluminous literature documents the pro-

found influence of the microbiota on host inflammatory re-

sponses in the gut, lung, brain, and skin (Agirman et al., 2021;

Blander et al., 2017; Chen et al., 2018; Rosshart et al., 2019).

SUPPRESSING INFLAMMATION

The list of potential targets for reducing nonresolving inflamma-

tion in one ormore diseases has probably never been longer. The

sampling that follows is biased toward agents not included in
several wide-ranging reviews (Dinarello, 2010; Goldfine and

Shoelson, 2017; Henderson et al., 2020; Rohm et al., 2022).

Even so, it is far from complete. The selections are meant only

to suggest the diversity of potential new approaches.

Enzyme targets include cGAS (Ablasser and Chen, 2019); the

kinases JAK1/2 (Hoang et al., 2021), ephrin-B3 (Clark et al.,

2021), and Fgr (Crainiciuc et al., 2022); the tyrosine phosphatase

SHP2 (Paccoud et al., 2021); the proteases proprotein conver-

tase subtilisin/Kexin 9 (PCSK 9) (Patriki et al., 2022) and the im-

munoproteasome (Ah Kioon et al., 2021; Kirk et al., 2021); the

8-oxoguanine DNA glycosylase OGG-1 (Visnes et al., 2018);

and the histone 3 Lys27 trimethyltransferase Ezh2 (Zhang

et al., 2018). Adaptor protein targets include STING (Ablasser

and Chen, 2019) and NRLP3 (Wang et al., 2022). Among channel

targets is transient receptor potential cation channel member A1

(TRPA1) (Balestrini et al., 2021). Targets that might reduce

neutrophil accumulation in inflammatory sites include dipeptidyl

peptidase 1 (a setting in which it acts non-enzymatically [Choud-

hury et al., 2019]) and the formation of potent heterodimers of

particular chemokines (von Hundelshausen et al., 2017). Syn-

thetic versions of natural product oleanane triterpenoids have

multiple targets and resolve inflammation in a wide range of pre-

clinical models, largely through reactions with cysteine residues

(Liby and Sporn, 2012), as also seen with anti-inflammatory ac-

tions of itaconate and fumarate.

Antibody to the soluble axon guidance protein neogenin pro-

moted formation of pro-resolving mediators (Schlegel et al.,

2019). A retinoic acid receptor agonist suppressed the sterile

inflammation of stroke, apparently by increasing the ability of in-

flammatory myeloid cells to clear alarmins (Shichita et al., 2017).

An unusual addition to the list of receptors as targets is the endo-

plasmic reticulumsigma-1 receptor,whoseagonistic engagement

restrained inflammatory cytokine production (Rosen et al., 2019).

Exercise induced a circulating complement inhibitor, clusterin,

with anti-inflammatory properties (De Miguel et al., 2021). Inhibi-

tion of complement activation accounts for much of the inflam-

mation-resolving action of apolipoprotein E (Yin et al., 2019).

High-density lipoprotein (HDL) can also reduce inflammation, in

this case by suppressing TLR levels (De Nardo et al., 2014).

HDL has been used to form nanoparticles that delivered inhibi-

tors of TOR and of CD40 signaling to macrophages, leading to

acceptance of allografts (Braza et al., 2018). Other kinds of nano-

particles have been used to deliver bilirubin to suppress inflam-

mation in rodent models of colitis and pancreatitis (Vı́tek and Tir-

ibelli, 2020).

Multiple cytokines have been targeted in efforts to reverse

nonresolving inflammation. Less common are studies that

demonstrate the benefit of infusing a cytokine. Delivery of

VEGF counteracted inflammation in aging mice (Grunewald

et al., 2021). GDF15, a TGFb superfamily member, promoted

the ability of mice to tolerate inflammation (Luan et al., 2019).

miR-342 was found to mediate the anti-inflammatory response

of Treg cells to glucocorticoids (Kim et al., 2020). miR-223 sup-

pressed inflammation by inhibiting expression of the NLRP3 in-

flammasome (Neudecker et al., 2017). BCG vaccination reduced

inflammatory biomarkers in the blood of volunteers tested

3 months later (Koeken et al., 2020). Anti-inflammatory effects

of electrical stimulation of the vagus nerve have been docu-

mented in the clinic (Pavlov et al., 2020).
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These examples teach us that despite the complexity of

inflammation, the diversity of its causes, the wide range of tis-

sues in which it can originate, and its propensity to exert sys-

temic effects, there is a wide variety of molecular targets whose

modulation can suppress it. Unfortunately, this does not mean

that these targets are mutually non-redundant and universally

involved. Each anti-inflammatory intervention has a partial effect.

