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Abstract
Acute liver injury (ALI) has a clear requirement for novel therapies. One emerging option is the use of alternatively activated 
macrophages (AAMs); a distinct subtype of macrophage with a role in liver injury control and repair. In this comprehensive 
review, we provide an overview of the current limited options for ALI, and the potential advantages offered by AAMs. We 
describe the evidence supporting their use from in vitro studies, pre-clinical animal studies, and human clinical trials. We 
suggest why the first evidence for the clinical use of AAMs is likely to be found in acetaminophen toxicity, and discuss the 
specific evidence for AAM use in this population, as well as potential applications for AAMs in other patient populations. 
The key domains by which the performance of AAMs for the treatment of ALI will be assessed are identified, and remaining 
challenges to the successful delivery of AAMs to clinic are explored.
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Introduction

Acute liver injury (ALI) can come from a variety of causes 
including toxins, drug overdose such as acetaminophen 
(APAP), viruses and autoimmune diseases and can present 
with deranged liver function tests and coagulopathy. What-
ever the aetiology, this can result in hepatic necrosis, liver 
inflammation and impaired immunity. If unresolved, ALI 
can progress to acute liver failure (ALF) which has a high 
mortality rate. Once ALI is established, there are no specific 
therapies apart from supportive care, emphasising that novel 
therapies are required.

In this review, we will discuss how macrophage therapy 
has potential for the treatment of ALI. We explain how liver 
macrophages respond to ALI and have a particular focus 
on alternatively activated macrophages (AAMs), which 
are a phenotypically distinct subtype of monocyte-derived 

macrophage, that play a significant role in liver injury con-
trol and repair processes (Ramachandran et al. 2012). The 
evidence from lab bench to human studies is explored, and 
ongoing clinical trials are identified. We speculate on the 
future applications of AAMs, and identify key challenges 
which translational researchers face in their attempts to bring 
these cells to clinic.

Briefly, in contrast to pro-inflammatory classically acti-
vated macrophages (CAMs, also described as subtype M1), 
AAMs are typically considered to be ‘anti-inflammatory’ 
(M2). There have been attempts to sub-classify M2 mac-
rophage in vitro (M2a–M2d) by their production pathways 
and cell markers, but cell polarisation is rarely terminal or 
homogenous, and differences can be seen when products 
studied in vitro are administered in vivo (Gharavi et al. 
2022). Variation in production processes between labora-
tories may lead to differences in gene expression even for 
two cell populations given the same broad label, and cell 
marker expression may change across disease stages, mak-
ing generalisations across the literature challenging (Murray 
et al. 2014).

The AAM subtype is considered to exhibit anti-inflam-
matory and wound healing properties and has been termed 
‘M2a’ by some. Due to common membrane markers across 
cell types, and challenges classifying in vivo behaviour, we 
hereafter only refer to ‘AAMs’ in this review to describe 

 *	 Stuart J. Forbes 
	 stuart.forbes@ed.ac.uk

1	 Centre for Cardiovascular Science, Queen’s Medical 
Research Institute, University of Edinburgh, 47 Little France 
Drive, Edinburgh, UK

2	 Centre for Regenerative Medicine, Institute for Regeneration 
and Repair, University of Edinburgh, 4‑5 Little France Drive, 
Edinburgh EH16 4UU, UK

http://crossmark.crossref.org/dialog/?doi=10.1007/s00204-024-03892-2&domain=pdf
http://orcid.org/0000-0003-3715-2561


104	 Archives of Toxicology (2025) 99:103–114

M2 cells which are produced by stimulating monocytes with 
IL-4 and IL-13 in vitro, and have evidence to support their 
use in ALI.

Cytotherapy with AAMs offers a novel approach in com-
parison with traditional small molecule, antibody, or peptide 
therapeutics. Rather than targeting specific receptors or met-
abolic pathways, AAMs aim to provide an increased quantity 
of the cellular machinery required to alter the pathophysi-
ological processes of the recipient. This delivers exciting 
potential for a ground-breaking new technology. However, 
clinical research facilities will face novel challenges regard-
ing production pathways, trial staff expertise, and the devel-
opment of methodology for demonstrating study product 
efficacy, pharmacokinetics and pharmacodynamics.

Novel treatments are needed to prevent ALF

It is important to recognise that all patients with ALF can be 
considered to have experienced ALI as a primary cause of 
their condition, prior to developing hepatic encephalopathy. 
The care of ALF is largely supportive, and although mor-
tality rates have improved over decades, the only definitive 
treatment for patients who do not recover from ALF with 
supportive care is orthotopic liver transplantation (OLT) 
(Reuben et al. 1998). OLT requires lifelong immunosuppres-
sion, has associated morbidity and mortality, and is limited 
by donor liver availability.

There are very few cause-specific treatments with any 
evidence to support claims that their use in ALI may prevent 
the development of ALF or reduce the requirement for OLT 
(Stravitz and Lee 2019). Even acetylcysteine, used for dec-
ades as an antidote following APAP ingestion, is only effec-
tive at preventing the development of ALI following APAP 
ingestion; it does not convincingly reverse established injury 
(Lee et al. 2009). If a new treatment could be developed 
which prevents the progression of ALI to ALF, it would be 
life-saving, as well as reducing the requirement for OLT.

As discussed below, AAMs have been shown to be effec-
tive in a mouse model of ALI, transitioning the initial inflam-
matory environment of ALI to one characterised by features 
of resolution and repair. They act to phagocytose necrotic 
tissue, reduce pro-inflammatory cytokine release, and stimu-
late hepatocyte proliferation (Starkey Lewis et al. 2020). If 
AAMs are effective in humans with ALI, then clinicians 
would have a new therapeutic option to support the care of 
this patient group, filling a currently unmet need. This may 
also provide future scope for testing AAMs in other patholo-
gies characterised by necrosis and inflammation.

Who has ALI? Defining and identifying 
a population for research

Pre-clinical identification of patient populations that have 
potential to benefit from AAMs is a challenge. Defining 
which patients have ALI is not straightforward; recogni-
tion criteria for ALI in the absence of ALF are inconsist-
ently defined across clinical settings. For example, it has 
been suggested that ‘ALF criteria without encephalopa-
thy’ may be used clinically, whilst European Association 
for the Study of the Liver clinical guidelines recommend 
different classification criteria which vary according to 
the mechanism of drug-induced liver injury (DILI) (Koch 
et al. 2017; European Association for the Study of the 
Liver 2019). In the context of early-phase clinical trials, it 
has been suggested that small rises in alanine aminotrans-
ferase (ALT > 3 × upper limit of normal) should lead clini-
cians to suspect DILI (European Association for the Study 
of the Liver 2019).

Whilst the precise criteria used to define ALI may 
vary, the data regarding causes at a population level are 
relatively consistent when threshold ALT values are used 
to define the population by searching serology results, 
and suggest that DILI (predominantly APAP), ischaemic 
hepatitis, biliary obstruction and viral hepatitis account 
for the majority of ALI (Galvin et al. 2015; Con et al. 
2019). Notably, ischaemic hepatitis and biliary obstruction 
have obvious interventions with a good evidence base (the 
restoration of perfusion, or surgical management respec-
tively), and viral hepatitis predominates in developing 
countries rather than high-income countries (Patterson 
et al. 2020).

Predicting which patients with ALI will develop ALF at 
an individual level lacks sufficiently robust tools to allow 
for personalised care (European Association for the Study 
of the Liver et al. 2017). At a population level, APAP tox-
icity is the most prevalent cause of admission and mortal-
ity in the United Kingdom, Europe, and the USA, whilst 
viral hepatitis is the leading cause in many developing 
countries (Koch et al. 2017; Patterson et al. 2020; Pol-
son and Lee 2005; Office for National Statistics 2023). 
Although the mortality rate associated with ALF from 
viral hepatitis is estimated at 50%, the implementation of 
immunisation and effective antivirals is likely to be the 
most clinically impactful action, and whether additional 
therapy with AAMs would help in the context of viral 
disease is debatable (Li et al. 2020).

As translational research in regenerative medicine is 
predominantly undertaken in high-income countries, 
and there is a clear rationale for the therapeutic action of 
AAMs in DILI, the target population for the use of AAMs 
in acute scenarios has focussed on DILI, with APAP 
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toxicity representing a robustly researched and clearly 
defined DILI population in whom the role of macrophages 
has been well characterised in mice. Mouse models of 
APAP toxicity are well established, providing an excellent 
test bed for pre-clinical studies of novel advanced thera-
pies, and there are clinical research centres with significant 
experience in recruiting this cohort of patients to clinical 
trials (Starkey Lewis et al. 2020; Jaeschke et al. 2021; 
Thanacoody  et al. 2013; Morrison  et al. 2019).

When compared to other mechanisms of DILI (such as 
idiosyncratic DILI), patients who suffer APAP DILI typi-
cally have a clear diagnosis at an early stage, a predictable 
time course to their injury, and a well-defined pattern of bio-
marker release with alanine aminotransferase. These factors 
all lend themselves to the recruitment and study of clinical 
trial participants.

For all these reasons, it is reasonable to assume that the 
first patient population in which the use of AAMs in ALI is 
studied will be APAP toxicity. If AAMs are found to be a 
viable product in this setting, the lack of a coherent ALI defi-
nition may mean that any threshold treatment or biomarker 
values used in the clinical trials become de facto standards 
to identify patients who should receive them as treatment.

