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Abstract Sections

Sepsis-associated acute kidney injury (SA-AKI) remains afrequentand Introduction
life-threatening complication of sepsis, yetits pathophysiology is still NOt | pathophysiological
fully understood, owing to the complex interplay ofimmune, vascular | mechanisms of SA-AKI
and parenchymal responses. Closing this knowledge gap is essential Transcriptomic insights
for developing urgently needed targeted therapies. Although bulk into SA-AKI

and single-cell transcriptomics, as well as proteomic approaches, have | Integratingclinical and

. . . . molecular data to define
advanced our understanding of the molecular mechanismsinvolvedin | subphenotypes in SA-AKI
SA-AKI, they lack the spatial context required to fully interpret tissue Challenges and future
heterogeneity and microenvironmental changes. The integration of high- | directions

resolution spatial transcriptomics with single-cell RNA sequencing and Conclusions

other multi-omics approaches offers anovel lens through which to dissect
the cellular and molecular architecture of septic kidneys. In SA-AKI,
discrete inflammatory, vascular and tubular niches can cause substantial
functional impairment even though global histological changes may be
much milder. Integrative spatial transcriptomics localizes pathological
signalling and how it is transmitted across immune, endothelial and
epithelial cells. By resolving niche-specific crosstalk, these approaches
might highlight druggable pathways and lead to the identification of
clinical biomarker candidates. These insights, in turn, facilitate the
identification of mechanistic endotypes that align more closely with
prognosis than with conventional staging. Importantly, translationinto
clinical trials will require standardized endotype definitions, endotype
validation and standardized sampling strategies, as well as scalable
analytical pipelines to enable endotype identification at the bedside.
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Key points

o Integrative spatial transcriptomics applied to sepsis-associated acute
kidney injury (SA-AKI) clarifies the lack of precision in bulk, single-cell
and single-nucleus RNA sequencing, demonstrating that dominant
molecular and cellular signatures (for example, compartmentalized
nuclear factor kB (NF-kB)-driven inflammation, cortical midkine
(MDK)-associated macrophage recruitment and outer-medullary
ATF3-associated neutrophil accumulation) arise from localized injury
niches rather than uniform organ-wide changes.

e In lipopolysaccharide-induced sepsis models, a systemic inflammatory
response driven by a ‘pairwise cytokine code’ is followed by a protein
translation shutdown and activation of reparative programmes,
including A-to-1 RNA editing.

¢ In the caecal ligation and puncture mouse model of sepsis,
despite evidence of a ‘pairwise cytokine code’, kidney injury seems
to be shaped mainly by strong endothelial IL-6 production, early
Mdk-driven macrophage recruitment and a protective F4/80"
macrophage-endothelial axis.

e Persistent SA-AKI in humans mirrors experimental signatures with
elevated IL-6, endothelial activation, coagulation imbalance and
loss of vascular integrity, reinforcing the translational relevance of
macrophage-endothelial IL-6 regulation in models of caecal ligation
and puncture.

o SA-AKI consists of overlapping, temporally dynamic endotypes
broadly defined by biomarkers and further refined through cellular,
molecular, spatial and temporal multi-omics, which could provide the
mechanistic resolution required to guide targeted therapies.

o Future studies require standardized longitudinal sampling, as well as
integration of data from peripheral blood mononuclear cells, plasma,
urine and kidney tissue to capture temporal dynamics, align human
and experimental timelines, and enable precise endotype resolution.

Introduction
Worldwide, sepsis affects nearly 49 million people annually and
accounts for 11 million deaths, representing almost one-fifth of all
global mortality’. Sepsis is a potentially fatal dysfunction of at least
one organ caused by a dysregulated host response to infection, with
sepsis-associated acute kidney injury (SA-AKI) representing a major
contributor to its high mortality>>. SA-AKI is among the most fre-
quent and severe patient complications observed in intensive care
units (ICUs). Epidemiological reports from 2024 and 2025 show that
itaffects almost half of all people with sepsis and one in six ICU admis-
sions, carrying anin-hospital mortality of25-48% and a 38% incidence
of major adverse kidney events®>. SA-AKl is defined as the concurrence
of sepsis (Sepsis-3 criteria®) and AKI (Kidney Disease: Improving Global
Outcomes (KDIGO) criteria®) within seven days of the onset of sepsis’,
with a distinction between early (<48 h) and late (2-7 days) SA-AKI
potentially reflecting different pathophysiological mechanisms and
clinical trajectories’.

Rather than simply resulting from kidney hypoperfusion and
widespread acute tubular necrosis, SA-AKI is now attributed to a

multifactorial interplay of systemic and kidney processes® — including
dysregulated immunity, endothelial and microcirculatory dysfunction,
mitochondrialinjury with metabolic reprogramming and regulated cell
death pathways — that culminate in profound cellular stress and organ
dysfunction®®. Individual genetic susceptibility, comorbidities*” and
priorkidneyinjury, together with maladaptive repair processes such as
fibrosis and persistent inflammation’®", modulate the course of SA-AKI
and underlieits heterogeneity, limited recovery and poor outcomes®”',

Modern definitions (KDIGO® and Sepsis-3%) are crucial for clinical
standardizationbut fail to capture the diverse underlying pathomecha-
nisms and endotypes>” . Current KDIGO® AKI definitions rely on
changes in serum creatinine and urine output alone. Consequently,
peoplewith highly divergent endotypes (and thus distinct underlying
pathomechanisms) are aggregated into a single diagnostic category,
limiting early detection and precise characterization**. The lack of a
precise definition of SA-AKI has probably contributed to the failure
of numerous clinical trials testing disease-modifying therapies that
seemed promising in preclinical studies™*'. Patient management
therefore remains largely supportive and nonspecific*>”. Thus, there
isanurgentand unmet need for innovative approaches to unravel this
complexity and enable the development of targeted therapies.

Conventional bulk transcriptomic analyses do not resolve cell-
type-specific mechanisms because they average gene expression sig-
nalsacross different cell types. Single-cell RNA sequencing (scRNA-seq)
and single-nucleus RNA-seq (snRNA-seq) have revealed distinct and
time-dependent transcriptional programmes in tubular and endothe-
lial compartments during sepsis'®, while also uncovering rare and
functionally relevant subpopulations that remain invisible in bulk
data”. The integration of single-cell data with spatial transcriptomics
inmurine and humankidneys has revealed discrete spatial niches and
immune-epithelial interactions as crucial drivers of injury and repair,
underscoring the limitations of non-spatial approaches, which cannot
resolve theregional heterogeneity of SA-AKI or the physical proximity
required for true cell-cell crosstalk™".