The broader the effect, the greater the risk of toxicity. As yet, we

know of no single target for a magic bullet.

MODULATING INFLAMMATION

There is intense interest in ‘‘re-programming’’ tumor-infiltrating

myeloid cells so that instead of suppressing T cell-mediated tu-

mor rejection, they contribute to control of the malignancy.

Selected examples illustrate the breadth of approaches.

Administration of an inhibitor of inducible nitric oxide synthase

or iNOS (NOS2) plus taxane induced tumor shrinkage in a high

proportion of women with locally advanced breast cancer or

metastatic triple-negative breast cancer, and some tumors re-

gressed completely (Chung et al., 2021). Given that taxol induces

macrophages to release TNFa (Ding et al., 1990), both of the

experimental drugs in that study likely modulated inflammation.

Macrophages from breast cancer patients’ pleural effusions

were activated to kill tumor cells when exposed to IFN-g and

monophosphoryl lipid A (an LPS derivative) and administration

of those agents to mice induced their tumor-associated macro-

phages to express iNOS, TNFa, and IL-12 in connection with

improved responses to chemotherapy (Sun et al., 2021). The

combination of IFN-g and LPS is a powerful inducer of iNOS in

mouse macrophages (Xie et al., 1992). Exosomes delivering

anti-sense oligonucleotide to STAT6 drove TAMs in mouse

models of colorectal and hepatocellular carcinoma toward

expression of IL-1b, IL-12, TNFa, and iNOS, resulting in marked

suppression of tumor growth (Kamerkar et al., 2022). The find-

ings of Chung et al. (2021), Sun et al. (2021), and Kamerkar

et al. (2022) recall a decades-old literature showing that iNOS

can both suppress T cells and kill tumor cells. Which effect dom-

inates in a tumor likely depends on the flux of reactive nitrogen

species, but this will not be evident from measuring the level of

iNOS mRNA. Output from iNOS will depend on the supply of

its substrates (L-arginine, oxygen, and NADPH) and cofactor

(tetrahydrobiopterin). Less obviously, iNOS, unlike other proteins

made by the samemacrophages, is selectively dependent for its

synthesis and stability on levels of L-arginine, which can be

depleted in an inflammatory site by another macrophage prod-

uct, L-arginase (El-Gayar et al., 2003), whose expression was

likely reduced by suppression of STAT6 (Kamerkar et al., 2022).

Multiple receptors on tumor-associated macrophages (TAMs)

have been targeted to improve tumor control. Agonistic anti-

CD40 mAb plus gemcitabine led to regression of some human

pancreatic carcinomas, and in mouse models, promoted infiltra-

tion of the tumors by tumoricidal macrophages (Beatty et al.,

2011). Likewise, an agonistic anti-CD40 mAb combined with a

CSF-1R inhibitor drove TAMs in a mouse melanoma model to

secrete TNFa, IL-6, and IL-12 and suppressed tumor growth

(Perry et al., 2018). Interference with the anti-phagocytic effect

of tumor cell CD47 acting on macrophage SIRPa shrank tumors

in mice and people and improved responses to chemo- and
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immunotherapy (Advani et al., 2018; Kosaka et al., 2021; Weis-

kopf et al., 2013). Prostate cancer cell-derived IL-1b increased

MARCO expression on macrophages; MARCO engagement

with lipids induced macrophages to make CCL6; CCL6 pro-

moted prostate cancer cell metastasis; and anti-MARCO anti-

body reduced tumor growth (Masetti et al., 2022). A synthetic

agonist of the CD206 mannose receptor reversed TAMs’ immu-

nosuppressive phenotype and improved the response of mice to

chemotherapy and immunotherapy (Jaynes et al., 2020).

