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Does tissue imprinting restrict macrophage
plasticity?

Martin Guilliams ®'23% and Freya R. Svedberg ©"23>

Macrophages have long been considered as particularly plastic cells. However, recent work combining fate mapping, single-cell
transcriptomics and epigenetics has undermined the macrophage plasticity dogma. Here, we discuss recent studies that have
carefully dissected the response of individual macrophage subsets to pulmonary insults and call for an adjustment of the mac-
rophage plasticity concept. We hypothesize that prolonged tissue residency shuts down much of the plasticity of macrophages
and propose that the restricted plasticity of resident macrophages has been favored by evolution to safeguard tissue homeosta-
sis. Recruited monocytes are more plastic and their differentiation into resident macrophages during inflammation can result
in a dual imprinting from both the ongoing inflammation and the macrophage niche. This results in inflammation-imprinted
resident macrophages, and we speculate that rewired niche circuits could maintain this inflammatory state. We believe that this

revisited plasticity model offers opportunities to reset the macrophage pool after a severe inflammatory episode.

acrophages are thought to be particularly plastic'. This

plasticity is considered central to their ability to switch

from a basal state, in which they perform tissue-specific
homeostatic functions*”, to an inflammatory state, in which they
are capable of eliminating invading pathogens. In this Perspective,
we will focus on the distinct subsets of lung macrophages (Fig. 1)
and discuss recent reports that have carefully studied the functional
plasticity of these cells. Before we zoom in on the specific subsets
of pulmonary macrophages, it is important to distinguish resident
macrophages (ResMacs) that were present before the inflamma-
tion from macrophages that developed during the inflammation.
Most ResMacs resident in tissue self-maintain throughout life with
minimal input from circulating monocytes on a day-to-day basis
(Fig. 2a). Loss of ResMacs allows circulating monocytes to engraft
in the ResMac pool®®, but not all recruited monocytes differenti-
ate into long-lived ResMacs. In some cases, monocytes recruited
to inflamed tissues differentiate into short-lived macrophages
that are only present during the inflammatory window and disap-
pear during the resolution phase™’. We propose to define these
short-lived cells as transient macrophages (TransMacs; Fig. 2b).
Additionally, rather than subdividing macrophages into embryonic
and recruited/monocyte-derived macrophages, we propose to dis-
tinguish TransMacs from ResMacs regardless of their cellular origin,
as most ResMacs contain some monocyte-derived cells that were
recruited under steady-state conditions'"'2. We also need to define
a third group of macrophages that were recently described as func-
tionally distinct. Namely, ResMacs that developed during inflamma-
tion and acquired an epigenetic memory of that event', which we
refer to as inflammation-imprinted ResMacs (InfResMacs; Fig. 2b).
While fate-mapping tools have helped to distinguish ResMacs from
InfResMacs, we often lack a clear profile of TransMacs. As such, in
this Perspective, we will focus on the ontogeny, functional character-
istics, plasticity and epigenetic memory of ResMacs and InfResMacs.

Pulmonary ResMac subsets
Three distinct pulmonary ResMac subsets have been described in
the murine lung (Fig. 1): SiglecF"CD11c" alveolar macrophages

(AMs), Lyvel™CD206" interstitial macrophages (IMs) and
CX3CRIMMHC-II" IMs!*'¢. It has been proposed that each tissue
contains a restricted number of niches"’, but the precise composition
of each macrophage niche remains to be determined. AMs reside in
the alveoli, where type II epithelial cells produce colony-stimulating
factor 2 (CSF2; also known as granulocyte-macrophage
colony-stimulating factor), which, together with autocrine trans-
forming growth factor-f signaling, is critical for the induction
of peroxisome proliferator-activated receptor-y in AMs and the
expression of a gene module that is essential for surfactant recy-
cling'®*. Based on reports of cross-talk between liver Kupffer cells
and liver mesenchymal cells called stellate cells”, we consider the
possibility that there could be similar cross-talk between AMs and
mesenchymal perialveolar interstitial fibroblasts (Fig. 1).