Spatial multi-omics refers to the simultaneous profiling of multi-
ple molecular layers, suchas the transcriptome, epigenome, proteome
and metabolome within their spatial tissue context. This profiling can
beachieved by combining spatial transcriptomics with spatial metabo-
lomics, spatial proteomics or spatial assay for transposase-accessible
chromatin with sequencing (ATAC-seq). The integration of spatial
metabolomics withscRNA-seq and spatial transcriptomicsis a particu-
larly promising approach for capturing the functional consequences
of gene expression changes at the tissue level in kidney disease’. How-
ever, currently available SA-AKI high-quality data are predominantly
based onintegrative spatial transcriptomics, thatis, the combination
of scRNA-seq and snRNA-seq with spatial transcriptomics, comple-
mented by integrative but non-spatial multi-omics approaches (for
example, joint snRNA-seq and snATAC-seq, or proteomics). Although
genuine spatial multi-omics technologies have not yet been system-
atically applied to SA-AKI, here we discuss studies that have provided
substantial mechanistic insights by combining integrative spatial
transcriptomics with multi-omics data.

Inthis Review, we discuss the application of spatial transcriptomics
integrated with multi-omics in SA-AKI, highlighting how these tech-
nologies enable cell-type-specific analyses, including the characteri-
zation of their transcriptional states in response to septic injury, the
identification of pathogenic spatial niches and high-resolution spatial
mapping ofintercellular communication. We discuss key studies lever-
aging animal models and humanbiopsy tissue data, withemphasis on
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bulk RNA-seq, scRNA-seq, snRNA-seq and, especially, spatial transcrip-
tomics. Last, we highlight future directions, including the potential of
spatial multi-omicsin biomarker discovery, therapeutic targeting and
personalized patient management in SA-AKI.

Pathophysiological mechanisms of SA-AKI
Dysregulated immune response and regional inflammation
The hostimmune response in sepsis is complex, with aninitial phase of
hyperinflammation followed by subsequentimmunosuppression’*°.
This cascade is a major driver of SA-AKI and is initiated when
pathogen-associated molecular patterns (PAMPs), such as lipopoly-
saccharide (LPS), and damage-associated molecular patterns (DAMPs)
released frominjured host cells are recognized by pattern recognition
receptors, particularly Toll-like receptors (TLRs)**%. These receptors
arenotonly found oninnateimmune cells (macrophages, neutrophils
and dendritic cells) but also on kidney parenchymal cells, including
renal tubular epithelial cells (RTECs) and endothelial cells, where TLR2
and TLR4 predominate'®***,

TLR activation triggers a MyD88-dependent signalling cascade,
leading to the activation of transcription factors such as nuclear
factor-kB (NF-kB)?, as demonstrated in RTECs in murine experimen-
tal models®. This activation resultsina cytokine storm, marked by the
release of pro-inflammatory mediators such asinterleukins IL-6, IL-1
and IL-18 and tumour necrosis factor (TNF) by immune cells, RTECs and
endothelial cells. These cytokines directly contribute to experimental
kidney injury®'©**?28 and are consistently elevated in people with sep-
sisand AKI”. Furthermore, local inflammation in the kidney is exagger-
ated and perpetuated by infiltrating innate and adaptive immune cells,
including neutrophils, macrophages and T lymphocytes (especially the
T helper cells T,1and T,,17). Neutrophils in particular release reactive
oxygenspecies (ROS) and enzymes such as myeloperoxidase, causing
direct tissue injury®. We note that scRNA-seq data have rendered the
concept of M1 and M2 macrophages obsolete, as they show that infil-
trating macrophages do not adopt discrete M1 or M2 phenotypes but
rather occupy a continuum of activation states, dynamically shifting
between pro-inflammatory and reparative programmes, depending
on the respective tissue environment and disease stage'®”.

This dysregulated immune response amplifies systemic inflam-
mation and triggers pronounced endothelial activation and injury.
Bothanimaland humandataindicate that the resulting microvascular
dysfunctionisapivotal process linkingimmune dysregulation to organ
failure in sepsis®.

Endothelial injury and microcirculatory dysfunction
Microvascular endothelial cellslining arterioles, glomerular capillaries,
peritubular capillaries and postcapillary venules in the kidney cortex
display substantial molecular and functional diversity and have distinct,
segment-specific responses to septicinjury'®. Endothelial dysfunction
is a hallmark of SA-AKI, characterized by endothelial activation and
injury, which promote increased vascular permeability, vasodilation
and a procoagulant state in rodents'®*°.

The endothelial glycocalyx, which forms a protective layer on
the luminal surface of endothelial cells, is rapidly damaged during
experimental sepsis, as reflected by rising circulating concentrations
of syndecan-1, heparanase and hyaluronicacid'®*"*2, Inthe murine cae-
calligation and puncture (CLP) sepsis model, glomerular heparanase
activation degrades heparan sulfate in the glycocalyx, causing an
initial drop in glomerular filtration rate without concurrent changes

in vascular permeability or glomerular neutrophil infiltration®>,

Glycocalyx remodelling also compromises the permselectivity of the
glomerular filtration barrier, resulting in albuminuriaindependently
of areduction in creatinine clearance in the CLP model***. Further-
more, systemic release of glycocalyx degradation products occurs
before an increase in renal microvascular permeability, suggesting
that enzymatic cleavage precedes haemodynamic consequences™. In
rodent models, broad microvascular endothelial injury increases vas-
cular permeability and contributes to interstitial oedema in SA-AKI®,
driveninpartby dysregulation of the angiopoietin-2-Tie2 and vascular
endothelial growth factor (VEGF)-VEGF receptor 2 (VEGFR2) signalling
axes'™.

In addition, preclinical sepsis models suggest that coagulation
abnormalities are widespread in sepsis, with fibrin deposits forming
across distinct vascular segments through segment-specific mecha-
nisms: loss of the endothelial protein c receptor (EPCR) in arterioles,
loss of thrombomodulin in peritubular capillaries and tissue factor
induction in glomeruli'®***,

Although in mice the expression of inflammation-related adhe-
sion molecules was upregulated in the arteriolar, glomerular and
capillary endothelium, functional leukocyte recruitment occurred
predominantly in postcapillary venules, leaving the importance of
upstream adhesion molecule expression unresolved®*”. Altogether,
these endothelial changes mediate microcirculatory dysfunction,
which can also develop when kidney blood flow is preserved or even
increased, as demonstrated insheep —in which kidney blood flow rose
while creatinine clearance and filtration fraction fell with rising serum
creatinine — consistent with the disproportionately small reductionin
kidney blood flow relative to the loss of kidney function (defined by a
riseinserum creatinine and a fallin glomerular filtration rate) observed
in people with AKI***°, This dysfunction results in a heterogeneous
perfusion pattern — certain capillaries have reduced flow or stasis,
whereas others are shunted — causing regional hypoxia and metabolic
stress in RTECs***%

Finally, bacteria in the tubular lumen trigger the release of
pro-inflammatory cytokines from RTECs, which activate the adja-
cent peritubular endothelium, inducing capillary coagulation and
flow arrest in rats***, suggesting that crosstalk between RTECs and
the peritubular capillary endothelium might be a crucial yet under-
explored pathological mechanism. The uncoupling of macro- and
microcirculatory functionrepresents a clear shift from the traditional
hypoperfusion paradigm and highlights the pivotal role of vascular
integrity in SA-AKI.