TAMs that better support chemo- and immunotherapy were

elicited in a mouse melanoma model by intravenous injection

of nanoparticles of phospholipids, cholesterol, and apolipopro-

tein A that delivered a cargo of a synthetic, lipidated analog of

the bacterial peptidoglycan subunit, muramyl dipeptide (Priem

et al., 2020). Inhibition of CXCR2 reduced the accumulation of

neutrophils and myeloid-derived suppressor cells (MDSCs) in

pancreatic adenocarcinomas in mice and improved the

response to checkpoint blockade (Steele et al., 2016). A diet

that promoted microbial generation of STING ligands induced

TAMs to produce type I IFN, and this was associated with

improved responses to immunotherapy in mice, with correlative

evidence in melanoma patients (Lam et al., 2021). Tumor cell-

derived histamine influenced TAMs to suppress CD8+ T cell

function; a blocker of histamine receptor HRH1 augmented re-

sponses to immunotherapy in mice (Li et al., 2022). Yet another

approach to favorably modulating the inflammatory environment

in a tumor is to irradiate the tumor (Brandmaier and For-

menti, 2020).

INFLAMMATORY INEQUITY

People can develop nonresolving inflammation in response to

their physical, economic, and psychosocial environments,

including through the air they breathe, the temperatures they

experience, the diet they access, and the stresses they endure

from poverty, discrimination, or dysfunctional relationships (Fur-

man et al., 2019). When these adverse influences fall dispropor-

tionately on a geographic community or a group of people whose

shared geographic ancestry is associated with the biologically

false social construct of ‘‘race,’’ we have ‘‘inflammatory inequity.’’

Though the supporting literature for inflammatory inequity is vast,

causal influences are inter-related,mechanismsare complex, out-

comes are long term, quantification is difficult, and controlled ex-

periments are rare. Such methodologic limitations should not be

taken to diminish the significance of inflammatory inequity.

For example, inhaling fine particulates causes inflammation that

contributes to cardiovascular disease and insulin resistance

(Bhatnagar, 2022). Metals and organic compounds borne on the

particles may generate reactive oxygen species (Bhatnagar,

2022). The particles activate NLRP3 and trigger production of

TNFa and IL-b (Cao et al., 2022; Zheng et al., 2018). Products of

lipid and DNA (per)oxidation appear in the circulation (Bhatnagar,

2022). Sources of inflammatory particulates include power plants,

automobile exhausts, forest fires (whose number and size are

increasing with climate change), and unventilated indoor cooking.

In the United States, communities with large Black and Hispanic

contingents are disproportionately exposed to the first two sour-

ces. According to one study, ‘‘among zip codes with high levels

of PM2.5 [fine particulate matter], 90% were predominantly
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African American’’ (Dey and Dominici, 2021). Mortality rates from

COVID-19 have been strongly linked to levels of air pollution (Dey

andDominici, 2021; Frontera et al., 2020; Mendy et al., 2021; Poz-

zer et al., 2020), magnifying the inflammatory inequity.

Climate change brings many regions more days with difficult-

to-tolerate temperatures. C-reactive protein, an inflammatory

biomarker, rises with heat exposure (Kang et al., 2020).

Childhood under-nutrition and environmental enteric dysfunc-

tion are associated with biomarkers of inflammation (Victora

et al., 2021). In Tanzania, adoption of a ‘‘western’’ diet in associ-

ation with urbanization was associated with an inflammatory

transcriptome in unstimulated whole blood (Temba et al.,

2021). In industrialized countries, ‘‘food deserts’’ in impover-

ished communities lead to nutritional imbalances characteristic

of the worst features of the ‘‘western diet.’’

Mice stressed by social isolation, cage switching, or physical

constraint increased their circulating IL-6 levels and became

more likely to die when injected later with LPS (Qing et al.,

2020). If a child’s family was poor when he/shewas under 3 years

of age, his/her IL-6 levels were likely to be higher whenmeasured

at age 9 (Kokosi et al., 2021). People who experienced early life

adversity, including from poverty, had elevated production of in-

flammatory mediators and reduced responsiveness to the anti-

inflammatory actions of glucocorticoids throughout their life-

spans (Chen et al., 2021a).

CHALLENGES

Despite an extensive preclinical and clinical anti-inflammatory

pharmacopoeia (Dinarello, 2010; Goldfine and Shoelson, 2017;

Henderson et al., 2020; Rohm et al., 2022), as yet there is no

drug that abolishes nonresolving inflammation in the majority

of people treated, in the sense that patients remain free of inflam-

mation when they stop taking the drug. There is no single drug

that benefits a substantial proportion of those treated for nonre-

solving inflammation no matter which inflammatory disease they

have. Few drugs that afford substantial benefit by strongly miti-

gating nonresolving inflammation are free of the risk of major tox-

icities (e.g., Ytterberg et al., 2022). There is no way short of clin-

ical trials to establish which of the diseases that nonresolving

inflammation underpins will be most responsive to a given anti-

inflammatory agent. We do not have a non-empirical basis for

rationally designing combination anti-inflammatory therapies.