The precise localization of the two main IM populations and
the composition of their respective niche is unclear. Some have
proposed that both Lyvel®CD206" IMs and CX3CR1"MHC-II"
IMs are mainly found in the peribronchial region. Others have
proposed that the Lyvel®CD206" IMs are preferentially found in
the peribronchial region, while CX3CRI"MHC-II" IMs are found
in the alveolar interstitium'®. CX3CR1"MHC-II" IMs expressing
higher amounts of CD169 (ref. **) were reported to be closely asso-
ciated with nerves'**, while the Lyvel"CD206" IMs were reported
to associate with blood vessels'* and to have a role in blood vessel
integrity'*, which may be the result of cross-talk with endothelial
cells and pericytes. Lyvel®CD206" IMs produce high amounts of
interleukin (IL)-10 (ref. '*), implying that they may not only regulate
the infiltration of immune cells, but also participate in the immune
suppression of extravasating cells, including dendritic cells'**>*. The
association of CX3CRIMMHC-II" IMs with nerves'** is reminis-
cent of the macrophage-nerve crosstalk described in the intestinal
muscularis externa and the dermis”~*°. However, it should be noted
that the distinction between blood- and nerve-associated macro-
phages in the bronchioles is not always clear cut'®. Peribronchial
fibroblasts and lymphatic vessels are also found in the bronchi-
oles (Fig. 1) and may also comprise the peribroncheal IM niche.
More work is needed to identify robust markers to distinguish the
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Fig. 1| Pulmonary ResMacs and their localization within the lung. Three subsets of macrophages reside within the lung. The most abundant are
SiglecF"CD11c" AMs located in the alveoli. AMs are found in proximity to type I/l epithelial cells and perialveolar interstitial fibroblasts. Together, these
cells probably comprise the AM niche. Two main populations of IMs have been identified: Lyve1"CD206" IMs and CX3CRI"MHC-II" IMs. Their precise
localization within the parenchyma and the composition of their niche has not been determined. However, reports have described Lyvel"CD206" and
CX3CRI"MHC-II" IMs to be preferentially associated with blood vessels and nerve cells proximal to the bronchioles, respectively. We refer to these

cells as perivascular and peribronchial IMs. The ability to determine the localization of these cells suggests the possibility that endothelial cells and
pericytes may represent the niche for perivascular IMs, while nerve cells, peribronchial fibroblasts and smooth muscle cells could represent the niche for
peribronchial IMs. BACH2, BTB domain and CNC homolog 2; CCR2, C-C chemokine receptor type 2; CEBPf, CCAAT/enhancer-binding protein 3; MHC-I,
major histocompatibility complex Il; PPARy, peroxisome proliferator-activated receptor y.

IM subsets, unravel their precise localization, determine which cells
constitute their respective niches and understand the cell-cell inter-
actions driving their distinct transcriptome and unique functions.

Ontogeny of pulmonary ResMacs

There are multiple sequential and overlapping waves of embryonic
precursors originating from distinct sites of embryonic hematopoi-
esis”~? (Fig. 2a). The precise contribution of these distinct waves
to the final pool of ResMacs remains highly debated. AMs develop
in the first week of life'® and then self-maintain. Experiments
using parabiotic mice'®", shielded chimeras® and Cx3crl- or
Pdzklipl-based fate mapping'>** found that bone marrow precur-
sors contribute only minimally to the adult AM pool. However,
studies using the Ms4a3-based fate-mapping mouse found a greater
contribution of bone marrow-derived monocytes to the AM pool
than was previously reported'. It is currently unclear why this
system predicts greater monocyte contribution. Additionally, fate
mapping of early yolk sac precursors using tamoxifen-inducible
Csflr-CRE or RunxI-CRE mice efficiently labeled microglia but
not AMs®. The identification of what looks like a monocyte water-
fall continuum between fetal monocytes and pre-AMs before
birth led to the hypothesis that AMs would primarily be derived
from fetal liver monocytes'®. Therefore, AMs could be primarily
derived from late erythro-myeloid progenitor (EMP)-derived fetal
liver progenitors®. Applying trajectory inference algorithms to
single-cell sequencing data from lung development has also linked
AM:s to a monocytic intermediate®. Transfers of distinct precursors
into Csf2ra~’~ mice revealed that yolk sac macrophages, fetal liver
monocytes and bone marrow-derived monocytes could generate
self-maintaining and functional AMs that protect mice from devel-
oping pulmonary alveolar proteinosis, although in competition

settings, fetal liver monocytes generated more AMs than the other
precursors®. Therefore, most AMs probably develop from fetal liver
monocytes, with some small contributions from yolk sac macro-
phages and bone marrow-derived monocytes (Fig. 2a).