Thromboinflammation
Consistent withthe coagulation abnormalities described above, sepsis
induces a system-wide prothrombotic state (also known as throm-
boinflammation or immunothrombosis**¢) in which inflammation
and coagulation become pathologically intertwined. As endothelial
injury exposes tissue factor, the extrinsic coagulation cascade is trig-
gered; moreover, pro-inflammatory cytokines impair endogenous
anticoagulant pathways while fibrinolysis is suppressed*®. The result-
ingimbalance promotes microthrombus formationinglomerularand
peritubular capillaries, obstructing blood flow and driving ischaemic
tubularinjury as shownin animal models and human post-mortem stud-
ies*®. Inmurine sepsis models, activated neutrophils also release neu-
trophil extracellular traps, which act as a scaffold for further thrombus
formation and thus amplify local inflammation® .

Accordingly, clinical data show that sepsis-induced coagulopathy*®
and disseminated intravascular coagulation are strongly associated

Nature Reviews Nephrology


http://www.nature.com/nrneph

Review article

with the occurrence and severity of AKI***°. Elevated biomarkers of
a coagulation system activation, such as D-dimers, correlate with
adverse outcomes, underscoring thrombo-inflammation as a central
mechanism in SA-AKI pathophysiology'>*5.

Cellular stress, metabolic reprogramming and

mitochondrial dysfunction

The kidney is highly metabolically active and, after the heart, is the
organ with the second-largest mitochondrial content™ 2, This char-
acteristic is particularly relevant given that, of the total body ATP
produced, nearly 7% is consumed primarily to maintain ion gradients
for tubular reabsorption®***, Renal proximal tubule epithelial cells
(RPTECs), which reabsorb roughly 80% of the glomerular filtrate, are
therefore densely packed with mitochondria and exceptionally vul-
nerable to mitochondrial dysfunction®. At the cellular level, RPTECs
undergo considerable stress and metabolic adaptationinresponse to
sepsis. Insuch aninflammatory and hypoxic environment, they enter
astate of cell-cycle arrest to preserve energy, a process identified in
criticallyill patients and marked by the expression of biomarkers such
as tissue inhibitor of metalloproteinases 2 (TIMP-2) and insulin-like
growth factor-binding protein 7 (IGFBP7)*. Although initially protec-
tive, prolonged cell-cycle arrest can induce a senescence-associated
secretory phenotype, promoting chronic inflammation and fibrosisin
murine models of kidney injury, which facilitates the transition from
AKIto chronickidney disease; these findings are supported by human
biopsy tissue data®”*®. In addition to cell-cycle arrest, RPTEC polyploidi-
zation, whereby the cells undergo YAP1-driven endoreplication and
increase DNA content without division, has been proposed as a rapid
way to sustain kidney function in early AKI at the cost of senescence
and fibrosis, thus promoting the transition from AKI to chronic kid-
ney disease™. As identified by human single-cell multiomic profiling,
failed repair in RPTECs probably results in a cell state that overlaps
with that of the RPTECs found in chronic kidney disease, which drive
inflammation and fibrosis®.

Akey feature of the profound metabolic reprogramminginduced
by sepsisinbothimmune and kidney parenchymal cells is a shift from
more efficient mitochondrial oxidative phosphorylation to less effi-
cient but more rapid aerobic glycolysis (for example, the Warburg
effect)?*®. This switch is thought to be an adaptive response for fast
ATP generationinstressed RTECs and activated immune cells. However,
sustained reliance on glycolysis leads to lactate accumulation and
subsequent mitochondrial injury, ultimately contributing to cellular
dysfunction®.

Mitochondrial dysfunction in RTECs, characterized by impaired
respiration, decreased ATP productionand increased ROS generation®?,
is acommon finding in AKIin general and in SA-AKI in particular, and
compromises the high energy demands of tubular transport***2, Addi-
tionally, injured mitochondria release DAMPs, such as mitochondrial
DNA, which can further amplify inflammation, for example through
NOD-like receptor family, pyrin domain containing 3 (NLRP3) inflam-
masome activation, as shown in murine macrophages®. The selective
autophagic clearance of damaged mitochondria (mitophagy) repre-
sents a crucial quality-control mechanism demonstrated in murine
septic AKI models®, because its impairment results in accumulation
of damaged mitochondria and exacerbated kidney injury®.

Regulated cell death pathways
Beyond simple necrosis, multiple forms of regulated cell death are
observed in SA-AKI, including apoptosis, necroptosis, pyroptosis

and ferroptosis® . Although histological evidence from human
SA-AKI often shows only modest tubular necrosis’>”, apoptosis of
tubular cells has been confirmed in both patient samples’®’? and ani-
mal models”. Non-apoptotic forms of regulated cell death have been
gaining attention®. In murine sepsis models (CLP and LPS), pyroptosis,
which is aninflammatory form of cell death mediated by gasdermin
cleavage afterinflammasome activation, results in the release of IL-13
andIL-18 through newly opened gasdermin pores, thereby amplifying
theinflammatory response®. Necroptosis, a regulated form of necrosis
mediated by the receptor-interacting serine/threonine protein kinase-3
(RIPK3)-mixed lineage kinase domain-like (MLKL) pathway™, also con-
tributes to necroinflammationand tissue injury in AKI, as demonstrated
in murine ischaemia-reperfusion injury (IRI) models™, and has been
implicated in SA-AKI®””2, Finally, ferroptosis, an iron-dependent form
of cell death driven by lipid peroxidation, is increasingly recognized
asakey mechanisminvarious forms of AKI, including SA-AKI, in which
oxidative stress and iron dysregulation are prominent (for example,
in murine CLP models)®***’¢, Building on the known sex dimorphism
in AKI susceptibility, hydroxyoestradiol derivatives were shown to
inhibit ferroptosis directly by trapping free radicals and the oestrogen
receptor-a (ESR1) had asuppressive effect on pro-ferroptotic proteins’”.
Although demonstrated primarily in murine IRl and human kidney
tubules, these mechanisms collectively explain why females are less
prone to AKland why this protection diminishes after menopause, and
might also represent potential therapeutic targets for the treatment
of SA-AKI. We note that clear evidence shows that, rather than acting
inisolation, these regulated cell death pathways are interconnected
and not mutually exclusive, as illustrated by the PANoptosis concept
ininnate immune cells’®, and create acomplex network that probably
influences tubular cell fate and kidney outcomes.

Giventhe complexity and heterogeneity of the mechanisms under-
lying SA-AKl across patients and over the course of theillness, abetter
understanding of the specific molecular pathways involved is needed.
Suchinsights would help to delineate distinct clinical subphenotypes
and biological endotypes (Box 1), which is crucial for developing
targeted diagnostic tools and therapies to improve patient outcomes.