Though investigators have worked heroically and swiftly under

difficult conditions to characterize and mitigate the lethal impact

of acute inflammation in SARS-CoV-2 infection, it is still not clear

how best to minimize tissue damage in COVID-19 through

appropriately timed anti-inflammatory interventions that spare

anti-viral responses. This challenge may fade if effective antivi-

rals become widely available and vaccination and non-lethal

infection increase population immunity.

However, another COVID-19 challenge is likely not to fade but

to grow—post-acute sequelae of SARS-CoV-2 infection (PASC,

or ‘‘long COVID’’). PASC has reportedly afflicted 10%–30% of

people who recovered from COVID-19 without hospitalization

and 76% of those who were hospitalized (Phetsouphanh et al.,

2022). Many of them show persistently elevated levels of IFN-b,

IFN-g, IFN-l2/3, and IL-6 (Phetsouphanh et al., 2022). An

increased risk of inflammation of the heart, pericardium, and ar-
teries persists for at least a year after the diagnosis of COVID-19

(Xie et al., 2022). The hippocampi of some people who died

from COVID-19 appeared free of virus but expressed IL-1b and

IL-6 (Klein et al., 2021). Perhaps some of the neurological signs

and symptoms in PASC reflect nonresolving inflammation in the

central nervous system. Epstein-Barr virus infection precedes

the onset of multiple sclerosis but can only be said to cause the

disease in a minority of those infected (Bjornevik et al., 2022).

One candidate for an additional and less widely distributed causal

factor is the presence in the microbiota of strains of Clostridium

perfringens that produce ε-toxin (Linden et al., 2015). We should

be alert to the possibility that prior SARS-CoV-2 infection, in

conjunctionwith themicrobiota or other factors,might predispose

to development of inflammatory neurodegenerative disease.

Immune checkpoint blockage has given hope to many cancer

patients but left a greater number disappointed. ‘‘Cold tu-

mors’’—those lacking an IFN-g-producing and -responding im-

mune cell infiltrate—respond poorly to immune checkpoint

blockade. Infiltration of a tumor by inflammatory cells can lead

to regression (Agrawal et al., 2004; Mao et al., 2021), yet is

also often associated with non-responsiveness to checkpoint

blockade. What combination of intratumoral and systemic in-

flammatory and immune responses optimizes a patient’s chance

of survival? How can we elicit the ‘‘right’’ form of inflammation

when it is not present to begin with?

Despite these challenges, there is reason for optimism. Clinical

advances pre-dating the period of focus in this review have been

stunning, among them the impact of antagonists of IL-1b and

TNF-a on autoinflammatory diseases, rheumatoid arthritis, and in-

flammatory bowel disease. Themarked increase in basic research

into inflammation gives hope for a knowledge roadmap that will

identify practically actionable, highly effective, and safely

addressable pathogenic pathways for patients suffering from

atherosclerosis, obesity-related metabolic syndrome, asthma,

rheumatoid arthritis, inflammatory bowel disease, systemic lupus

erythematosus, scleroderma, non-alcoholic steatohepatitis, Alz-

heimer’s disease, multiple sclerosis, and other diseases in which

nonresolving inflammation plays a major role. Future work will

further unmask themicrobiota’s storehouseof inflammation-regu-

latingmetabolites, leading to interventions based on diet, probiot-

ics, and drugs. Electromedicine will take its place in the resolution

of nonresolving inflammation refractory tomolecular therapeutics.

Yet there is more we must do to reduce nonresolving inflam-

mation that lies beyond biomedical research and the comfort

zone of those who conduct it. Physicians and scientists must

work to persuade voters and policymakers to act for commu-

nities and populations to prevent and reverse the degradation

of neighborhoods, air, water, and climate, the sequelae of sys-

tematic discrimination, and the trans-generational perpetuation

of poverty. Physicians and scientists are privileged with knowl-

edge of the biological consequences of societal inaction. With

that privilege comes a responsibility to help bring change.
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meida, L., Gonçalves, A.V., Perucello, D.B., Andrade, W.A., Castro, R., et al.
(2021). Inflammasomes are activated in response to SARS-CoV-2 infection
and are associated with COVID-19 severity in patients. J. Exp. Med. 218,
e20201707. https://doi.org/10.1084/jem.20201707.