The ontogeny of IMs is less well understood. Fate mapping of
yolk sac-derived macrophages reveals that many IMs are present
in the lung interstitium before birth”, and are later diluted by an
influx of bone marrow-derived monocytes'. IMs were identified
in tamoxifen-inducible Csflr-CRE fate-mapping studies®, while
parabiosis and fate-mapping experiments reveal a continuous con-
tribution of bone marrow precursors to the IM pool'*”. Altogether,
this indicates that while the contribution of yolk sac macrophages
to IMs is higher than for AMs, these cells are first diluted by fetal
liver monocytes and then by a slow and continuous input from bone
marrow-derived monocytes after birth (Fig. 2a).

Potential link between macrophage residency and

plasticity

Ontogeny studies have revealed that Lyvel®CD206" IMs,
CX3CRIMMHC-II" IMs and SiglecF*CD11c" AMs contain a mix of
macrophages from distinct cellular origins. Despite this, single-cell
analysis reveals relatively homogeneous populations'******_ It is of
course possible that some transcriptomic differences may have been
missed by single-cell RNA sequencing. However, when distinct
precursors were transferred into the lungs of neonatal mice and
the fully differentiated AMs that developed from these precursors
were later profiled by bulk transcriptomic profiling, only few tran-
scriptomic differences linked to ontogeny were found®. Although
the possibility of epigenetic differences cannot be excluded, these
findings highlight a dominant role for tissue imprinting in the cel-
lular identity of steady-state macrophages, as this imprinting seems
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Fig. 2 | Pulmonary ResMac ontogeny. a, Pulmonary macrophages develop alongside the lung from multiple sequential and overlapping waves of embryonic
precursors derived from distinct locations of embryonic hematopoiesis. The lung develops in overlapping stages from the pseudoglandular stage (E12.5-
E15.5) over the canalicular stage (E15.5-E17.5) and the saccular stage (E17.5 until birth) to the alveolar stage (postnatal week 1 until postnatal week 3). The
magnifications show the sequential increase in branching and the formation of the alveoli. b, The onset of inflammation and subsequent resolution reshape
the composition of the pulmonary macrophage pool. An inflammatory episode results in the recruitment of monocytes. Some monocytes differentiate into
short-lived TransMacs, which will disappear as the inflammation is resolved. Some monocytes can differentiate into InfResMacs and persist in the lung.
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to overwrite most of the transcriptomic differences of the distinct
precursors®®!731,

To explain why AMs developing from monocytes during pulmo-
nary inflammation differ functionally'**** from pre-existing AMs,
we propose that the steady-state niche is not only able to impose the
identity of ResMacs resident in tissue, but is also able to restrict the
plasticity of these cells (Fig. 3). This would allow steady-state tissues
to imprint a relatively consistent transcriptomic identity on differ-
ent types of precursors and shape these cells into similar ResMacs
regardless of their ontogeny (Fig. 3a). The timing of AM develop-
ment may also influence their functional specialization. Neonatal
lungs display a strong type 2 bias*. The production of IL-33 and
CSF2 by epithelial cells is thought to synergize with the production
of IL-13 and CSF2 by basophils and group 2 innate lymphoid cells to
drive AM development®. However, the precise contribution of CSF2
from epithelial cells versus immune cells is still unknown. Studies
across multiple organs have focused on the transcriptomic identity
gained during the development into ResMacs™*** and have tried
to identify the tissue-specific signals that induce the expression of
particular tissue-specific gene modules. Much less is known about
the signals that repress genes that were expressed in the precursors.
The mechanisms underpinning the ability of the niche to epigeneti-
cally silence monocyte- and inflammation-associated genes remain
unknown (Fig. 3a). Furthermore, it is not clear whether these mech-
anisms are tissue specific.

We hypothesize that some genes encoding pro-inflammatory
cytokines, which are poised or lowly expressed in circulating
monocytes, are epigenetically silenced in ResMacs to ensure that
terminally differentiated ResMacs do not over-react and do not
cause too much tissue damage. Monocytes that differentiate
during inflammation and can access the ResMac niche would
differentiate into InfResMacs with a mixed identity: they would
express part of the main tissue-specific signature of ResMacs but
also some genes that have been induced by inflammatory signals
(Fig. 3b). ResMacs present in the tissue before the inflammatory
event would recover their steady-state transcriptomic profile more
rapidly during the resolution phase and show only minor differ-
ences when restimulated months later. In contrast, InfResMacs
would have undergone stronger imprinting from the inflamma-
tion and would maintain a proportion of their inflammatory profile
during the resolution phase, yielding a stronger reaction upon
restimulation (Fig. 3c). Once the tissue returns to homeostasis,
InfResMacs would convert into ResMacs with restricted plasticity.
The epigenetic profile of InfResMacs would be converted to a ResMac
profile—a state in which these cells would be restricted in their
plasticity and in their capacity to produce pro-inflammatory cyto-
kines (Fig. 3d). The experimental data supporting this theoretical
model are discussed below.