Transcriptomic insights into SA-AKI
Aetiology-specific pathways revealed by

time-resolved transcriptomics

Time-resolved omics studies using murine kidney samples provide
valuableinsightsinto the evolution of SA-AKIin different experimental
models. Before single-cell and spatial transcriptomics became widely
available, bulk ribosome profiling (Ribo-seq) combined with nascent
proteomics provided the first mechanistic insights into translational
dysregulation in SA-AKI. Using a murine endotoxaemia model, one
study showed that late-phase sepsis is accompanied by a profound
global collapse of protein synthesis, peaking at approximately 16 hours
after LPSinjection’. Key metabolic pathways were suppressed through
eukaryotic initiation factor-2a kinase-2 (elF2ak2)-elF2a-mediated
inhibition of translation initiation. Pharmacological restoration of
translation using the integrated stress response inhibitor mitigated
kidney damage, suggesting that the haltin translation is a key pathologi-
cal driver rather thanamere consequence of organ damage’”. Another
study reported that the counter-regulatory phosphatase growth arrest
and DNA damage-inducible protein 34 (GADD34; encoded by PppIrisa),
whichisnormally responsible for resolving elF2a phosphorylationand
restoring translation, is translationally silenced in late-phase sepsis®.
This silencing effectively locks the kidney in a self-reinforcing state of
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Box 1| Terminology: phenotypes, subphenotypes and endotypes in SA-AKI

In the context of sepsis-associated acute kidney injury (SA-AKI), a
consistent terminology is essential to distinguish between different
levels of disease classification®”°.

Phenotype

A set of clinically observable characteristics that define a disease
entity. SA-AKI represents a clinical phenotype within the broader
sepsis syndrome, defined as the concurrence of sepsis, according
to the Sepsis-3 criteria®, and AKI, according to the KDIGO (Kidney
Disease: Improving Global Outcomes) criteria®.

Subphenotype

A distinct subgroup within a phenotype, defined by a shared set
of measurable properties such as biomarker profiles, clinical
trajectories or differential treatment responses. Subphenotypes do
not necessarily imply a known underlying mechanism but enable
prognostic or predictive enrichment in clinical studies®". Examples
in SA-AKl include the two latent-class-derived subphenotypes
originally identified in AKI'* and subsequently validated in SA-AK

123
I

translational arrest and restoring the expression and global transla-
tion of PppIr15aimproves kidney outcomes®’. The relevance of the
16-hour inflexion point and translational shutdown were reinforced
by high-resolution single-cell and spatial transcriptomic studies
(discussed below).

Janosevic and colleagues used a combination of scRNA-seq
and 10x Visium spatial transcriptomics technology to analyse the
spatiotemporal cellular dynamics of the murine kidney during
endotoxaemia’® (Table 1). Using a time-resolved LPS-induced sepsis
model, the study mapped over 63,000 kidney cells over 48 hours.
The data demonstrate that endotoxaemia progressesin a highly organ-
ized manner involving endothelial, stromal,immune and epithelial cell
activation. These processes culminate in a global failure of cell-cell
communication and translational shutdown at 16 hours, followed by
theinitiation of coordinated recovery programmes.

Additionally, Takahamaand colleagues created acomprehensive
map of sepsis across an entire organism by combining bulk RNA-seq
(and subsequent cell-type deconvolution) with whole-mouse spatial
profiling using a repurposed Array-seq platform (30 pm spots with
36.65 um centre-to-centre distance between them)” (Table 1). These
researchers also analysed spatial gene expression of kidney tissue with
10x Visium technology. Using LPS and CLP sepsis models, they first
defined sepsis-associated transcriptional signatures across 13 tissues
(bone marrow, brain, colon, heart, inguinal lymph nodes, kidney, liver,
lung, peripheral blood mononuclear cells, skin, smallintestine, spleen
and thymus) and computationally inferred shifts in abundance in
195 cell types across nine organs (bone marrow, colon, heart, inguinal
lymph node, kidney, liver, lung, spleen and thymus), which were then
validated spatially across entire mouse sections. A key finding was that
most gene and cell-state changes induced by sepsis can be explained
by a pairwise cytokine code. Specifically, TNF-IL-18, TNF-IFNy or
TNF-IL-1B are sufficient to reproduce tissue-level transcriptional
signatures of sepsis, including kidney gene responses.

In LPS endotoxaemia, Janosevic and colleagues showed that
endothelial and stromal cells act as the first responders, inducing

these patient subgroups differed in mortality and vasopressin
responsiveness.

Endotype

A subgroup defined by a specific pathobiological mechanism that
can potentially be modulated by a targeted intervention. Endotypes
represent the highest level of mechanistic resolution and are
fundamental to precision medicine approaches. In SA-AKI, candidate
endotypes include endothelial destabilization, macrophage-driven
inflammation and tubular metabolic reprogramming, although
rigorous validation of these as true clinical endotypes remains an
ongoing challenge’.

Predictive and prognostic enrichment

Predictive enrichment refers to the selection of people who are more
likely to respond to a specific therapy based on their subphenotype
or endotype, whereas prognostic enrichment stratifies patients by
outcome risk without necessarily implying differential treatment
benefit'.

NF-kB-driven defence programmes mediated by CxclI and Tnfsf9within
the first hour, while epithelial cells remained relatively quiescent™
(Fig.1). Notably, this epithelial quiescence specifically refers toinflam-
matory and NF-kB-driven transcriptional programmes. Within the
first hour of LPS exposure, the expression of genes involved in ribo-
somal function, translation and mitochondrial processes had already
decreased in most cell types, including epithelial cells'®. Thus, evenin
the LPS model, early proximal tubular involvement is evident, although
itis metabolic rather than inflammatory in nature. Compared with
other cell types, the RTEC inflammatory response is rather delayed,
occurring 4-16 hours after LPS challenge'®”. At the systemic level,
Takahama et al. confirmed that by 6 hours after LPS administration,
gene expression in the kidney was already substantially altered,
mainly mediated by TNF-centred cytokine modules, which situates
the kidney’s early response within abroader context of organism-wide
pro-inflammatory signalling®. By 16 hours after LPS administration,
Janosevic et al. documented a dramatic collapse of receptor-ligand
signalling, and a shutdown of transcription and translation in kidney
parenchymalcells, which coincided with theinduction of distinct repar-
ative transcriptional regulons (Sox4, Sox9, Srfand Hoxb7)' (Fig.1).In
the dataset published by Takahamaet al., this phase (12 hours after LPS)
was characterized by sustained cytokine-driven transcriptional regula-
tion of kidney gene expression?, indicating that systemic inflammatory
cues continue to shape the kidney response even as local parenchymal
activity declines. At 24 hours after LPS administration, the transcrip-
tional reprogramming induced in the kidney by systemicinflammation
remained pronounced”. However, Janosevic et al. observed recovery of
intercellular signalling by 48 hours after theinitial septicinjury, albeit
within a greatly altered cellular milieu marked by a five-fold expansion
of macrophages' (Fig.1).