The natural history of macrophage 
populations in APAP ALI

APAP toxicity produces a characteristic pattern of centrilob-
ular necrosis (around the central vein, acinar zone 3), and in 
more severe cases, this can extend, causing massive necrosis 
(Krishna 2017). The centrilobular necrosis pattern occurs 
because hepatocytes in this region have a greater concen-
tration of cytochrome P450 enzymes, leading to increased 
APAP metabolism in this region, and consequently, 
increased production of its toxic by-product: N-acetyl-
p-benzoquinone imine (NAPQI) (Butler et al. 2018). NAPQI 
is detoxified by glutathione, but when glutathione supplies 
become exhausted, NAPQI causes mitochondrial protein 
adduct formation, leading to c-jun N-terminal kinase (JNK) 
activation, which subsequently impacts mitochondrial res-
piration (Jaeschke et al. 2021). The consequent cascade 
results in the release of endonucleases, DNA fragmenta-
tion and necrotic cell death (Bajt et al. 2006; Jaeschke and 
Ramachandran 2020).

In mouse models of APAP ALI, the hepatic macrophage 
population increases over approximately 72 h, despite 
Kupffer cell (KC) numbers falling initially (KCs are 
located at the liver sinusoid endothelium, receiving blood 
supplied by the portal vein, and consequently are involved 
early in liver injury) (Ju et al. 2002). The rapid increase 
in hepatic macrophage numbers is primarily driven by 
infiltrating circulating monocytes, which differentiate to 

form macrophages (Zigmond et al. 2014). For complete-
ness, we also note that there is a population of peritoneal 
macrophages which may be recruited to subcapsular liver 
injuries, but have not been found to play any significant 
role in DILI (Wen et al. 2021).

Early work suggested that in ALI, circulating mono-
cytes differentiate to ‘pro-inflammatory’ CAMs, and 
proliferation of the KC pool produces macrophages with 
phenotypic similarities to ‘anti-inflammatory’ AAMs 
(Antoniades et al. 2012). However, further research does 
not support macrophage ontogeny being so simple in the 
ALI landscape. It now appears that when monocytes infil-
trate the liver in response to ALI, the polarisation is ini-
tially inflammatory, and then monocytes begin polarising 
to a pro-resolution phenotype before KC numbers have 
recovered (Zigmond et al. 2014).

The interaction between infiltrating monocyte and KC 
populations is conflicting: monocytes have been shown by 
some to be capable of restoring KC populations, and can 
rapidly acquire markers of KC function, whilst other data 
suggest that they play no role in recovery of KC popula-
tions after APAP ALI (Scott et al. 2016; Bonnardel et al. 
2019). In addition, it is clear that liver macrophage phe-
notypes do not fit neatly into binary pro- or anti-inflam-
matory classifications: for example, it was recently shown 
that KCs drive hepatocyte proliferation by secreting IL-6 
(a cytokine classically considered pro-inflammatory) (Li 
et al. 2023). Whilst the phenotypes, interactions, function-
ality and translational potential of liver macrophages are 
increasingly well described, it is not always clear when 
findings in alternative models of injury can be applied to 
ALI (Guillot and Tacke 2024).

Study of murine macrophage behaviours in APAP ALI 
suggests that initial inflammation from APAP toxicity 
triggers the release of pro-inflammatory cell signalling 
molecules by KCs (e.g. IL-1α), resulting in chemoattrac-
tion of neutrophils and Ly6Chi monocytes into the niche, 
which further amplifies the level of inflammation, and 
contributes to the injury (Zhang et al. 2018). In the early 
stages of injury, pro-inflammatory cells predominate, 
as AAM polarisation takes significantly longer to occur 
(Derlindati et al. 2015). By 72 h after injury, monocytes 
become Ly6clo, associated with a pro-restorative pheno-
type characterised by high levels of phagocytosis, promo-
tion of hepatocyte proliferation and reduced inflammatory 
cytokine release (Antoniades et al. 2012; Graubardt et al. 
2017). These concepts are the subject of debate, and whilst 
conflicting results may make the choice of cell product 
more challenging, the use of robust pre-clinical experi-
mental controls and hard end-points (such as histological 
liver necrosis and cell proliferation) can support progres-
sion from pre-clinical studies to clinical trials (Starkey  
Lewis et al. 2020; Jaeschke 2018).



106	 Archives of Toxicology (2025) 99:103–114

The plasticity of infiltrating macrophages in ALI fosters 
some uncertainty regarding the importance of dose timing 
to the success of AAM supplementation in APAP ALI. In 
humans, early monocytopenia has been identified as a poor 
prognostic factor in APAP overdose, which may reflect the 
influx of monocytes to the hepatic niche from the circu-
lation, an increased pro-inflammatory response, and/or a 
depleted supply for the production of additional pro-restor-
ative macrophages in later stages of injury (Moore et al. 
2017). Mouse studies by Starkey-Lewis et al. demonstrated 
no improvement in survival for mice given AAMs at 4 h 
post-APAP injury; it was when AAMs were administered 
16 h post-injury, and mice culled at 84 h that differences in 
both necrosis and biomarker response were identified. The 
failure of human AAMs to demonstrate effect in immuno-
compromised mice, whilst delivering a significant reduction 
in liver necrosis in immunocompetent mice, suggests that 
immune system cross-talk is critical to the mechanism of 
AAMs in treating ALI. This is observed in the increased 
number of Ly6clo macrophages present in the circulation of 
mice treated with AAMs (Starkey Lewis et al. 2020). Fur-
ther studies would now be helpful to elucidate the precise 
mechanisms of AAMs in APAP ALI.

Clinical concerns regarding the safety and justifiability 
of liver biopsy in human APAP ALI mean it is likely to 
remain unclear how directly mouse models of disease can 
be extrapolated to the use of AAMs in humans. Evidence 
of efficacy in humans is likely to be primarily provided by 
biomarker interpretation (Humphries and Dear 2023). The 
potential impact of AAMs in humans is arguably far greater 
in humans than mice—the resolution of necrosis in mouse 
APAP ALI typically takes only 5 days, whilst in humans, 
the histological changes may not resolve for up to 4 months 
(Portmann et al. 1975). AAMs could conceivably, therefore, 
have a significantly longer window of opportunity in humans 
than seen in mouse models.

The evidence supporting the efficacy 
of AAMs in ALI

In vitro studies

As the effects of AAMs are multiple—stimulating the pro-
liferation of other cell types, phagocytosing necrotic debris, 
and reducing the inflammatory cytokine secretion of other 
cells—the ability of in vitro experiments to demonstrate 

Fig. 1   The mechanisms by 
which AAMs are thought to 
produce their effect in ALI. 
(1) Phagocytosis of necrotic 
tissue by AAMs; (2) promotion 
of hepatocyte and endothelial 
tissue proliferation; (3) the pro-
inflammatory immune response 
is downregulated via AAM 
cytokine release. Image created 
with biorender.com
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efficacy is limited to demonstrating the principle of individ-
ual behaviours they are thought to exhibit in vivo. Figure 1 
illustrates the mechanisms of action in ALI.

In vitro work has demonstrated little difference between 
AAMs produced using combined IL-4 and IL-13 treatment 
when compared to IL-4 or IL-13 alone, and relevant evi-
dence resulting from both methods is, therefore, discussed 
here (Scott et al. 2023). Immortalised macrophage-like cell 
lineages, such as THP-1 and RAW264.7, have been shown 
to have significant differences in their phenotypes, and we, 
therefore, do not review work using cell lineages (Tarique 
et al. 2015).

Mouse AAMs have been shown to have higher phagocytic 
capacity in vitro when compared to monocytes and CAMs, 
and to maintain their Ly6Clo polarisation during the pro-
cess (Starkey Lewis et al. 2020). Although total numbers of 
AAMs do reduce with time, human AAMs have been shown 
to persist for up to 12 days in cytokine-deficient medium 
before reverting to their undifferentiated precursor (Tarique 
et al. 2015).

Proteomic signature comparisons between macrophage 
subtypes indicate the potential proliferative function of 
AAMs. The AAM phenotype has been shown to have higher 
levels of membrane proteins involved in angiogenesis and 
phagocytosis (Becker et al. 2012). RNA-Seq analysis has 
identified marker genes expressed at high levels in human 
AAMs (but not CAMs or PBMCs) which have potential roles 
in processing endocytosed molecules, promoting tissue pro-
liferation, contraction of necrotic areas, and the resolution 
of inflammatory disease (Gurvich et al. 2020). Co-culture 
of mouse AAMs with primary mouse hepatocytes supports 
the theory that AAMs mediate hepatocyte proliferation by 
secretion of hepatocyte growth factor (Yang et al. 2019).

The role of AAMs in reducing the cytokine secretion of 
other cells is more challenging to explore due to the degree 
of cross-talk which exists between immune cells. Human 
AAMs have been found to release cytokines that are not 
released by CAMs or PBMCs; IL-13, CCL13, CCL14, 
CCL17, CCL18, and CCL23 (Tarique et al. 2015; Martinez 
et al. 2006) These markers are primarily associated with 
monocyte and regulatory T-cell recruitment.

In vivo studies

Whilst the role of inflammation in the initial liver injury of 
APAP ALI remains a subject of debate, it has been suggested 
in mice that the potency of the initial inflammatory immune 
response in APAP ALI is potentially maladaptive, aggravat-
ing liver injury. Monocytes are recruited by CCL2/CCR2 
signalling, and use of CCR2-/- knockout mice, or CCL2 
inhibition, demonstrates reduced liver injury after APAP, 
suggesting that the initial inflammatory response is not a 
required step in recovery after APAP toxicity (Mossanen 

et al. 2016). We can, therefore, infer that any impact of 
AAMs in reducing the initial inflammatory response if 
administered early in injury (rather than simply promoting 
resolution) is unlikely to be harmful. Conversely, depletion 
of AAMs during the resolution phase of liver injury has been 
associated with increased levels of ALT and hepatic necro-
sis, and reduced hepatocyte proliferation, suggesting that 
supplementation with exogenous AAMs has the potential 
to be helpful (Yang et al. 2019).