Macrophage origin and plasticity during pulmonary
fibrosis

Fibrotic lung diseases are associated with fibroblast activation and
extracellular matrix deposition*’. Monocytes and macrophages have
been implicated in both the initiation and resolution of fibrosis*
and both AMs and IMs are found in fibrotic lesions'>*’. Treatment
with bleomycin results in a decrease in AM numbers, but the exact
signals leading to the AM disappearance are yet to be elucidated*.
Changes to the alveolar epithelium and pulmonary fibroblasts,
which may constitute the AM niche (Fig. 1), could render the niche
unable to support homeostatic AMs. Bleomycin can induce changes
to the alveolar epithelium, driving cellular senescence and apop-
tosis, as well as initiating epithelial-mesenchymal transition®">.
Indeed, repetitive injury of the alveolar epithelium is thought to
be a key trigger in the development of idiopathic pulmonary fibro-
sis”’. Following the loss of resident AMs (ResAMs), the niche is
repopulated by a massive engraftment of bone marrow-derived

PERSPECTIVE

monocytes that give rise to the monocyte-derived AMs (and there-
fore represent InfResMacs; Fig. 2b) that appear to be key drivers
of bleomycin-induced pulmonary fibrosis*”’. The differentiation of
these pro-fibrotic monocyte-derived cells into AMs is supported
by single-cell sequencing®. SiglecF*CD11c*MHC-II" InfResAMs
were found at sites of Pdgfra* and Pdgfrb* fibroblast accumulation
and were identified as the main source of Pdgf-aa—a growth fac-
tor that drives fibroblast proliferation®. In this setting, depletion of
CX3CRI1* cells using the tamoxifen-inducible CX3CR1-Cre-ERT?2
diphtheria toxin fragment A (DTA) mouse model resulted in
decreased fibrosis and reduced collagen deposition*’; however, this
approach lacks specificity, as both monocytes and peribronchial
IMs express CX3CRI.

InfResAMs that developed during fibrosis and ResAMs pres-
ent before the onset of fibrosis have been shown by bulk RNA
sequencing to share a transcriptional signature of 1,842 genes*.
In addition, InfResAMs expressed 1,937 genes that were not
acquired by ResAMs isolated from the same fibrotic lungs*. Part
of the InfResMacs-specific fibrosis-induced signature may be
imprinted in monocytes before they differentiate into InfResAMs.
Fibrosis was shown to induce the generation of SatM monocytes
with pro-fibrotic activity™. Repeated lung injury could also induce
trained immunity®>*, rewiring the bone marrow to produce these
pro-fibrotic monocytes. InfResAMs are long-lived and persist for at
least 10 months in the lungs after the resolution of fibrosis—a time
point at which they differentially expressed 330 genes compared
with ResAMs isolated from the same lungs®, indicating that differ-
entiation during fibrosis leads to the acquisition of a fibrotic signa-
ture not induced in macrophages that were terminally differentiated
at the time of the inflammatory event.