In CLP-induced sepsis, the developing molecular patterns dif-
fer over time compared with those of LPS-based models, although
some complementary findings can be observed. At 6 hours after CLP,
spatial transcriptomics revealed cortical macrophage infiltration
driven by Mdk (Fig.1), contrasting with Atf3-mediated outer medullary
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Table 1| Available integrative spatial transcriptomics and multi-omics SA-AKI datasets

GEO series Year Species Model Technique Ref.
GSE151658 2021 Mouse LPS Spatial transcriptomics and scRNA-seq 16
2023 Mouse CLP, F4/80 MKO mice, secondary analysis ~ scRNA-seq 28
of GSE151658 for validation
2024 Mouse LPS Bulk and scRNA-seq, ribosome profiling and targeted 108
RNA-editing quantification
GSE154107 2021 Mouse CLP Spatial transcriptomics and scRNA-seq 16
GSE186822 2022 Mouse CLP Bulk RNA-seq 81
GSE65682 2020 Human Human whole-blood samples from people  Whole-blood leukocyte transcriptome analysis 12
with sepsis
2021 Human Human whole-blood samples from people  Whole-blood leukocyte transcriptome analysis 94
with sepsis
GSE224146 2024 Mouse LPS Whole-mouse spatial transcriptomics, RNA-seq, 27
array-seq
GSE171406 2021 Human, mouse CLP, human reference kidney snRNA-seq, spatial transcriptomics 17

CLP, caecal ligation and puncture; GEO, gene expression omnibus; HMOX1, haem oxygenase 1; LPS, lipopolysaccharide; MKO, macrophage knockout; SA-AKI, sepsis-associated acute kidney

injury; scRNA-seq, single-cell RNA sequencing; snRNA-seq, single-nucleus RNA sequencing.

neutrophilaccumulationinIRI”. Bulk RNA-seq studies show extensive
transcriptional reprogrammingin the kidney, with differential expres-
sion analyses showing strong enrichment of ferroptosis, apoptosis,
PI3K-AKT, NF-kB and IL-17 signalling pathways®.. In LPS endotoxaemia,
epithelial cells mount a stepwise response, with organ-wide meta-
bolicdownregulationat1hour preceding NF-kB-driveninflammatory
activation, which only emerges from 4 hours onward'. By contrast,
CLP-injured RTECs simultaneously engage oxidative stress (HMOX1and
ROS), ferroptosis and inflammatory signalling (IL-17, NF-kB) pathways
by 6 hours™®!, suggesting a qualitatively different and broader mode
of epithelial involvement. This signalling signature probably reflects
directactivation of RTEC patternrecognitionreceptors (TLR2, TLR4),
with TLR4 in particular being upregulated across all nephron seg-
ments during sepsis®, enabling polymicrobial stimuliin CLP to engage
multiple tubular stress pathways concurrently, rather than through
the sequential TLR4-mediated response seen in LPS endotoxaemia.
Hub genes such as Hmox1, Spp1, Socs3, Mapk14,Lcn2, Cxcll and Cxcli2
emerged as central regulators of oxidative stress and inflammatory
responses®’ (Table 2). Takahama et al. confirmed these results in the
CLParmoftheir study, showing that kidney transcriptional states were
strongly shaped by systemic cytokines at 6 hours and consolidated
into distinct tissue-specific expression programmes by 12 hours?.
Furthermore, cortical F4/80" macrophages transitioned into an
anti-inflammatory state characterized by Mhcll downregulation and
up-regulation of IlIrn, Il1r2, Nfkbia, Tnfaip3and Socs3 (ref.28).F4/80"
macrophages then limited endothelial IL-6 production through IL-1
receptor antagonist (IL-1RA, encoded by /l1rn); their depletion exac-
erbated kidney injury, whereas anti-IL-6 or IL-1RA therapy ameliorated
it, defining a macrophage-endothelialimmunoregulatory axis in the
CLP setting®® (Fig. 1). The researchers noted that IL-6 induction and
IL-1-1L1-RA pathways are conserved across multiple aetiologies of
AKI (for example, toxic®, ischaemic® and septic?®), indicating shared
mechanisms. However, this specific macrophage-endothelial regula-
tory loop (F4/80"-IL1-RA-endothelial cell-IL-6 suppression) has so
far only been demonstrated at a mechanistic level in the CLP model®.

On day five after septic injury, Takahama et al. reported that the
transcriptional profile of the kidney had largely normalized in the

LPS arm. By contrast, the expression patterns were still dysregulated
inlymphoid tissues, suggesting that kidney recovery can occur in the
context of persistent immune imbalance?.

Direct comparison ofthe CLP and LPS sepsis models reveals com-
plementary but notidentical trajectories. LPS endotoxaemiais charac-
terized by an early but transient endothelial response, rapid systemic
cytokineinduction and subsequent breakdown of intercellular commu-
nication 16 hours after injury. This response is followed by arecovery
of signalling networks within 48 hours of the septic challenge within
amacrophage-enriched tissue environment'®. Here, IL-6 is part of the
systemic cytokine storm, as captured in the organism-wide atlas of
Takahamaetal., where kidney transcriptional shifts are predominantly
driven by TNF-centred modules within the first day”’. By contrast, mac-
rophage infiltration occurs earlier in CLP sepsis with broad transcrip-
tional activation at 6 hours” and areparative macrophage-endothelial
axis, whereby F4/80" macrophages limit endothelial IL-6 production
24 hours after injury? (Fig. 1). Although IL-6 seems to be relevant in
both models, in LPS endotoxaemia it reflects systemic cytokine pres-
sure, whereas in CLP it acts as a local pathogenic mediator directly
controlled by macrophages.

These observations seem to be relevant to humans, given that
persistent SA-AKI in people is marked by a sustained inflammatory
response, elevated IL-6, endothelial activation, coagulationimbalance
andincreased mortality'. We note that the CLP model, with endothe-
lial IL-6 regulated by macrophage crosstalk as akey mechanism, seems
to resemble the human data better. At the tubular epithelial level,
human SA-AKl is characterized by direct RTEC injury involving mul-
tiple concurrent pathways, including oxidative stress, inflammatory
signalling and cell death®’°, The broad, simultaneous engagement of
RTEC stress, damage and inflammatory programmes observed in CLP
mirrors this clinical pattern more closely than the stepwise, hierarchi-
cally delayed epithelial response observed in LPS endotoxaemia®.
Others have also emphasized that CLP models resemble the key clini-
cal, haemodynamic and immunological features of human sepsis,
including sustained bacteraemia, biphasic inflammatory responses
and multi-organ dysfunction, more accurately than do LPS bolus
models®*
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Fig.1|Spatiotemporal mechanisms of SA-AKI in murine sepsis induced by
LPS or CLP. TLR4-mediated sensing of PAMPs, in endothelial and stromal cells
initiates early NF-kB-driven chemokine responses, followed by activation of
neutrophils and myeloid cells. In murine sepsis induced by LPS or CLP, organism-
wide transcriptomic profiling reveals a systemic inflammatory response that
islargely explained by a ‘pairwise cytokine code’ — TNF-IL-18, TNF-IFN-y and
TNF-IL-1B — that drives gene regulation across tissues”. A global translational
shutdown, metabolic stress and loss of receptor-ligand communication occur
16 hours after LPS injection, with reparative regulons (Sox4, Sox9, Srfand Hoxb7)
being activated in parallel’. CLP-induced sepsis is characterized by early cortical
macrophage infiltration driven by epithelial Mdk expression in the cortex”,
together with expression of injury-associated genes (for example, SppI, Socs3,
Hmox1 and Lcn2) and ferroptosis®. Endothelial IL-6 production amplifies local
inflammation and contributes to tissue injury®. Local endothelial-immune