The pharmacokinetic behaviour of AAMs in pre-clinical 
studies suggests that after peripheral vein injection, AAMs 
pass through the lungs and localise rapidly to the liver and 
spleen, and are found throughout the liver parenchyma, with 
some preference for necrotic areas. The phagocytic and 
pro-proliferative activity of mouse AAMs has been clearly 
demonstrated in vivo, with up to 99% of AAMs found to 
be engaged in phagocytosis, and hepatocyte and endothe-
lial tissue proliferation increasing by 8.4-fold. Interestingly, 
human AAMs administered to immunocompetent mice were 
also able to demonstrate a statistically significant reduction 
in liver necrosis and increase in hepatocyte proliferation 
(Starkey Lewis et al. 2020).

Mouse bone marrow-derived macrophage transcriptom-
ics shows that AAM gene expression only begins climbing 
significantly at 12–24 h, well after CAM gene expression 
has begun falling from its peak, suggesting that exogenous 
AAMs administered earlier in ALI may allow restorative 
processes to begin more quickly (Roy et al. 2015). This is 
supported by the work of Lewis et al., who found that AAMs 
in APAP ALI were effective at reducing necrosis when given 
as early as 6 h after injury (Starkey Lewis et al. 2020).

It should be noted that despite the compelling evidence 
from mouse models, there are some significant differences 
between mouse and human macrophage cell markers, signal 
molecule functions, and resident macrophage localization 
(Wen et al. 2021; Barreby and Aouadi 2022). There are some 
limitations to the mouse model of APAP ALI, though these 
are increasingly well understood and anticipated (Jaeschke 
et al. 2021; Beger et al. 2015). It is not certain that AAMs 
will find an identical therapeutic niche regarding inflam-
matory and resolution stages in humans, and consequently, 
there is a clear need for human clinical trials to truly dis-
cover the tolerability and therapeutic applications of AAMs.

Clinical trials with AAMs

To date, there have been no findings reported from clinical 
trials using macrophages in the treatment of APAP ALI. 
The bulk of macrophage trials have been for cancer, and 
these have focussed on the generation of pro-inflammatory 
CAM-type macrophage populations (which confusingly, 
in early work are often referred to as ‘Autologous Acti-
vated Macrophages’), in an effort to overcome tumour 
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immunotolerance. Fever and cytokine release syndromes 
have been the most commonly observed toxicities, though 
dose-limiting toxicity has not been observed even with this 
pro-inflammatory macrophage phenotype (Reiss et al. 2021; 
Hennemann et al. 1998; Eymard et al. 1996).

There are clinical trials of macrophage therapy which 
are ongoing or have completed. However, the methods of 
obtaining the cells vary, as do the manufacturing processes, 
cell product heterogeneity, treatment indications, routes of 
administration, and duration of follow-up (Na et al. 2023). 
Trial population heterogeneity can make identifying sig-
nals of efficacy challenging, and as monocyte-derived mac-
rophages infiltration and function in the liver may differ 
significantly in injured states, it is not feasible for phase 1 
trials to use healthy volunteers, as they would not represent 
a suitable pharmacokinetic or phamacodynamic model to 
establish safety and tolerability. Without careful trial design, 
the recruitment of unwell patients may leave trials vulner-
able to selection bias.

Autologous monocyte-derived macrophages (CD14+ 
monocytes matured in vitro using CSF-1) have been given 
in phase 1 and phase 2 trials for liver cirrhosis. The phase 1 
trial found no serious adverse events related to the product. 
The phase 2 trial (MATCH) of 50 patients has not yet been 
published, but the 1-year follow-up data have been presented 
in abstract form as being well-tolerated, and associated with 
reduced morbidity and mortality (https://​resol​ution-​tx.​com/​
resol​ution-​thera​peuti​cs-​found​ers-​prese​nt-​clini​cal-​proof-​of-​
conce​pt-​for-​macro​phage-​cell-​thera​py-​in-​end-​stage-​liver-​
disea​se-​at-​aasld/). Long-term follow-up data have shown a 
marked reduction in mortality and improvement in trans-
plant-free survival (Brennan et al. 2023). The performance 
of an engineered autologous AAM product (RTX001), 
which could enhance the regenerative properties of AAMs, 
will be studied in clinical trials beginning in 2024 (https://​
www.​bioin​dustry.​org/​news-​listi​ng/​macro​phage-​cell-​thera​py-​
shows-​promi​se-​for-​end-​stage-​liver-​disea​se.​html).

Autologous product trials have clearly established the 
safety and feasibility of AAMs delivered by peripheral 
venous infusion. This, combined with expertise developed 
from decades of blood transfusion and organ transplant, has 
opened the door for an allogeneic product to be developed. 
The Macrophages for Acute Injury of the Liver (MAIL) 
Trial is a phase 1 trial of patients presenting with APAP 
ALI, which began recruiting in 2023, and will explore the 
safety and tolerability of AAMs in this patient group, whilst 
also allowing biomarker sub-studies to explore efficacy 
(https://​doi.​org/​10.​1186/​ISRCT​N1263​7839).

Allogeneic infusion of other macrophage cell products 
has been undertaken previously. PBMC-derived regula-
tory macrophages were administered to two patients, and 
whole-body single-photon emission computed tomography 
(SPECT) demonstrated accumulation in the liver, spleen and 

haematopoetic bone marrow, with no evidence of pulmonary 
perfusion deficits (Hutchinson et al. 2011).

No matter how well clinical trials are designed, there may 
be some long-term effects of AAMs which only become 
apparent in post-market surveillance. The example of donor-
derived bone marrow transplants leading to long-term 
complications only identified 25 years after administration 
demonstrates the need for continued scrutiny (Kelkar et al. 
2023). By carefully selecting the populations most likely to 
benefit from AAMs, and clearly defining the circumstances 
in which they should be administered, clinicians can max-
imise the results of treatment whilst minimising the risk.

Potential applications for AAMs in ALI

Therapeutic AAMs produced for ALI can be produced from 
monocytes obtained either by donor leukapheresis (periph-
eral blood mononuclear cells, PBMCs) or bone marrow 
harvest (bone marrow-derived macrophages, BMDMs). 
Leukapheresis is less painful for patients, and technically 
easier to perform.

Unlike the use of autologous products for chronic con-
ditions such as liver cirrhosis, there is insufficient time 
for a patient with ALI to donate their own cells for cul-
ture. In addition, they may have lower numbers of cells 
available at leukapheresis. Donor monocytes are isolated, 
multiplied, and polarised with IL-4 and IL-13 to produce 
the required phenotype, and can be delivered by peripheral 
venous infusion (Fraser et al. 2017; Thomas et al. 2011). 
These characteristics bring AAM administration within the 
scope of any clinical facility capable of delivering blood 
products, as the product can be produced in advance and 
frozen—potentially permitting “urgent use” in the emer-
gency room setting.

APAP ALI remains the most obvious use case for a 
viable ‘off-the-shelf’ product. The current absence of 
any therapeutic to reverse established damage, and sig-
nificant lifetime costs associated with OLT (estimated at 
circa. $2,000,000 for patients over 20 years in the United 
States) make the clinical and economic arguments clear 
(Habka et al. 2015) Whilst the current focus is on identify-
ing dose-limiting toxicity in patients who have achieved a 
peak ALT > 1000 U/L, it is not currently clear where cell 
therapy will sit in the evolution of ALI (Craig et al. 2012).

Whilst the wider expansion of indications for AAM 
therapy is dependent on evidence of safety, tolerability and 
efficacy in APAP ALI, it is possible to speculate regard-
ing other clinical scenarios which may see adoption of 
AAMs. The preference will always be that management 
is based on robust clinical trials, but there are some clini-
cal scenarios which make the delivery of trials extremely 
challenging (Dear 2023; Niu et al. 2021). The management 
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of idiosyncratic DILI remains a clinical conundrum, with 
the only evidence-based therapy being cessation of the 
offending agent. In contrast to intrinsic DILI, the mecha-
nisms involved in idiosyncratic DILI are suspected to 
be primarily due to macrophage activation, rather than 
just increased by it (Shan and Ju 2020). Whilst the pat-
tern of injury in idiosyncratic DILI varies, specific drugs 
tend to have typical patterns, which may make the use of 
AAMs offending-drug specific, or restricted to patients 
with evidence of hepatocellular injury. Histologically, the 
necroinflammatory pattern found in many idiosyncratic 
DILI presentations, and the association of increased liver 
necrosis with severe or fatal outcomes suggests a potential 
role for AAMs beyond intrinsic DILI (Kleiner et al. 2014).

All secondary care facilities may manage cases of DILI, 
and DILI occurs in up to 5% of patients in phase 1 trials. The 
inevitability of DILI presentations in hospitals (and the duty 
of care held by clinical research facilities to minimise the 
chance of harm to participants) makes a case for the stocking 
of AAMs either locally or held at a central location permit-
ting rapid dissemination and usage, if AAMs are found to be 
clinically effective and cost-effective (Mondaca et al. 2020).