The more restricted response of ResAMs during fibrosis may be
linked to the environmental regulation of AM metabolism, which
has been shown to limit their responses in type 2 settings”. The
finding that ResMacs respond less aggressively than monocytes
recruited during the inflammatory window is not limited to the
lung. ResMacs from the peripheral nerves and liver respond only
moderately to inflaimmation®”. The limited responsiveness of
ResAMs in the healthy lung may be seen as a protective strategy
against fibrosis. Minor insults would only result in a small loss of
ResAMs, and their proliferative capacity would ensure that the
AM pool is mainly reconstituted through the proliferation of the
remaining ResAMs without input from recruited monocytes. In
contrast, strong pulmonary insults resulting in a marked drop in
the number of ResAMs would allow the development of more reac-
tive InfResAMs. The return to pulmonary homeostasis gradually
silences the fibrosis-induced genes in InfResAMs and converts
them into ResMacs (Fig. 3d), although a small part of this signature
is maintained for at least 10 months*. When mice were treated with
bleomycin every 2 months and the profile of InfResMacs was anal-
ysed 3 weeks after the first and second bleomycin treatments®, the
monocyte-derived AMs that had developed during the first bleomy-
cin injury responded similarly to the second bleomycin injury as the
ResAMs that were present in the tissue before the first injury. This
indicates that the 2 months between the bleomycin treatments was
sufficient to convert the InfResMacs that developed during the first
bleomycin injury into ResMacs, However, the monocytes recruited
to the lung during the second injury gave rise to InfResMacs with
a stronger pro-fibrotic profile than the monocytes that gave rise to
InfResMacs during the first bleomycin injury®. This suggests that
inflammatory memory is not linked to ontogeny itself and that a
return to homeostasis for 2 months is sufficient to erase most of the
inflammatory signature, but that the environmental cues imprinting
the InfResMacs profile during the second injury must be stronger.
Therefore, it will be important to study the inflammation-induced
epigenetic memory in the cells that represent the AM niche, such
as the alveolar epithelial cells, perialveolar interstitial fibroblasts or
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Fig. 3 | A theoretical framework for pulmonary macrophage plasticity during inflammation. a, At steady state, the niche is able to imprint tissue-resident
identity on macrophages and restrict their plasticity. As a result, distinct precursors can be shaped into ResMacs with a similar transcriptomic profile,
irrespective of their ontogeny. The steady-state circuits that maintain the ResMac profile are also responsible for silencing the monocyte signature

and establishing the ResMac profile. b, Monocytes that differentiate into InfResMacs during inflammation possess a mixed identity and express both

a tissue-specific signature, akin to their ResMac counterparts, and an inflammatory signature resulting from the inflammatory event during which they
differentiated. ¢, ResMacs present before the onset of inflammation regain their steady-state transcriptomic profile rapidly. However, InfResMacs are more
strongly imprinted and, as a result, retain a proportion of their inflammatory signature, resulting in a stronger reaction to a subsequent insult. d, Once the
tissue returns to homeostasis, steady-state circuits begin to convert InfResMacs into ResMacs. With time, these cells would again become restricted in
their plasticity and closely resemble ResMacs.
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resident lymphocytes, as these cells may be involved in the imprint-
ing of a stronger fibrosis-induced signature of InfResAMs during
the second bleomycin injury.

While the AM pool contracts across a range of fibrotic settings,
the IM population as a whole expands®"*2. In chimeric mice recon-
stituted with bone marrow cells from Lyvel“¢™Slco2b1¥P™® mice,
the human diphtheria toxin receptor (DTR) is expressed on peri-
vascular Lyvel™CD206" IMs and the administration of diphtheria
toxin resulted in an 80% reduction in Lyvel®CD206™ IMs'*. When
challenged with bleomycin, these mice suffered greater weight
loss, collagen deposition and inflammatory cell infiltration than
Lyvel™CD206" IM-sufficient mice, indicating that Lyvel"CD206"
IMs may perform a protective role by repressing the infiltration of
immune cells into the fibrotic lung'*. However, it should be noted
that macrophage depletion itself can lead to fibroblast activation
and, as such, may contribute to the observed phenotype?”. The field
still lacks a system to target CX3CR1"MHC-I" IMs and, as such, the
specific role of these cells cannot yet be fully addressed.