cell crosstalk and regional inflammatory microenvironments shape the

early response and extend the TLR4-mediated inflammatory axis in the CLP

model. Initially, pro-inflammatory macrophage subsets evolve into F4/80"
macrophages through upregulation of /lIrn, Ilir2, Nfkbia, Tnfaip3 and Socs3,
and downregulation of MHCII, which limits endothelial IL-6 production and
establishes a protective macrophage-endothelial regulatory axis®. During
the recovery phase of LPS endotoxaemia, AzinI A-to-IRNA editing increases
and serves as amolecular marker of cellular stress adaptation. This dynamic
editing pattern supports metabolic resilience and aligns with the reactivation
of reparative programmes during kidney recovery from endotoxin-induced
injury'°®. We note that signal transduction and ligand-receptor interaction are
largely recovered after 48 hours™. CLP, caecal ligation and puncture; DAMP,
damage-associated molecular pattern; IL, interleukin; IRF, interferon-regulatory
factor; LPS, lipopolysaccharide; NF-kB, nuclear factor-kB; Mdk, midkine;
MHCII, major histocompatibility complex class II; PAMP, pathogen-associated
molecular pattern; ROS, reactive oxygen species; TLR4, Toll-like receptor 4;
TNF, tumour necrosis factor; TRAF6, TNF receptor-associated factor 6;

TRIF, TIR-domain-containing adaptor inducing interferon-p.
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Table 2| Summary table of SA-AKI biomarkers and targets

Type Molecule ortarget Source or location Clinical utility and potential use Refs.
mechanism
Biomarker  HAVCR1 (KIM1) Injured proximal tubule Measures the severity of kidney damage, strongly and regionally 16,17,79,108
S3cells upregulated in IRI, only modestly induced in LPS-driven endotoxaemia,
but absent in CLP sepsis
Biomarker LCN2 (NGAL) Proximal tubular cells Diagnostic and prognostic marker for AKI, including SA-AKI. Meta-analysis 12,17,81,128
and stromal or pericyte suggests good diagnostic accuracy. Diffuse upregulation across cortex
populations; human plasma and medulla, detectable even in histologically intact regions
Target Ferroptosis Kidney tubular cells A form of regulated cell death involved in AKI pathogenesis. Targeting 8
key regulators (for example, GPX4, ACSL4 and xCT) or using ferroptosis
inhibitors shows therapeutic potential in kidney injury models
Biomarker  AZINTA-to-l editing  All kidney cell types Quantifying editing can identify individuals who have transitioned to an 108
endogenous recovery phase
Target, Hmox1 Mouse kidney tissue Forms a key RNA regulatory axis (mmu-miR-7212-5p-HmoxT) that is a 81
biomarker potential clinical therapeutic target against SA-AKI progression
Target, IL-6 Kidney endothelial cells and Anti-IL-6 therapies (for example, anti-IL-6 antibody) can attenuate septic 28
biomarker fibroblasts AKI severity and reduce injury scores
Target lirn F4/80" macrophages in the F4/80" macrophages protect the endothelium from IL-1-driven IL-6 28
kidney, specifically those overproduction by supplying IL-1RA. In the absence of macrophages,
residing in the cortex anakinra (an IL-1R antagonist) can prevent septic AKI
Target F4/80M Cortical regions of the kidney  Attenuating SA-AKI. These cells are polarized towards an anti-inflammatory 28
macrophages phenotype post-CLP and upregulate Il1rn, Il1r2, Nfkbia, Tnfaip3 and Socs3.
Depletion of these cells worsens AKI severity and histological injury
Target, Mdk Proximal tubules, S1, S2 and Potential mechanism guiding macrophage infiltration in SA-AKI; target for 17
biomarker cortical S3 (S3-C) segments controlling immune cell recruitment
Target TNF-IL-18, Observed across multiple These cytokines can induce most of the organism-wide transcriptional, 27
TNF-IFN-y, organs, including kidney; physiological and cellular responses observed in sepsis, with TNF as the
TNF-IL-1B negatively affects proximal central node. Provides a unifying framework for understanding sepsis
tubule epithelial cells pathology and potential targeted therapeutic combinations
Target, SPP1 Mouse kidney tissue Biomarker and potential therapeutic target within the PI3BK-AKT pathway 27,81,96
biomarker
Target, Socs3 Mouse kidney tissue and Marker for anti-inflammatory macrophage polarization. Potential 28,81
biomarker F4/80" macrophages therapeutic target in the TNF signalling pathway
Target, Cxcll Mouse kidney tissue Potential therapeutic target in the NF-kB signalling pathway 81
biomarker
Biomarker  Cystatin C Plasma (from people with Useful for early staging, helping to differentiate transient versus persistent 12
sepsis) AKI trajectories
Biomarker ANGPT2-to-ANGPT1 Plasma (from people with Reflects endothelial activation and loss of vascular integrity. Elevated and 12
ratio sepsis) sustained increase is associated with persistent AKI
Biomarker  TIMP-2 Kidney tubule epithelial cells  Reflects state of cell-cycle arrest to preserve energy in an inflammatory 56
IGFBP7 and hypoxic environment
Target, Sox4, Sox9, Srfand  Proximal tubules, S1segment  Markers of an injury-induced, pro-regenerative proximal tubule state 16
biomarker  Hoxb7

ANGPT, angiopoietin; CLP, caecal ligation and puncture; IL1rn, interleukin-1 receptor antagonist; IFN, interferon; IGFBP7, insulin-like growth factor-binding protein 7; IRI, ischaemia-reperfusion
injury, LPS, lipopolysaccharide; miR, micro-RNA; PI3K-AKT, phosphoinositide 3-kinase-protein kinase B (AKT); SA-AKI, sepsis-associated acute kidney injury; SPP1, secreted phosphoprotein 1;
scRNA-seq, single-cell RNA sequencing; snRNA-seq, single-nucleus RNA-seq; TIMP2, tissue inhibitor of metalloproteinases 2; TNF, tumour necrosis factor.

Melo Ferreira and colleagues established murine and human
kidney reference spatial maps with high histology concordance of
spatial clusters and species-matched, snRNA-seq reference-based,
cell-type label transfer”. These maps provide a framework for robust
mouse-to-human translation. CLP-derived hypotheses can be evalu-
ated in tissue from patients with SA-AKI once human spatial datasets
have been generated. This assessment can be achieved by projecting
orthologous inflammatory, endothelial and epithelial programmes
onto the corresponding human kidney compartments and testing
whether immune-parenchymal niche interactions observed in mice
are recapitulated in humans.