Similar necroinflammatory patterns as those found in 
some DILI cases can be seen in severe autoimmune hepati-
tis (AIH), and it is conceivable that AAMs could have a role 
alongside immunosuppression, given the cytokine mecha-
nisms thought to be in play (Gasmi and Kleiner 2020; Sirbe 
et al. 2021). Distinguishing AIH from DILI is complex, and 
therefore a therapeutic which is effective for both disease 
processes is appealing (Suzuki et al. 2011).

Remaining challenges for AAMs

Pharmacokinetic and pharmacodynamic 
assessment

The properties of cell products in humans cannot be assessed 
in the same way as those of small molecules; compartment 
localisation is likely to be tissue specific and cells may not 
exhibit classical half-lives due to having natural lifespans, 
with plasticity also potentially limiting the duration of their 
therapeutic activity (Aijaz et al. 2019). Methods developed 
in animal models to analyse activity, potency and biodis-
tribution may be too invasive (e.g., intravital microscopy), 
or carry too much risk to be achievable in human subjects 
(Conlon and Mavilio 2018). Approaches for assessing cell 
distribution have been developed, including radiolabelled 
cell SPECT and MRI macrophage imaging, but even these 
cannot necessarily demonstrate localisation and function at 
a tissue level (Rodell et al. 2019).

The lack of information about tissue localisation in 
humans, and therefore whether there might be differential 

success in different models of disease, may make the selec-
tion of other candidate diseases difficult. For example, an 
understanding if AAMs demonstrate a pattern of distribution 
suggesting they are better suited to centrilobular or piece-
meal necrosis may impact whether use is recommended in 
all causes of DILI.

In the absence of biopsy tissue (which is particularly 
unlikely to be obtained in APAP ALI, due to concerns 
around coagulopathy), biomarker studies are required to 
demonstrate impact (Humphries and Dear 2023). Whilst this 
could be understood as the development of new biomarkers, 
or quantifying and comparing levels of biomarkers between 
patient groups, this may also require re-examining what 
additional value can be extracted using existing biomark-
ers. Patients in AAM trials are unlikely to have good control 
groups for comparison, and so a robust understanding of the 
natural history of biomarker behaviour in the patient group, 
or techniques to allow prediction of biomarker behaviour are 
vital for mechanistic and dose-finding work.

Natural history studies are particularly important given 
that the importance of many damage-associated molecu-
lar pattern biomarkers and immune-signalling molecules 
in macrophage function is only established histologically, 
with no understanding of whether significant release into 
the circulation occurs. To understand the impacts of AAMs 
across the time course of disease states, there must be at least 
a qualitative basis for interpretation.

As Fig. 2 shows, there are multiple criteria by which 
AAMs will be judged prior to widespread adoption in 
humans as a treatment for ALI.

Immunogenicity

Allogeneic cell products (i.e. blood transfusions) are admin-
istered to patients every day in hospitals. However, the 
potential for allogeneic AAMs to exhibit greater immuno-
genicity, or cause an off-target effect such as transfusion-
related lung injury cannot be discounted. There remains a 
theoretical risk of transfusion-associated graft versus host 
disease (TAGvHD), due to complete depletion of donor T 
cells being impossible, though there is extensive data to 
support the cell numbers being much lower than typically 
associated with TAGvHD, and AAMs have been shown to 
attenuate the inflammatory processes in GvHD animal mod-
els (Hutchinson et al. 2014; Hanaki et al. 2021). Whilst this 
can be mitigated against by ensuring donor/recipient HLA 
mismatch for phase 1 trials, in which there is a duty of care 
to minimise risk as far as possible, it is unclear if regulators 
will require this level of product matching in later phase tri-
als, as it would represent a burden of proof to which other 
blood products containing the same quantities of T lym-
phocytes are not subjected. The unscheduled workload for 
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histocompatibility and immunogenetics laboratories, there-
fore, has the potential to be significant.

Patients with ALI have the potential to progress to ALF 
and be considered for OLT. There is a risk that an allogeneic 
product may lead to the development of novel anti-HLA 
antibodies which reduces the pool of suitable donor livers. 
Clinical trials of allogeneic products will provide evidence 
regarding the likelihood of this, but until a dosing level of 
AAMs is established, the risk cannot be accurately quanti-
fied (Tran et al. 2023). The development of persistent HLA 
class 2 antibodies has been demonstrated in the infusion of 
other allogeneic cell products (regulatory dendritic cells) 
(Tran et al. 2023). However, in this study, there were no 
differences in acute liver rejection at 12 months, and the 
relative importance of donor-recipient HLA matching on 
clinical outcomes for OLT remains debated (Thomson et al. 
2020).

Macrophage activation syndrome (MAS) is a theoreti-
cal concern if the polarisation of AAMs changes to pro-
inflammatory. The criteria for MAS require a fever, and 
include raised ferritin, low platelets, raised aspartate ami-
notransferase, raised triglycerides and low fibrinogen (Rav-
elli et al. 2016). Whilst MAS has never been reported in 
macrophage trials to date, all of these diagnostic criteria 
have been reported in APAP ALI, posing a diagnostic chal-
lenge. With time, we expect that this risk will be shown to 
be entirely theoretical in the context of AAMs given their 
pro-resolution phenotype.

Managing complications

The delivery of a new class of medications for a condition 
as common as APAP ALI will require clinician education, 
and post-market surveillance to ensure that adverse effects 
are identified and managed correctly. Mechanism-specific 
theoretical concerns for cell therapies include cell aggrega-
tion causing pulmonary embolism and transfusion-related 
acute lung injury, but the standard potential hazards of blood 
product transfusion will still apply (Hutchinson et al. 2014).

Conclusion

The pre-clinical evidence presented here provides the ration-
ale for testing allogeneic AAMs as a therapeutic product for 
APAP ALI in humans. There is a clear unmet need, a sound 
pre-clinical basis supporting clinical trials, existing trial 
data suggesting autologous macrophage therapy is safe and 
effective, and ongoing recruitment which hopes to demon-
strate product safety, and allow exploration of efficacy. If this 
proof-of-concept regenerative therapeutic is demonstrated to 
be safe in humans with APAP ALI, it could conceivably be 
tested in many other pathologies characterised by inflam-
mation and necrosis.

There are risks with potential to impact the success of 
AAMs, but the field of regenerative medicine and regula-
tory frameworks are now sufficiently well developed to allow 
these to be anticipated and addressed.

Fig. 2   Key domains by which the performance of AAMs for the treat-
ment in ALI will be assessed are focussed on safety and efficacy. For 
safety: there must be no clinical concern for dose-limiting toxicity, 
the impact of any anti-HLA antibody formation on transplant suit-
ability, immunogenicity (e.g. macrophage activation syndrome, trans-
fusion-associated graft versus host disease), or off-target effects on 

other tissues. For efficacy: the mechanism of action must have robust 
pre-clinical studies to support the claims, biomarker studies will be 
required (and may require historic controls, or novel methods of inter-
pretation). *Pharmacokinetic studies and tissue biopsy may not be 
achievable in clinical trials of patients with ALI for clinical and ethi-
cal reasons. Image created with biorender.com
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By articulating what the requirements of AAMs for ALI 
will be; an allogeneic, ex vivo polarised AAM treatment, 
which can be produced (and is tolerable to ALI patients) at a 
dose needed to be clinically effective—the remaining knowl-
edge gaps can be identified. It is our hope that this article 
has described how those gaps will be addressed, and that the 
science to date suggests that studies may well identify a new 
therapeutic option for the treatment of ALI.

Declarations 

Conflict of interest  All authors are beneficiaries of Medical Research 
Council UK funding for the MAIL Trial (ISRCTN 12637839). JD: 
MRC funding (and patent filed) for an in vitro diagnostic which could 
be a companion diagnostic, CSO funding for another clinical trial for 
treatment of paracetamol overdose, scientific advisory board member 
for EU funded TransBioLine consortium. SJF: founder and scientific 
advisor of Resolution Therapeutics Ltd. CH: grants from the Centre for 
Precision Cell Therapy for the Liver, member of the Royal College of 
Emergency Medicine toxicology advisory group.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Aijaz A, Vaninov N, Allen A, Barcia RN, Parekkadan B (2019) Conver-
gence of cell pharmacology and drug delivery. Stem Cells Transl 
Med 8(9):874–879. https://​doi.​org/​10.​1002/​sctm.​19-​0019. (Epub 
2019 May 15; PMID: 31091020; PMCID: PMC6708059)

Antoniades CG, Quaglia A, Taams LS, Mitry RR, Hussain M, Abeles 
R, Possamai LA, Bruce M, McPhail M, Starling C, Wagner B, 
Barnardo A, Pomplun S, Auzinger G, Bernal W, Heaton N, Ver-
gani D, Thursz MR, Wendon J (2012) Source and characteriza-
tion of hepatic macrophages in acetaminophen-induced acute liver 
failure in humans. Hepatology 56(2):735–746. https://​doi.​org/​10.​
1002/​hep.​25657. (Epub 2012 Jul 6; PMID: 22334567)

Bajt ML, Cover C, Lemasters JJ, Jaeschke H (2006) Nuclear trans-
location of endonuclease G and apoptosis-inducing factor 
during acetaminophen-induced liver cell injury. Toxicol Sci 
94(1):217–225

Barreby E, Aouadi M (2022) To be or not to be a hepatic niche mac-
rophage. Immunity 55(2):198–200. https://​doi.​org/​10.​1016/j.​
immuni.​2022.​01.​008. (PMID: 35139350)

Becker L, Liu NC, Averill MM, Yuan W, Pamir N, Peng Y, Irwin 
AD, Fu X, Bornfeldt KE, Heinecke JW (2012) Unique prot-
eomic signatures distinguish macrophages and dendritic cells. 
PLoS ONE 7(3):e33297. https://​doi.​org/​10.​1371/​journ​al.​pone.​