Macrophage origin and plasticity during pulmonary
infections

AMs represent the first line of defense and play a central role
against a range of respiratory pathogens, including influenza and
Streptococcus pneumoniae'>. Yet, pulmonary immune responses
need to be contained to avoid excessive tissue damage and safe-
guard gas exchange. Resident AMs are less responsive than
recruited monocyte-derived macrophages in the context of allergy
or viral infection®*. Ccr2~~ mice, which have fewer circulat-
ing monocytes®, are less susceptible to influenza infection and
display a decreased morbidity and mortality®’, even if the viral
load is slightly elevated in these mice®. Conversely, mice lacking
AMs mount stronger inflammatory responses during Brucella
infection®”. The anti-inflammatory role of resident AMs may
in part be linked to their production of type I interferon (IFN)”
as type I IFNs decrease IL-1 and increase IL-10 production in
monocyte-derived macrophages”. However, excessive type I and
III IFNs aggravate pulmonary influenza infections by impairing
epithelial regeneration”. In addition, while early type I IFN
reduces the viral titer and protects mice from severe acute respira-
tory syndrome coronavirus 1 (SARS-CoV-1)-associated pathology,
delayed type I IFN responses lead to higher viral loads, but also to
exacerbated activation and recruitment of inflammatory mono-
cytes”. The primary source of the excessive type I IFN response
in SARS-CoV-1 infections has been proposed to be plasmacytoid
dendritic cells, not AMs. AMs may also have a tolerogenic activity
on lung epithelial cells via cell-cell delivery of suppressor of cyto-
kine signaling proteins’™* and connexin-43-dependent intercellular
communication”. This conditioning may be reciprocal, as surfac-
tant proteins produced by epithelial cells can in turn suppress the
immune response of AMs to Toll-like receptor ligands’*~"%. However,
the role of surfactant proteins can be varied and context dependent.
Surfactant protein A was described as a local amplifier of various
aspects of a type 2 response in AMs”, while surfactant protein D
seems to have no role in regulating IL-4-dependent responses and
proliferation®”.

AMs have low expression of complement-associated genes such
as Clqa, Clgb, Clqc, C2, C4b and C3arl (ref. ), while macrophages
isolated from other tissues have high expression of these genes
across multiple tissues (unpublished data and www.immgen.org).
Signals from the AM niche may be responsible for the active sup-
pression of these genes. Interestingly, epigenetic profiling of AMs
during inflammation has shown that while the Clqg locus is inac-
cessible in ResAMs and remains closed upon influenza infec-
tion, complement genes are highly accessible in InfResAMs that
have engrafted in the AM pool during influenza infection'. This
could have important clinical implications as, during human
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SARS-Cov-2 infection, recruited macrophages were C1Q",
compared with the C1Q" ResAMs®, suggesting that the suppres-
sion of the complement-associated genes in ResAMs is conserved
in humans. Importantly, the overt activation of complement has
been linked to coronavirus 2019 (COVID-19) severity, prompt-
ing the launch of clinical trials aiming to block components of the
complement pathway®-*’. It is tempting to speculate that the sharp
drop in ResAMs and their replacement by recruited macrophages
expressing high levels of the complement-associated genes, which
occurs in patients with severe COVID-19, may fuel the comple-
ment cascade and actively participate in the COVID-19 pathology.
In fact, it may even be that the suppression of these complement
genes in ResAMs is the result of evolutionary pressure to protect the
lungs from complement-mediated collateral damage during viral
infections.

Bacteria and viruses have developed strategies to co-opt AMs,
taking advantage of their relative hyporesponsiveness and enabling
their persistence and dissemination within the tissue'**’. The relo-
cation of Mycobacterium tuberculosis-infected AMs into the pulmo-
nary interstitium was shown to be a key step preceding bacterial
dissemination®. Following viral infection, the AM population is
depleted and then restored by monocyte engraftment into the AM
niche and their differentiation into long-lived InfResAMs*>**. The
extent of monocyte engraftment is determined by the level of AM
depletion, which in turn is linked to the dose and/or virulence of
the pathogen. This viral-induced reduction in AM numbers ren-
ders mice temporarily more susceptible to bacterial infections*’. If
only very few AMs are lost as a result of an infection, the prolifera-
tion of resident cells will outcompete the engraftment of monocytes.
These variables, as well as differences between animal housing, may
explain why in some studies monocytes did not contribute to the
AM pool following viral infection'**, while in other studies they
were shown to contribute to the AM pool**>*. InfResAMs that
developed during an infection have been shown to differ function-
ally from the ResAMs that were present before the infection'>*.
Pulmonary infection with murid herpesvirus 4 resulted in the
replacement of 90% of ResAMs with InfResAMs, which persisted
after the infection had been cleared and protected the mice from
house dust mite-driven allergic asthma*’. Adoptive transfer studies
showed that the InfResAMs from murid herpesvirus 4-infected mice
could transfer protection against asthma to uninfected recipients,
underlining the AM-intrinsic reprogramming. The fact that these
InfResAMs developed during inflammation may not be the only
explanation for their altered phenotype. Viral infection also affects
bone marrow-derived monocyte production and is associated with
the production of MHC-II*Scal* regulatory monocytes that pro-
duce high amounts of IL-10 (ref. ). Unfortunately, the remaining
ResAMs that survived the herpes virus infection (10% of total) were
not compared with the InfResMacs in this study*, and it remains
unknown whether these cells were equally impacted by the infec-
tion. A comparison of ResAMs that were present before influenza
infection with InfResAMs that developed during influenza infec-
tion" revealed InfResAMs to be more responsive to Toll-like recep-
tor ligands or subsequent S. pneumoniae infection than ResAMs.
The increased IL-6 production by InfResAMs represents an innate
memory that provides protection to subsequent S. pneumonia infec-
tion. The epigenetic landscape of these ResAMs and InfResAMs
indicated that monocytes entering the influenza virus-infected
lungs gained an epigenetic profile associated with tissue residency,
but also acquired an inflammatory signature imprinted by the anti-
viral cues. As a result, the IL-6 enhancer regions were more accessi-
ble in InfResAM:s that had developed during the influenza infection
than in ResAMs that were present before the onset of infection
in the same lungs (Fig. 3b). This altered epigenetic landscape was
still evident 1 month after the clearance of the infection but was
dampened at 2 months post-infection. Although we have focused
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Fig. 4 | Strategies to reset the macrophage niche. a, Depletion of InfResMacs may allow a fresh wave of monocytes to engraft in the ResMac pool. The
development of these monocytes in the absence of overt inflammation could yield ResMacs that acquire the normal steady-state profile. b, Blocking
the inflammatory niche circuits that maintain the InfResMac identity could allow the conversion of InfResMacs into ResMacs under the influence of