Key regulatory mechanisms and biomarkers

TNF-centred cytokine pairs. As mentioned above, Takahama and
colleagues” showed that the three cytokine pairs TNF-IL-18, TNF-IFNy
and TNF-IL-1B were sufficient to reproduce sepsis-induced transcrip-
tional changes across organs (Table 2). Moreover, they observed a high
overlap in the kidney, where 12 hours after injury approximately 57%
of LPS-regulated kidney gene expression patterns were reproduced
by TNF-IL-18. This concordance also applied to CLP-induced sepsis,
where the same pairs mirrored most of the tissue responses, includ-
ing in the kidney. The functional relevance of these findings was con-
firmed by interference studies in which genetic or antibody-induced
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blockade of these cytokines reversed most of the CLP-induced changes
in differential gene expression, survival and temperature responses,
with TNF inhibition alone already reversing around 23% of the dys-
regulated kidney gene expression?. Alongside the cytokine pairs
discussed above, Takahama et al. also profiled IL-6 as a systemic sep-
sis cytokine?, although IL-6 was not among the TNF-centred pairs
sufficient to recapitulate the multi-organ signature, its mechanistic
regulation at the endothelialinterface has beenresolved most clearly
in the CLP model, where a macrophage-endothelial axis constrains
endothelial IL-6 production®. In parallel, Janosevic et al. showed that
IFN-driven injury is amplified by CD8* T cells, natural killer cells and
plasmacytoid dendritic cells, reinforcing the destructive effect of the
early host response’®.

Accordingly, single-cell and spatial transcriptomic studies have
identified an NF-kB-centred early inflammatory response that peaks
within1hour of LPS exposure, maximally engaging tubular, endothelial
and interstitial compartments'®®'. This activation is paralleled by a
dynamic system of receptor-ligand interactions that controls the vas-
cularandimmunological response, primarily through ANGPT1-Tie2 for
endothelial stabilization®, C3-C3aR1 linking complement produc-
tion to myeloid activation® and CCL2-CCR2 driving early monocyte
recruitment’®**°° (Fig. 1). These local inflammatory responses fol-
low an upstream cytokine milieu, which in turn is determined by the
TNF-centred pairs mentioned above. Consequently,this cytokine
milieu drives broad transcriptional reprogramming across organs®.
The analysis of clinical data has additionally revealed that only persis-
tentbut not transient AKlis associated with asustained inflammatory
response, a procoagulant milieu and the loss of vascular integrity,
underscoring the relevance of sustained early inflammatory signalling
in the pathogenesis of SA-AKI™.

Ferroptosis. Ferroptosis has emerged as a central regulated cell
death pathway, driven by iron overload, lipid peroxidation and loss
of glutathione peroxidase 4 (GPX4)°*"', In the context of SA-AKI,
Hmox1 is a key regulator of ferroptosis, exerting anti oxidative and
anti-inflammatory effects (Fig.1and Table 2). Consistently, inhibition
ofits negative regulator (miR-7212-5p) upregulated Hmox1, which sub-
sequently reduced ferroptosis, ROS levels and inflammatory cytokine
release®’.

Socs3. Socs3 seems to be a central regulator of cytokine signalling in
sepsis-associated inflammation® (Table 2). Induced by IL-6, it functions
as a negative feedback inhibitor of the JAK-STAT pathway, prevent-
ing uncontrolled cytokine activity”. Moreover, pathway enrichment
analysis linked Socs3 to TNF signalling in SA-AKI®'. These pleiotropic
functions highlight its dual impact: it can act as a molecular brake
dampening excessive cytokine cascades, while simultaneously par-
ticipatingin pathogenicstressresponses. Accordingly, integrative leu-
kocyte transcriptomic analyses and proteomic analyses of peripheral
blood mononuclear cells in people with sepsis demonstrate a broad
shutdown of transcriptional activity and dysregulated inflammatory
signalling compared with controls®. Notably, a conceptually related
late-phase shutdown phenotype has also been described at the tis-
sue level in kidney single-cell analyses in endotoxaemia'®. Another
study demonstrated that Socs3 is induced in kidney macrophages
during CLP-induced sepsis and contributes to a cytokine-inducible
anti-inflammatory regulatory module? (Fig. 1). This observation sug-
geststhatitis part of the stress response gene set and might contribute
to the shift from hyperinflammation to immune modulation.

SPP1 and related signalling. Large-scale proteomic profiling across
kidney disease has identified SPP1as one of the strongest plasma mark-
ers of acute tubular injury and a predictor of AKl risk and severity®
(Table 2). Furthermore, clinical studies show that circulating SPP1
is markedly elevated in sepsis, correlates with disease severity and
discriminates survivors from non-survivors’. Sppl expression is also
robustly upregulated in the kidney in both murine endotoxaemiaand
polymicrobial sepsis models, demonstrating its relevance within the
transcriptional programmes driven by sepsis-associated cytokine
combinations”. Accordingly, data from a murine CLP model mapped
Spp1tothe PI3K-AKT signalling pathway® —a central axis regulating cell
survival, proliferation and stress adaptation during injury®” %,

Although Janosevic et al. did not identify PI3K-AKT signalling as
aleading pathway in their scRNA-seq study of endotoxin-induced AKI,
their temporal mapping of cellular responses provides an important
framework in which to contextualize seemingly contradictory findings
from functional studies®'°°. During the early phase (0-4 hours), proxi-
mal tubular cells rapidly downregulate metabolic programmes while
the stress and survival pathways are engaged (see above)'. Consist-
ently, experimental evidence shows that PI3K-AKT activation protects
tubular epithelial cells by suppressing apoptosis”. Sixteen hours after
sepsis onset, aglobal collapse of intercellular communication occurs
despite theinitiation of repair programmes, at which point PI3K-AKT
activity might have divergent effects depending on the cell type: protec-
tivein tubules but differentially modulating myeloid activation states,
depending on whether the kidney microenvironment is dominated
by cytokine-driven inflammation or resolving signals™. In practice,
currentfindings suggest that PI3K-AKT activity might either maintain
inflammatory effector programmes (high cytokine production and
tissue injury) under ongoing endotoxin and/or cytokine pressure”, or
support a transition towards pro-resolving, tissue-repair-associated
transcriptional programmes as inflammatory stimuli decrease”. By
24-48 hours after sepsis onset, a marked shift in immune cell reper-
toires can be observed, particularly in macrophages'®. This shift is
consistent with the context-dependent role of PI3K-AKT outlined
above: under sustained inflammatory conditions its activity sustains
pro-inflammatory M1-like polarization, such thatits inhibition damp-
ens macrophage-driven inflammation®®'°°, whereas in a resolving
environment, PI3K-AKT activation instead favours anti-inflammatory,
pro-repair M2-like polarization®.

Single-cell and proteomic analyses indicate that SPP1 is expressed
inboth tubular epithelial and immune cells during kidney injury, sug-
gesting that it is part of the complexinterplay of inflammatory signal-
ling and epithelial stress responses®'?". One study reported that SppI*
macrophagesactivated fibroblasts directly and promoted extracellular
matrix depositionin a Cxcl4-dependent manner, establishing Spp1 as
a central effector of fibrogenic crosstalk within the injured kidney'".
Considering the data discussed above, the coordinated upregulation
of Sppl and stress-response genes such as HmoxI and Socs3 suggests
ashared transcriptional programme that ties inflammatory signal-
ling to the regulation of cell survival and tissue remodelling. Overall,
SPP1represents aninjury-induced mediator, with a pivotal role at the
intersection of inflammatory and PI3K-AKT-dependent stress signal-
ling. Moreresearchis needed to clarify whether Spp1 functions solely
as amarker of epithelial and immune activation, or as a key regulator
that links inflammation to maladaptive repair and fibrosis in SA-AKI.