00332​97. (Epub 2012 Mar 12; PMID: 22428014; PMCID: 
PMC3299764)

Beger RD, Bhattacharyya S, Yang X, Gill PS, Schnackenberg LK, Sun 
J, James LP (2015) Translational biomarkers of acetaminophen-
induced acute liver injury. Arch Toxicol 89(9):1497–1522. https://​
doi.​org/​10.​1007/​s00204-​015-​1519-4. (Epub 2015 May 17; 
PMID: 25983262; PMCID: PMC4551536)

Bonnardel J, T’Jonck W, Gaublomme D, Browaeys R, Scott CL, Mar-
tens L, Vanneste B, De Prijck S, Nedospasov SA, Kremer A, 
Van Hamme E, Borghgraef P, Toussaint W, De Bleser P, Man-
naerts I, Beschin A, van Grunsven LA, Lambrecht BN, Taghon 
T, Lippens S, Elewaut D, Saeys Y, Guilliams M (2019) Stellate 
cells, hepatocytes, and endothelial cells imprint the Kupffer cell 
identity on monocytes colonizing the liver macrophage niche. 
Immunity 51(4):638.e9-654.e9. https://​doi.​org/​10.​1016/j.​immuni.​
2019.​08.​017. (Epub 2019 Sep 24; PMID: 31561945; PMCID: 
PMC6876284)

Brennan P, Troland D, MacMillan M et al (2023) An open-label 
parallel-group, phase 2 randomised controlled trial of autolo-
gous monocyte derived macrophage infusion in compensated 
cirrhosis [abstract]. In: The liver meeting: Boston, Massachu-
setts Nov 10–14, 2023. Hepatology 78(S1):S1–S2154. https://​
doi.​org/​10.​1097/​HEP.​00000​00000​000580

Butler DC, Lewin DN, Batalis NI (2018) Differential diagnosis of 
hepatic necrosis encountered at autopsy. Acad Forensic Pathol 
8(2):256–295

Con D, Buckle A, Nicoll AJ, Lubel JS (2019) Epidemiology and out-
comes of marked elevations of alanine aminotransferase > 1000 
IU/L in an Australian cohort. JGH Open 4(2):106–112. https://​
doi.​org/​10.​1002/​jgh3.​12224. (PMID: 32280751; PMCID: 
PMC7144769)

Conlon TJ, Mavilio F (2018) The pharmacology of gene and cell 
therapy. Mol Ther Methods Clin Dev 15(8):181–182. https://​
doi.​org/​10.​1016/j.​omtm.​2017.​12.​007. (PMID: 29687036; 
PMCID: PMC5908264)

Craig DG, Bates CM, Davidson JS, Martin KG, Hayes PC, Simp-
son KJ (2012) Staggered overdose pattern and delay to hospi-
tal presentation are associated with adverse outcomes follow-
ing paracetamol-induced hepatotoxicity. Br J Clin Pharmacol 
73(2):285–294. https://​doi.​org/​10.​1111/j.​1365-​2125.​2011.​
04067.x. (PMID: 22106945; PMCID: PMC3269587)

Dear JW (2023) Fomepizole should not be used more liberally in 
paracetamol overdose. Br J Clin Pharmacol 89(2):599–601. 
https://​doi.​org/​10.​1111/​bcp.​15596. (Epub 2022 Dec 5; PMID: 
36471568; PMCID: PMC10107630)

Derlindati E, Dei Cas A, Montanini B, Spigoni V, Curella V, Aldigeri 
R, Ardigò D, Zavaroni I, Bonadonna RC (2015) Transcriptomic 
analysis of human polarized macrophages: more than one role 
of alternative activation? PLoS ONE 10(3):e0119751. https://​
doi.​org/​10.​1371/​journ​al.​pone.​01197​51. (PMID: 25799240; 
PMCID: PMC4370704)

European Association for the Study of the Liver (2019) EASL clini-
cal practice guidelines: drug-induced liver injury. J Hepatol 
70(6):1222–1261. https://​doi.​org/​10.​1016/j.​jhep.​2019.​02.​014. 
(Epub 2019 Mar 27; PMID: 30926241)

European Association for the Study of the Liver, Wendon J, Cordoba 
J, Dhawan A, Larsen FS, Manns M, Samuel D, Simpson KJ, 
Yaron I, Bernardi M (2017) EASL clinical practical guidelines 
on the management of acute (fulminant) liver failure. J Hepatol 
66(5):1047–1081. https://​doi.​org/​10.​1016/j.​jhep.​2016.​12.​003. 
(PMID: 28417882)

Eymard JC, Lopez M, Cattan A, Bouché O, Adjizian JC, Bernard J 
(1996) Phase I/II trial of autologous activated macrophages in 
advanced colorectal cancer. Eur J Cancer 32A(11):1905–1911. 
https://​doi.​org/​10.​1016/​0959-​8049(96)​00233-x. (PMID: 
8943673)

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/sctm.19-0019
https://doi.org/10.1002/hep.25657
https://doi.org/10.1002/hep.25657
https://doi.org/10.1016/j.immuni.2022.01.008
https://doi.org/10.1016/j.immuni.2022.01.008
https://doi.org/10.1371/journal.pone.0033297
https://doi.org/10.1371/journal.pone.0033297
https://doi.org/10.1007/s00204-015-1519-4
https://doi.org/10.1007/s00204-015-1519-4
https://doi.org/10.1016/j.immuni.2019.08.017
https://doi.org/10.1016/j.immuni.2019.08.017
https://doi.org/10.1097/HEP.0000000000000580
https://doi.org/10.1097/HEP.0000000000000580
https://doi.org/10.1002/jgh3.12224
https://doi.org/10.1002/jgh3.12224
https://doi.org/10.1016/j.omtm.2017.12.007
https://doi.org/10.1016/j.omtm.2017.12.007
https://doi.org/10.1111/j.1365-2125.2011.04067.x
https://doi.org/10.1111/j.1365-2125.2011.04067.x
https://doi.org/10.1111/bcp.15596
https://doi.org/10.1371/journal.pone.0119751
https://doi.org/10.1371/journal.pone.0119751
https://doi.org/10.1016/j.jhep.2019.02.014
https://doi.org/10.1016/j.jhep.2016.12.003
https://doi.org/10.1016/0959-8049(96)00233-x


112	 Archives of Toxicology (2025) 99:103–114

Fraser AR, Pass C, Burgoyne P, Atkinson A, Bailey L, Laurie A, 
McGowan WAN, Hamid A, Moore JK, Dwyer BJ, Turner ML, 
Forbes SJ, Campbell JDM (2017) Development, functional 
characterization and validation of methodology for GMP-com-
pliant manufacture of phagocytic macrophages: a novel cellular 
therapeutic for liver cirrhosis. Cytotherapy 19(9):1113–1124. 
https://​doi.​org/​10.​1016/j.​jcyt.​2017.​05.​009. (Epub 2017 Jun 30; 
PMID: 28673774; PMCID: PMC5571439)

Galvin Z, McDonough A, Ryan J, Stewart S (2015) Blood alanine 
aminotransferase levels >1,000 IU/l—causes and outcomes. 
Clin Med (Lond) 15(3):244–247. https://​doi.​org/​10.​7861/​clinm​
edici​ne.​15-3-​244. (PMID: 26031973; PMCID: PMC4953107)

Gasmi B, Kleiner DE (2020) Liver histology: diagnostic and prog-
nostic features. Clin Liver Dis 24(1):61–74. https://​doi.​org/​
10.​1016/j.​cld.​2019.​09.​004. (Epub 2019 Oct 31; PMID: 
31753251; PMCID: PMC6986808)

Gharavi AT, Hanjani NA, Movahed E, Doroudian M (2022) The role 
of macrophage subtypes and exosomes in immunomodulation. 
Cell Mol Biol Lett 27(1):83. https://​doi.​org/​10.​1186/​s11658-​022-​
00384-y. (PMID: 36192691; PMCID: PMC9528143)

Graubardt N, Vugman M, Mouhadeb O, Caliari G, Pasmanik-Chor M, 
Reuveni D, Zigmond E, Brazowski E, David E, Chappell-Maor L, 
Jung S, Varol C (2017) Ly6Chi monocytes and their macrophage 
descendants regulate neutrophil function and clearance in aceta-
minophen-induced liver injury. Front Immunol 1(8):626

Guillot A, Tacke F (2024) Liver macrophages revisited: the expand-
ing universe of versatile responses in a spatiotemporal context. 
Hepatol Commun 8(7):e0491. https://​doi.​org/​10.​1097/​HC9.​00000​
00000​000491. (PMID: 38967563)

Gurvich OL, Puttonen KA, Bailey A, Kailaanmäki A, Skirdenko 
V, Sivonen M, Pietikäinen S, Parker NR, Ylä-Herttuala S, 
Kekarainen T (2020) Transcriptomics uncovers substantial vari-
ability associated with alterations in manufacturing processes of 
macrophage cell therapy products. Sci Rep 10(1):14049. https://​
doi.​org/​10.​1038/​s41598-​020-​70967-2. (PMID: 32820219; 
PMCID: PMC7441152)

Habka D, Mann D, Landes R, Soto-Gutierrez A (2015) Future econom-
ics of liver transplantation: a 20-year cost modeling forecast and 
the prospect of bioengineering autologous liver grafts. PLoS ONE 
10(7):e0131764. https://​doi.​org/​10.​1371/​journ​al.​pone.​01317​64. 
(PMID: 26177505; PMCID: PMC4503760)