steady-state circuits.

here on the differences in responsiveness between InfResMacs
and ResMacs, it is important to note that ResMacs can respond to
inflammatory stimuli. In fact, both InfResAMs and ResAMs pro-
duce comparable amounts of tumor necrosis factor after in vitro
stimulation with Pam3CSK4 (ref. ) (Fig. 3b). Long-term memory
characterized by altered gene expression, metabolism and antimi-
crobial responsiveness has been proposed to also occur in ResAMs,
as was reported in an adenovirus infection model®. The priming
of this phenotype is dependent on CD8* T cells in an IFN-y- and
cell-cell contact-dependent manner®. The phagocytic capacity
of ResAMs can also be influenced by a previous infection, which
dampens their phagocytic capacity through the overexpression of
signal regulatory protein a*. ResAMs with impaired phagocytosis
recovered their capabilities when transferred into naive mice, and
naive ResAMs became paralyzed when transferred into the lungs
of recently infected mice, pointing towards a dominant role of the
niche in shaping macrophage function.

Altogether, these findings indicate that both ResAMs that were
present before an infection and InfResAMs that develop during an
infection can acquire an innate memory, altering their response to
subsequent infections. However, the InfResMacs that develop dur-
ing an infection are epigenetically more plastic and, as such, infec-
tion has a greater impact on them. An assessment of AM and IM
responses to in vivo lipopolysaccharide (LPS) stimulation® revealed
that IMs upregulated around 1,000 genes, while AMs upregulated
250 genes. Only 50 upregulated genes were common to both popu-
lations, including Tnf and II1b. Analysis of the epigenetic profile
of these genes revealed that some of the differences in expression
could be linked to differing chromatin accessibility between IMs
and AMs. However, for an important fraction of these genes, AMs
and IMs had comparable patterns of open chromatin landscapes.
These data suggest the presence of distinct transcriptional activators
and repressors in IMs and AMs™.

Much less is known about the effect of residency on the plastic-
ity of IMs during infections. It should also be noted that IMs have
a shorter half-life compared with AMs'". A robust IM fate-mapping
system will be required to conclusively distinguish IMs that were
present before the infection from IMs that developed during the
infection in order to address these questions.

Resetting the tissue memory clock by manipulating
InfResMacs

The ability to distinguish pulmonary ResMacs and InfResMacs
revealed InfResMacs to be more strongly imprinted across a range of
inflammatory events. This inflammatory imprinting has the capac-
ity to generate a long-lasting memory that will alter the macrophage
function during subsequent challenges. Multiple pulmonary infec-
tions during life may therefore allow the engraftment of successive
waves of InfResMacs. If sufficient time passes between insults, the
lung will return to homeostasis and the InfResMac signature will
be progressively lost. However, recurrent infections or exposure
to toxic agents may fuel the memory of InfResMacs. As such, the
duration of residence in a homeostatic environment becomes a key
parameter of ResMac biology, as others have recently independently
proposed®*. Innate memory in InfResMacs may be beneficial in
some cases and may confer resistance to subsequent infections, but
this may also lead to exacerbated tissue damage®. Here, we propose
that the increased reactivity of InfResMacs to inflammation is not
due to their monocytic origin, but rather to their differentiation
during inflammation.