Rohm, T.V., Meier, D.T., Olefsky, J.M., and Donath, M.Y. (2022). Inflammation
in obesity, diabetes, and related disorders. Immunity 55, 31–55. https://doi.
org/10.1016/j.immuni.2021.12.013.

Roquilly, A., Jacqueline, C., Davieau, M., Mollé, A., Sadek, A., Fourgeux, C.,
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Woodfolk, J.A., and Gaultier, A. (2019). Modulation of the sigma-1 receptor-
IRE1 pathway is beneficial in preclinical models of inflammation and sepsis.
Sci. Transl. Med. 11, eaau5266. https://doi.org/10.1126/scitranslmed.
aau5266.

Rossaint, J., Thomas, K., Mersmann, S., Skupski, J., Margraf, A., Tekath, T.,
Jouvene, C.C., Dalli, J., Hidalgo, A., Meuth, S.G., et al. (2021). Platelets
Immunity 55, April 12, 2022 603

https://doi.org/10.1038/s41579-021-00610-y
https://doi.org/10.1016/j.rmed.2021.106313
https://doi.org/10.1016/j.rmed.2021.106313
https://doi.org/10.1016/j.immuni.2020.11.005
https://doi.org/10.1126/sciimmunol.abg2329
https://doi.org/10.1126/sciimmunol.abg2329
https://doi.org/10.1126/science.aan4829
https://doi.org/10.1126/science.aan4829
https://doi.org/10.1016/j.immuni.2019.06.009
https://doi.org/10.1016/j.immuni.2019.06.009
https://doi.org/10.1038/nature24271
https://doi.org/10.1038/nature01320
https://doi.org/10.1126/science.abj5637
https://doi.org/10.1126/science.abj5637
https://doi.org/10.1016/j.cell.2010.02.029
https://doi.org/10.1038/ni.3790
https://doi.org/10.1084/jem.20160462
https://doi.org/10.1084/jem.20160462
https://doi.org/10.1126/science.abi5934
https://doi.org/10.1126/science.abi5934
https://doi.org/10.1016/j.cell.2021.05.036
https://doi.org/10.1016/j.cell.2021.05.036
https://doi.org/10.1084/jem.165.2.500
https://doi.org/10.1084/jem.20190545
https://doi.org/10.1084/jem.20190545
https://doi.org/10.1126/scitranslmed.abe2587
https://doi.org/10.1126/scitranslmed.abe2587
https://doi.org/10.1126/sciimmunol.aax7006
https://doi.org/10.1126/sciimmunol.aax7006
https://doi.org/10.2174/0929867328666210707192625
https://doi.org/10.1146/annurev-immunol-042617-053158
https://doi.org/10.1146/annurev-immunol-042617-053158
https://doi.org/10.1101/cshperspect.a034140
https://doi.org/10.1172/JCI148548
https://doi.org/10.1172/JCI148548
https://doi.org/10.1084/jem.20171435
https://doi.org/10.1084/jem.20171435
https://doi.org/10.1038/s41590-021-01113-x
https://doi.org/10.1038/s41590-021-01113-x
https://doi.org/10.1172/JCI130834
https://doi.org/10.1084/jem.20210409
https://doi.org/10.1093/cvr/cvaa288
https://doi.org/10.1093/cvr/cvaa288
https://doi.org/10.1016/j.cell.2020.09.059
https://doi.org/10.1016/j.cell.2020.05.054
https://doi.org/10.1084/jem.20201707
https://doi.org/10.1016/j.immuni.2021.12.013
https://doi.org/10.1016/j.immuni.2021.12.013
https://doi.org/10.1038/s41590-020-0673-x
https://doi.org/10.1038/s41590-020-0673-x
https://doi.org/10.1126/scitranslmed.aau5266
https://doi.org/10.1126/scitranslmed.aau5266


ll
Review
orchestrate the resolution of pulmonary inflammation in mice by T reg cell re-
positioning andmacrophage education. J. Exp. Med. 218, e20201353. https://
doi.org/10.1084/jem.20201353.

Rosshart, S.P., Herz, J., Vassallo, B.G., Hunter, A., Wall, M.K., Badger, J.H.,
McCulloch, J.A., Anastasakis, D.G., Sarshad, A.A., Leonardi, I., et al. (2019).
Laboratory mice born to wild mice have natural microbiota and model human
immune responses. Science 365, eaaw4361. https://doi.org/10.1126/science.
aaw4361.

Russo, A.J., Vasudevan, S.O., Méndez-Huergo, S.P., Kumari, P., Menoret, A.,
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