Hanaki R, Toyoda H, Iwamoto S, Morimoto M, Nakato D, Ito T, 
Niwa K, Amano K, Hashizume R, Tawara I, Hirayama M (2021) 
Donor-derived M2 macrophages attenuate GVHD after alloge-
neic hematopoietic stem cell transplantation. Immun Inflamm Dis 
9(4):1489–1499. https://​doi.​org/​10.​1002/​iid3.​503. (Epub 2021 
Aug 19; PMID: 34410039; PMCID: PMC8589365)

Hennemann B, Beckmann G, Eichelmann A, Rehm A, Andreesen R 
(1998) Phase I trial of adoptive immunotherapy of cancer patients 
using monocyte-derived macrophages activated with interferon 
gamma and lipopolysaccharide. Cancer Immunol Immunother 
45(5):250–256. https://​doi.​org/​10.​1007/​pl000​06671. (PMID: 
9439648)

Humphries C, Dear JW (2023) Novel biomarkers for drug-induced 
liver injury. Clin Toxicol (Phila) 61(8):567–572. https://​doi.​org/​
10.​1080/​15563​650.​2023.​22590​89. (Epub 2023 Oct 10; PMID: 
37767912)

Hutchinson JA, Riquelme P, Sawitzki B, Tomiuk S, Miqueu P, Zuhayra 
M, Oberg HH, Pascher A, Lützen U, Janssen U, Broichhausen C, 
Renders L, Thaiss F, Scheuermann E, Henze E, Volk HD, Chate-
noud L, Lechler RI, Wood KJ, Kabelitz D, Schlitt HJ, Geissler EK, 
Fändrich F (2011) Cutting edge: immunological consequences 
and trafficking of human regulatory macrophages administered to 
renal transplant recipients. J Immunol 187(5):2072–2078. https://​
doi.​org/​10.​4049/​jimmu​nol.​11007​62. (Epub 2011 Jul 29; PMID: 
21804023)

Hutchinson JA, Ahrens N, Riquelme P, Walter L, Gruber M, Böger 
CA, Farkas S, Scherer MN, Broichhausen C, Bein T, Schlitt HJ, 
Fändrich F, Banas B, Geissler EK (2014) Clinical management of 
patients receiving cell-based immunoregulatory therapy. Transfu-
sion 54(9):2336–2343. https://​doi.​org/​10.​1111/​trf.​12641. (Epub 
2014 Apr 4; PMID: 24697195)

Jaeschke H (2018) Mechanisms of sterile inflammation in acetami-
nophen hepatotoxicity. Cell Mol Immunol 15(1):74–75. https://​
doi.​org/​10.​1038/​cmi.​2017.​49. (Epub 2017 Jul 10; PMID: 
28690323; PMCID: PMC5827177)

Jaeschke H, Ramachandran A (2020) Acetaminophen-induced apopto-
sis: facts versus fiction. J Clin Transl Res 6(2):36–47

Jaeschke H, Adelusi OB, Akakpo JY, Nguyen NT, Sanchez-Guerrero 
G, Umbaugh DS, Ding WX, Ramachandran A (2021) Recom-
mendations for the use of the acetaminophen hepatotoxicity model 
for mechanistic studies and how to avoid common pitfalls. Acta 
Pharm Sin B 11(12):3740–3755. https://​doi.​org/​10.​1016/j.​apsb.​
2021.​09.​023. (Epub 2021 Sep 30; PMID: 35024303; PMCID: 
PMC8727921)

Ju C, Reilly TP, Bourdi M, Radonovich MF, Brady JN, George JW, 
Pohl LR (2002) Protective role of Kupffer cells in acetaminophen-
induced hepatic injury in mice. Chem Res Toxicol 15(12):1504–
1513. https://​doi.​org/​10.​1021/​tx025​5976. (PMID: 12482232)

Kelkar AH, Antin JH, Shapiro RM (2023) Long-term health outcomes 
of allogeneic hematopoietic stem cell transplantation. Front Oncol 
12(13):1175794. https://​doi.​org/​10.​3389/​fonc.​2023.​11757​94. 
(PMID: 37124489; PMCID: PMC10130410)

Kleiner DE, Chalasani NP, Lee WM, Fontana RJ, Bonkovsky HL, Wat-
kins PB, Hayashi PH, Davern TJ, Navarro V, Reddy R, Talwalkar 
JA, Stolz A, Gu J, Barnhart H, Hoofnagle JH, Drug-Induced Liver 
Injury Network (DILIN) (2014) Hepatic histological findings in 
suspected drug-induced liver injury: systematic evaluation and 
clinical associations. Hepatology 59(2):661–670. https://​doi.​org/​
10.​1002/​hep.​26709. (Epub 2013 Dec 18; PMID: 24037963; 
PMCID: PMC3946736)

Koch DG, Speiser JL, Durkalski V, Fontana RJ, Davern T, McGuire B, 
Stravitz RT, Larson AM, Liou I, Fix O, Schilsky ML, McCash-
land T, Hay JE, Murray N, Shaikh OS, Ganger D, Zaman A, Han 
SB, Chung RT, Brown RS, Munoz S, Reddy KR, Rossaro L, 
Satyanarayana R, Hanje AJ, Olson J, Subramanian RM, Karvel-
las C, Hameed B, Sherker AH, Lee WM, Reuben A (2017) The 
natural history of severe acute liver injury. Am J Gastroenterol 
112(9):1389–1396. https://​doi.​org/​10.​1038/​ajg.​2017.​98. (Epub 
2017 Apr 25; PMID: 28440304; PMCID: PMC5587371)

Krishna M (2017) Patterns of necrosis in liver disease. Clin Liver Dis 
(Hoboken) 10(2):53–56. https://​doi.​org/​10.​1002/​cld.​653

Lee WM, Hynan LS, Rossaro L, Fontana RJ, Stravitz RT, Larson AM, 
Davern TJ 2nd, Murray NG, McCashland T, Reisch JS, Robuck 
PR, Acute Liver Failure Study Group (2009) Intravenous N-ace-
tylcysteine improves transplant-free survival in early stage non-
acetaminophen acute liver failure. Gastroenterology 137(3):856–
864 (864.e1)

Li Y, Li S, Duan X, Yang C, Xu M, Chen L (2020) Macrophage phe-
notypes and hepatitis b virus infection. J Clin Transl Hepatol 
8(4):424–431. https://​doi.​org/​10.​14218/​JCTH.​2020.​00046. (Epub 
2020 Oct 10; PMID: 33447526; PMCID: PMC7782119)

Li L, Cui L, Lin P, Liu Z, Bao S, Ma X, Nan H, Zhu W, Cen J, Mao 
Y, Ma X, Jiang L, Nie Y, Ginhoux F, Li Y, Li H, Hui L (2023) 
Kupffer-cell-derived IL-6 is repurposed for hepatocyte dedif-
ferentiation via activating progenitor genes from injury-specific 
enhancers. Cell Stem Cell 30(3):283-299.e9. https://​doi.​org/​10.​
1016/j.​stem.​2023.​01.​009. (Epub 2023 Feb 13; PMID: 36787740)

Martinez FO, Gordon S, Locati M, Mantovani A (2006) Transcriptional 
profiling of the human monocyte-to-macrophage differentiation 
and polarization: new molecules and patterns of gene expression. 

https://doi.org/10.1016/j.jcyt.2017.05.009
https://doi.org/10.7861/clinmedicine.15-3-244
https://doi.org/10.7861/clinmedicine.15-3-244
https://doi.org/10.1016/j.cld.2019.09.004
https://doi.org/10.1016/j.cld.2019.09.004
https://doi.org/10.1186/s11658-022-00384-y
https://doi.org/10.1186/s11658-022-00384-y
https://doi.org/10.1097/HC9.0000000000000491
https://doi.org/10.1097/HC9.0000000000000491
https://doi.org/10.1038/s41598-020-70967-2
https://doi.org/10.1038/s41598-020-70967-2
https://doi.org/10.1371/journal.pone.0131764
https://doi.org/10.1002/iid3.503
https://doi.org/10.1007/pl00006671
https://doi.org/10.1080/15563650.2023.2259089
https://doi.org/10.1080/15563650.2023.2259089
https://doi.org/10.4049/jimmunol.1100762
https://doi.org/10.4049/jimmunol.1100762
https://doi.org/10.1111/trf.12641
https://doi.org/10.1038/cmi.2017.49
https://doi.org/10.1038/cmi.2017.49
https://doi.org/10.1016/j.apsb.2021.09.023
https://doi.org/10.1016/j.apsb.2021.09.023
https://doi.org/10.1021/tx0255976
https://doi.org/10.3389/fonc.2023.1175794
https://doi.org/10.1002/hep.26709
https://doi.org/10.1002/hep.26709
https://doi.org/10.1038/ajg.2017.98
https://doi.org/10.1002/cld.653
https://doi.org/10.14218/JCTH.2020.00046
https://doi.org/10.1016/j.stem.2023.01.009
https://doi.org/10.1016/j.stem.2023.01.009


113Archives of Toxicology (2025) 99:103–114	

J Immunol 177(10):7303–7311. https://​doi.​org/​10.​4049/​jimmu​nol.​
177.​10.​7303. (PMID: 17082649)