Although currently speculative, this revisited plasticity model
offers therapeutic opportunities (Fig. 4). Depletion of ResMacs
after a profound inflammatory episode would allow a new wave of
monocytes to engraft in the pool of ResMacs resident in tissue. As
these cells would develop in the absence of overt inflammation, this
approach should yield ResMacs that acquire a normal steady-state
profile (Fig. 4a). Treatment with CSF1 receptor antibodies has been
shown to deplete macrophages in patients”. It remains to be seen
if treatment with CFS1 receptor antibodies in patients who have
recovered from severe fibrosis would result in the elimination of
long-lived InfResMacs and protect these patients from relapsing. To
be successful, such a strategy would require that the niche cells have
also recovered sufficiently to imprint a steady-state signature on the
repopulating monocytes.

This revisited plasticity model also has implications for can-
cer therapy where CSF1 receptor blocking agents are currently
undergoing clinical trials”’. In some patients, the global immu-
nosuppressive effects of cancer could imprint a suppressed state
on circulating monocytes. In this setting, CSF1 receptor blockade
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could empty macrophage niches throughout the body, allowing the
immune-suppressed monocytes to colonize the ResMac pools. If
the immune-suppressed state is maintained in these macrophages
for a prolonged period of time, it could influence the risk of metas-
tasis or opportunistic infections in these organs.

A safer option may be to manipulate the cell-cell circuits
that control the steady-state imprinting, rather than depleting
macrophages (Fig. 4b). Macrophages constantly sense the envi-
ronmental signals in their niche and rapidly lose their tissue-
specific gene signature when put in culture>”=*. Therefore, silenc-
ing of particular inflammatory genes may also require constant
tissue signals. These are probably the same signals that convert
InfResMacs into ResMacs during the resolution phase and could
form the basis for therapeutic strategies seeking to accelerate a return
to homeostasis. It may also be that the long-lived InfResMac profile
is actively maintained by signals produced by activated niche cells.
One could easily imagine pathogenic circuits fueling the reciprocal
activation between fibroblasts and InfResMacs. Understanding the
nature of these long-lived pathogenic circuits may provide thera-
peutic strategies that could breakdown these circuits and allow a
quicker restoration of the steady-state profile for the macrophages
and their niche. This could be one of the mechanisms underly-
ing the beneficial effects of prolonged treatment with anti-IL-1f
antibodies (canakinumab) observed during the Canakinumab
Anti-Inflammatory Thrombosis Outcome Study (CANTOS) trial.
The trial showed that long-term anti-inflammatory intervention in
patients with myocardial infarction not only resulted in a reduced
risk for cardiovascular disease but was also beneficial for autoim-
mune arthritis and cancer®. It is possible that such a prolonged
anti-inflammatory treatment allows the InfResMacs to revert to the
homeostatic ResMac profile.

The revised plasticity model could also have clinical implica-
tions for COVID-19. Patients severely affected by SARS-CoV-2
undergo a massive loss of ResAMs®. If monocytes were to engraft
as InfResAMs during the SARS-CoV-2 infection, it is conceiv-
able that these cells would have a strong epigenetic memory of
the SARS-CoV-2-associated cytokine storm and, as a result, this
may put these patients at risk of developing secondary inflamma-
tory diseases. Finding a way to accelerate the return of InfResAMs
and their niche to homeostasis could potentially provide a prom-
ising therapeutic avenue to protect these patients from secondary
complications.

Concluding remarks

Altogether, the recent findings obtained through the combination
of single-cell technologies, epigenetics and fate mapping call for
a thorough adjustment of the macrophage plasticity concept. The
available data suggest that prolonged residency in tissues shuts
down much of the plasticity of macrophages. Together with the
fact that tissues endow macrophages with strong self-maintenance
capacity, this could represent an important mechanism by which
tissues avoid excessive immune reactions and protect themselves
from collateral damage. It appears that severe inflammatory epi-
sodes induce the generation of InfResMacs that maintain a more
inflammatory profile for months. It is hoped that a better under-
standing of the cell-cell circuits that control the fate of InfResMacs
will provide therapeutic opportunities to reprogram the ResMac
pool and accelerate the return to homeostasis.
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