Mondaca SP, Liu D, Flynn JR, Badson S, Hamaway S, Gounder MM, 
Khalil DN, Drilon AE, Li BT, Jhaveri KL, Schram AM, Kar-
gus KE, Kasler MK, Blauvelt NM, Segal NH, Capanu M, Cal-
lahan MK, Hyman DM, Gambarin-Gelwan M, Harding JJ (2020) 
Clinical implications of drug-induced liver injury in early-phase 
oncology clinical trials. Cancer 126(22):4967–4974. https://​doi.​
org/​10.​1002/​cncr.​33153. (Epub 2020 Aug 18; PMID: 32809222; 
PMCID: PMC9004708)

Moore JK, MacKinnon AC, Man TY, Manning JR, Forbes SJ, Simpson 
KJ (2017) Patients with the worst outcomes after paracetamol 
(acetaminophen)-induced liver failure have an early monocytope-
nia. Aliment Pharmacol Ther 45(3):443–454. https://​doi.​org/​10.​
1111/​apt.​13878. (Epub 2016 Nov 28; PMID: 27896824)

Morrison EE, Oatey K, Gallagher B, Grahamslaw J, O’Brien R, Black 
P, Oosthuyzen W, Lee RJ, Weir CJ, Henriksen D, Dear JW, POP 
Trial Investigators (2019) Principal results of a randomised open 
label exploratory, safety and tolerability study with calmangafo-
dipir in patients treated with a 12 h regimen of N-acetylcysteine 
for paracetamol overdose (POP trial). EBioMedicine 46:423–430. 
https://​doi.​org/​10.​1016/j.​ebiom.​2019.​07.​013. (Epub 2019 Jul 13; 
PMID: 31311721; PMCID: PMC6710902)

Mossanen JC, Krenkel O, Ergen C, Govaere O, Liepelt A, Puengel 
T, Heymann F, Kalthoff S, Lefebvre E, Eulberg D, Luedde T, 
Marx G, Strassburg CP, Roskams T, Trautwein C, Tacke F (2016) 
Chemokine (C-C motif) receptor 2-positive monocytes aggravate 
the early phase of acetaminophen-induced acute liver injury. 
Hepatology 64(5):1667–1682. https://​doi.​org/​10.​1002/​hep.​28682. 
(Epub 2016 Jul 22; PMID: 27302828)

Murray PJ, Allen JE, Biswas SK, Fisher EA, Gilroy DW, Goerdt S, 
Gordon S, Hamilton JA, Ivashkiv LB, Lawrence T, Locati M, 
Mantovani A, Martinez FO, Mege JL, Mosser DM, Natoli G, Saeij 
JP, Schultze JL, Shirey KA, Sica A, Suttles J, Udalova I, van 
Ginderachter JA, Vogel SN, Wynn TA (2014) Macrophage activa-
tion and polarization: nomenclature and experimental guidelines. 
Immunity 41(1):14–20. https://​doi.​org/​10.​1016/j.​immuni.​2014.​06.​
008. (PMID: 25035950; PMCID: PMC4123412)

Na YR, Kim SW, Seok SH (2023) A new era of macrophage-based cell 
therapy. Exp Mol Med 55(9):1945–1954. https://​doi.​org/​10.​1038/​
s12276-​023-​01068-z. (Epub 2023 Sep 1; PMID: 37653035; 
PMCID: PMC10545778)

Niu H, Sanabria-Cabrera J, Alvarez-Alvarez I, Robles-Diaz M, 
Stankevičiūtė S, Aithal GP, Björnsson ES, Andrade RJ, Lucena 
MI (2021) Prevention and management of idiosyncratic drug-
induced liver injury: systematic review and meta-analysis of ran-
domised clinical trials. Pharmacol Res 164:105404. https://​doi.​
org/​10.​1016/j.​phrs.​2020.​105404. (Epub 2020 Dec 24; PMID: 
33359912)

Office for National Statistics (2023) Deaths related to drug poisoning 
by date of occurrence, England and Wales. 2023. https://​www.​
ons.​gov.​uk/​peopl​epopu​latio​nandc​ommun​ity/​birth​sdeat​hsand​marri​
ages/​deaths/​datas​ets/​death​srela​tedto​drugp​oison​ingby​dateo​foccu​
rrence. Accessed Mar 2024

Patterson J, Hussey HS, Silal S, Goddard L, Setshedi M, Spearman W, 
Hussey GD, Kagina BM, Muloiwa R (2020) Systematic review of 
the global epidemiology of viral-induced acute liver failure. BMJ 
Open 10(7):e037473. https://​doi.​org/​10.​1136/​bmjop​en-​2020-​
037473. (PMID: 32690747; PMCID: PMC7375632)

Polson J, Lee WM (2005) AASLD position paper: the management of 
acute liver failure. Hepatology 41:1179–1197

Portmann B, Talbot IC, Day DW, Davidson AR, Murray-Lyon IM, Wil-
liams R (1975) Histopathological changes in the liver following 
a paracetamol overdose: correlation with clinical and biochemi-
cal parameters. J Pathol 117(3):169–181. https://​doi.​org/​10.​1002/​
path.​17111​70307. (PMID: 1214189)

Ramachandran P, Pellicoro A, Vernon MA, Boulter L, Aucott RL, 
Ali A, Hartland SN, Snowdon VK, Cappon A, Gordon-Walker 
TT, Williams MJ, Dunbar DR, Manning JR, van Rooijen N, 
Fallowfield JA, Forbes SJ, Iredale JP (2012) Differential Ly-6C 
expression identifies the recruited macrophage phenotype, which 
orchestrates the regression of murine liver fibrosis. Proc Natl Acad 
Sci USA 109(46):E3186–E3195. https://​doi.​org/​10.​1073/​pnas.​
11199​64109. (Epub 2012 Oct 24; PMID: 23100531; PMCID: 
PMC3503234)

Ravelli A, Minoia F, Davì S, Horne A, Bovis F, Pistorio A, Aricò 
M, Avcin T, Behrens EM, De Benedetti F, Filipovic L, Grom 
AA, Henter JI, Ilowite NT, Jordan MB, Khubchandani R, Kitoh 
T, Lehmberg K, Lovell DJ, Miettunen P, Nichols KE, Ozen S, 
Pachlopnik Schmid J, Ramanan AV, Russo R, Schneider R, Sterba 
G, Uziel Y, Wallace C, Wouters C, Wulffraat N, Demirkaya E, 
Brunner HI, Martini A, Ruperto N, Cron RQ, Paediatric Rheu-
matology International Trials Organisation; Childhood Arthritis 
and Rheumatology Research Alliance; Pediatric Rheumatology 
Collaborative Study Group; Histiocyte Society (2016) Classifica-
tion criteria for macrophage activation syndrome complicating 
systemic juvenile idiopathic arthritis: a European League Against 
Rheumatism/American College of Rheumatology/Paediatric 
Rheumatology International Trials Organisation Collaborative 
Initiative. Arthritis Rheumatol 68(3):566–576. https://​doi.​org/​
10.​1002/​art.​39332. (Epub 2016 Feb 9; PMID: 26314788)

Reiss K, Yuan Y, Barton D et al (2021) A phase 1 first in human study 
of adenovirally transduced anti-HER2 CAR macrophages in sub-
jects with HER2 overexpressing solid tumors: preliminary safety, 
pharmacokinetics, and TME reprogramming data. J Immunother 
Cancer. https://​doi.​org/​10.​1136/​jitc-​2021-​SITC2​021.​951

Reuben A, Tillman H, Fontana RJ, Davern T, McGuire B, Stravitz RT, 
Durkalski V, Larson AM, Liou I, Fix O, Schilsky M, McCashland 
T, Hay JE, Murray N, Shaikh OS, Ganger D, Zaman A, Han SB, 
Chung RT, Smith A, Brown R, Crippin J, Harrison ME, Koch D, 
Munoz S, Reddy KR, Rossaro L, Satyanarayana R, Hassanein 
T, Hanje AJ, Olson J, Subramanian R, Karvellas C, Hameed B, 
Sherker AH, Robuck P, Lee WM (2016) Outcomes in adults with 
acute liver failure between 1998 and 2013: an observational cohort 
study. Ann Intern Med 164(11):724–732. https://​doi.​org/​10.​7326/​
M15-​2211

Rodell CB, Koch PD, Weissleder R (2019) Screening for new mac-
rophage therapeutics. Theranostics 9(25):7714–7729. https://​
doi.​org/​10.​7150/​thno.​34421. (PMID: 31695796; PMCID: 
PMC6831478)

Roy S, Schmeier S, Arner E, Alam T, Parihar SP, Ozturk M, Tamgue 
O, Kawaji H, de Hoon MJ, Itoh M, Lassmann T, Carninci P, 
Hayashizaki Y, Forrest AR, Bajic VB, Guler R, Fantom Con-
sortium, Brombacher F, Suzuki H (2015) Redefining the tran-
scriptional regulatory dynamics of classically and alternatively 
activated macrophages by deepCAGE transcriptomics. Nucleic 
Acids Res 43(14):6969–6982. https://​doi.​org/​10.​1093/​nar/​gkv646. 
(Epub 2015 Jun 27; PMID: 26117544; PMCID: PMC4538831)

Scott CL, Zheng F, De Baetselier P, Martens L, Saeys Y, De Prijck S, 
Lippens S, Abels C, Schoonooghe S, Raes G, Devoogdt N, Lam-
brecht BN, Beschin A, Guilliams M (2016) Bone marrow-derived 
monocytes give rise to self-renewing and fully differentiated 
Kupffer cells. Nat Commun 27(7):10321. https://​doi.​org/​10.​1038/​
ncomm​s10321. (PMID: 26813785; PMCID: PMC4737801)

Scott TE, Lewis CV, Zhu M et al (2023) IL-4 and IL-13 induce equiva-
lent expression of traditional M2 markers and modulation of reac-
tive oxygen species in human macrophages. Sci Rep 13:19589

Shan Z, Ju C (2020) Hepatic macrophages in liver injury. Front Immu-
nol 17(11):322. https://​doi.​org/​10.​3389/​fimmu.​2020.​00322. 
(PMID: 32362892; PMCID: PMC7180226)

Sirbe C, Simu G, Szabo I, Grama A, Pop TL (2021) Pathogenesis of 
autoimmune hepatitis-cellular and molecular mechanisms. Int J 

https://doi.org/10.4049/jimmunol.177.10.7303
https://doi.org/10.4049/jimmunol.177.10.7303
https://doi.org/10.1002/cncr.33153
https://doi.org/10.1002/cncr.33153
https://doi.org/10.1111/apt.13878
https://doi.org/10.1111/apt.13878
https://doi.org/10.1016/j.ebiom.2019.07.013
https://doi.org/10.1002/hep.28682
https://doi.org/10.1016/j.immuni.2014.06.008
https://doi.org/10.1016/j.immuni.2014.06.008
https://doi.org/10.1038/s12276-023-01068-z
https://doi.org/10.1038/s12276-023-01068-z
https://doi.org/10.1016/j.phrs.2020.105404
https://doi.org/10.1016/j.phrs.2020.105404
https://www.ons.gov.uk/peoplepopulationandcommunity/birthsdeathsandmarriages/deaths/datasets/deathsrelatedtodrugpoisoningbydateofoccurrence
https://www.ons.gov.uk/peoplepopulationandcommunity/birthsdeathsandmarriages/deaths/datasets/deathsrelatedtodrugpoisoningbydateofoccurrence
https://www.ons.gov.uk/peoplepopulationandcommunity/birthsdeathsandmarriages/deaths/datasets/deathsrelatedtodrugpoisoningbydateofoccurrence
https://www.ons.gov.uk/peoplepopulationandcommunity/birthsdeathsandmarriages/deaths/datasets/deathsrelatedtodrugpoisoningbydateofoccurrence
https://doi.org/10.1136/bmjopen-2020-037473
https://doi.org/10.1136/bmjopen-2020-037473
https://doi.org/10.1002/path.1711170307
https://doi.org/10.1002/path.1711170307
https://doi.org/10.1073/pnas.1119964109
https://doi.org/10.1073/pnas.1119964109
https://doi.org/10.1002/art.39332
https://doi.org/10.1002/art.39332
https://doi.org/10.1136/jitc-2021-SITC2021.951
https://doi.org/10.7326/M15-2211
https://doi.org/10.7326/M15-2211
https://doi.org/10.7150/thno.34421
https://doi.org/10.7150/thno.34421
https://doi.org/10.1093/nar/gkv646
https://doi.org/10.1038/ncomms10321
https://doi.org/10.1038/ncomms10321
https://doi.org/10.3389/fimmu.2020.00322


114	 Archives of Toxicology (2025) 99:103–114

Mol Sci 22(24):13578. https://​doi.​org/​10.​3390/​ijms2​22413​578. 
(PMID: 34948375; PMCID: PMC8703580)

Starkey Lewis P, Campana L, Aleksieva N, Cartwright JA, Mackin-
non A, O’Duibhir E, Kendall T, Vermeren M, Thomson A, Gadd 
V, Dwyer B, Aird R, Man TY, Rossi AG, Forrester L, Park BK, 
Forbes SJ (2020) Alternatively activated macrophages promote 
resolution of necrosis following acute liver injury. J Hepatol 
73(2):349–360

Stravitz RT, Lee WM (2019) Acute liver failure. Lancet 
394(10201):869–881. https://​doi.​org/​10.​1016/​S0140-​6736(19)​
31894-X. (PMID: 31498101; PMCID: PMC10836844)

Suzuki A, Brunt EM, Kleiner DE, Miquel R, Smyrk TC, Andrade RJ, 
Lucena MI, Castiella A, Lindor K, Björnsson E (2011) The use 
of liver biopsy evaluation in discrimination of idiopathic auto-
immune hepatitis versus drug-induced liver injury. Hepatology 
54(3):931–939. https://​doi.​org/​10.​1002/​hep.​24481. (Epub 2011 
Aug 8; PMID: 21674554; PMCID: PMC3192933)

Tarique AA, Logan J, Thomas E, Holt PG, Sly PD, Fantino E (2015) 
Phenotypic, functional, and plasticity features of classical and 
alternatively activated human macrophages. Am J Respir Cell Mol 
Biol 53(5):676–688. https://​doi.​org/​10.​1165/​rcmb.​2015-​0012OC. 
(PMID: 25870903)

Thanacoody HK, Gray A, Dear JW, Coyle J, Sandilands EA, Webb DJ, 
Lewis S, Eddleston M, Thomas SH, Bateman DN (2013) Scottish 
and Newcastle antiemetic pre-treatment for paracetamol poison-
ing study (SNAP). BMC Pharmacol Toxicol 4(14):20. https://​
doi.​org/​10.​1186/​2050-​6511-​14-​20. (PMID: 23556549; PMCID: 
PMC3626543)

Thomas JA, Pope C, Wojtacha D, Robson AJ, Gordon-Walker TT, 
Hartland S, Ramachandran P, Van Deemter M, Hume DA, Iredale 
JP, Forbes SJ (2011) Macrophage therapy for murine liver fibrosis 
recruits host effector cells improving fibrosis, regeneration, and 
function. Hepatology 53(6):2003–2015. https://​doi.​org/​10.​1002/​
hep.​24315. (PMID: 21433043)

Thomson AW, Vionnet J, Sanchez-Fueyo A (2020) Understanding, pre-
dicting and achieving liver transplant tolerance: from bench to 

bedside. Nat Rev Gastroenterol Hepatol 17(12):719–739. https://​
doi.​org/​10.​1038/​s41575-​020-​0334-4

Tran LM, Macedo C, Zahorchak AF, Gu X, Elinoff B, Singhi AD, Isett 
B, Zeevi A, Sykes M, Breen K, Srivastava A, Ables EM, Landsit-
tel D, Styn MA, Humar A, Lakkis FG, Metes DM, Thomson AW 
(2023) Donor-derived regulatory dendritic cell infusion modulates 
effector CD8+ T cell and NK cell responses after liver transplan-
tation. Sci Transl Med. 15(717):eadf4287. https://​doi.​org/​10.​1126/​
scitr​anslm​ed.​adf42​87. (Epub 2023 Oct 11; PMID: 37820009)

Wen Y, Lambrecht J, Ju C, Tacke F (2021) Hepatic macrophages in 
liver homeostasis and diseases-diversity, plasticity and therapeutic 
opportunities. Cell Mol Immunol 18(1):45–56

Yang W, Zhao X, Tao Y, Wu Y, He F, Tang L (2019x) Proteomic 
analysis reveals a protective role of specific macrophage subsets 
in liver repair. Sci Rep 9(1):2953. https://​doi.​org/​10.​1038/​s41598-​
019-​39007-6. (PMID: 30814596; PMCID: PMC6393665)

Zhang C, Feng J, Du J, Zhuo Z, Yang S, Zhang W, Wang W, Zhang S, 
Iwakura Y, Meng G, Fu YX, Hou B, Tang H (2018) Macrophage-
derived IL-1α promotes sterile inflammation in a mouse model 
of acetaminophen hepatotoxicity. Cell Mol Immunol 15(11):973–
982. https://​doi.​org/​10.​1038/​cmi.​2017.​22. (Epub 2017 May 15; 
PMID: 28504245; PMCID: PMC6207754)

Zigmond E, Samia-Grinberg S, Pasmanik-Chor M, Brazowski E, Shi-
bolet O, Halpern Z, Varol C (2014) Infiltrating monocyte-derived 
macrophages and resident kupffer cells display different ontogeny 
and functions in acute liver injury. J Immunol 193(1):344–353. 
https://​doi.​org/​10.​4049/​jimmu​nol.​14005​74. (Epub 2014 Jun 2; 
PMID: 24890723)

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.3390/ijms222413578
https://doi.org/10.1016/S0140-6736(19)31894-X
https://doi.org/10.1016/S0140-6736(19)31894-X
https://doi.org/10.1002/hep.24481
https://doi.org/10.1165/rcmb.2015-0012OC
https://doi.org/10.1186/2050-6511-14-20
https://doi.org/10.1186/2050-6511-14-20
https://doi.org/10.1002/hep.24315
https://doi.org/10.1002/hep.24315
https://doi.org/10.1038/s41575-020-0334-4
https://doi.org/10.1038/s41575-020-0334-4
https://doi.org/10.1126/scitranslmed.adf4287
https://doi.org/10.1126/scitranslmed.adf4287
https://doi.org/10.1038/s41598-019-39007-6
https://doi.org/10.1038/s41598-019-39007-6
https://doi.org/10.1038/cmi.2017.22
https://doi.org/10.4049/jimmunol.1400574

	The emerging role of alternatively activated macrophages to treat acute liver injury
	Abstract
	Introduction
	Novel treatments are needed to prevent ALF
	Who has ALI? Defining and identifying a population for research
	The natural history of macrophage populations in APAP ALI
	The evidence supporting the efficacy of AAMs in ALI
	In vitro studies
	In vivo studies
	Clinical trials with AAMs

	Potential applications for AAMs in ALI
	Remaining challenges for AAMs
	Pharmacokinetic and pharmacodynamic assessment
	Immunogenicity
	Managing complications

	Conclusion
	References