Cxcl1 and Cxcl12. The chemokines CxclI and Cxcl12 act through
NF-kB signalling to drive neutrophil recruitment and amplify kidney
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inflammation®®"%2, CxclIis rapidly induced in myeloid, endothelial and
stromal cells during the early response to endotoxaemia, coinciding
with widespread NF-kB activation and establishing it as an early driver
of kidney chemotactic signalling'®® (Fig. 1and Table 2). By contrast,
Cxcl12is downregulated in septic AKI, indicating thatit does notactas
animmediate NF-kB effector but rather has aregulatory purpose that
might be suppressed during acute inflammation®. In the vasculature
and during development, Cxcl12 is crucial for controlling leukocyte
trafficking'®, but the available data suggest that it has a relatively minor
role in SA-AKI, functioning only as asupportive or modulatory cofactor
that complements the dominant CxclI-driven neutrophil response®.

Consistent with the work of Takahama and colleagues, systemic
cytokine combinations, notably the TNF-centred pairs discussed
earlier”, rewire NF-kB-dependent transcriptional programmes'**'%,
thereby providing an upstream milieu in which chemokines such as
Cxcll are induced across kidney tissues'®®,

Mapk14. Mapk14 was significantly upregulated inamurine CLP model,
with potential links to inflammatory and stress-response signalling®..
Complementary spatial transcriptomicsin IRIshowed that early injury
regions were enriched for genes associated with the p38 MAPK cas-
cade, apoptosis, oxidative stress and neutrophil migration”. However,
Mapki4 enrichmentis primarily observed in pathway enrichmentand
hub gene analyses, suggestingitis asecondary stress-response signal
rather than a central or disease-specific driver of SA-AKI.

NGAL and KIM-1. Across experimental and clinical studies, Lcn2
(anditsencoded protein neutrophil gelatinase-associated lipocalin,
NGAL) is consistently reported as a central marker of SA-AK['¢17#710¢
(Table 2).In septic mouse kidneys, Lcn2 was one of the most strongly
upregulated hub genes and its expression was associated with the
IL-17 signalling pathway (Fig. 1), suggesting adual role as abiomarker
and pro-inflammatory effector®. Spatial transcriptomics further
revealed diffuse Lcn2upregulationin both IRland CLP models, detect-
able even in histologically preserved regions, thereby highlighting
its value as an early marker of tubular injury”. Janosevic and col-
leagues confirmed time-dependent induction of NGAL throughout
sepsis progression'®. Accordingly, kidney Lcn2 activation is part of a
system-wide sepsis signature, linking it to cytokine-driven inflam-
matory programmes (for example, TNF-IL-18)%. Available clinical
data indicate that during sepsis, people with persistent instead of
transient AKI have sustained inflammatory and injury responses™. In
AKlin general, LCN2serves as awell recognized biomarker of severity
and prognosis'®. However, in SA-AKI, NGAL does not discriminate
persistent from transient AKI™2,

Another well established biomarker of proximal tubule injury in
murine models of AKl is Hauvcrl, which encodes kidney injury mole-
cule-1(KIM-1)*>1" (Table 2). InIRI, scRNA-seq identified distinct clusters
orinjured proximal tubule cells defined by a high expression of either
Havcrl or fibrinogen. Spatial transcriptomics then localized Havcri
expression to the outer stripe of the medulla”, which is particularly
injury-prone’. Conversely, in CLP-induced SA-AKI, Havcrl expres-
sion is not elevated”. These findings indicate that Havcrl expression
is aetiology-dependent — strongly and regionally upregulated in IRI,
only modestly induced in LPS-driven endotoxaemiaand absentin CLP
sepsis'®”7*1% Large transcriptomic and proteomic SA-AKI studies
consistently highlight oxidative stress, ferroptosis and inflamma-
tory pathways as central regulatory mechanisms rather than Havcrl
upregulation'>¢%6%81,

Together, these observations delineate a coordinated networkin
which TNF-centred cytokine pairs provide the upstream inflammatory
milieu”, with Socs3 (refs. 28,81), Spp1*”®', Hmox1®, Cxcl1'** and IL-6
(refs. 12,28) acting as central effectors integrating oxidative stress,
cytokine feedback and chemotactic signals (Fig. 1).

Epigenetic modifications. In addition to transcriptional regulation,
epigenetic modifications add an extra dimension of regulatory com-
plexity in the development of SA-AKI. Transcriptomic and experi-
mental analyses revealed that N6-adenosine RNA methylation (m6A)
is dynamically involved in septic kidney injury. Correlation analyses
demonstrated close interactions between mé6A regulators and the
hub genes mentioned above (HmoxI, Socs3, Lcn2, Cxcll and Cxcl12),
implicating m6A-dependent control of ferroptosis and inflammatory
pathways®.

Tissue repair and recovery from SA-AKI. Adenosine-to-inosine (A-to-I)
editing of antizyme inhibitor 1(AZINI) hasbeenreported to link inflam-
mation to kidney recovery'*® (Table 2). In murine endotoxaemia, the
amount of AZINI editing increased 16 hours after LPS exposure, which
coincides withthe transition from translation shutdown to tissue repair
(Fig. 1). This edited state increased the production of polyamines,
particularly spermidine, and co-opted glycolysis and nicotinamide
metabolism to confer metabolic resilience. The researchers engi-
neered two clustered regularly interspaced short palindromic repeats
(CRISPR) knock-in variants — one permanently edited (‘A-to-1locked’)
and one that could not be edited (‘A-to-l uneditable’) — to compare
the two states directly'*®. Edited AZINI promoted growth and stress
resistance (confirmed by CRISPR knock-in models), whereas uneditable
variants failed to mount a compensatory glycolytic response under
energetic stress, leaving cells vulnerable to nutrient deprivation and
mitochondrialinhibition. Thus, levels of AZINI editing might serve asa
molecular clock withwhich to stage kidney disease and identify those
entering an endogenous recovery phase'®,

These findings align with those of Janosevic et al., who also identi-
fied aturning point about 16 hours following LPS administration (Fig.1)
that was characterized by a global translational arrest, communica-
tion failure and the initial activation of repair pathways'. Here, Sox4
and Sox9 represent established regulators of the tubular epithelial
injury-repair response'®”'°, whereas Srfis implicated in cytoskeletal
remodelling'. Additionally, Hoxb7 activity was detected at the 16-hour
checkpoint'(Fig. 1and Table 2). The exact role of Hoxb7 in the adult
injured kidney is still unclear, but its presence in this group of regula-
tory genes suggests potential reactivation of developmental tran-
scriptional programmes during the early recovery phase. In kidney
biopsy tissue obtained from people with sepsis, samples whose tran-
scriptional profile matched that of the recovery-associated stage of the
murine timeline had lower sequential organ failure assessment scores,
underscoring the translational relevance of this recovery-associated
signature’.

Overall, recovery from SA-AKI seems to involve a multilayered
regulatory network comprising transcriptional switches in proximal
tubules (Sox4, Sox9, Srfand Hoxb?), post-transcriptional modulation
through RNA editing (AZINI), immunoregulatory crosstalk involving
the macrophage-mediated dampening of endothelial IL-6, and spatially
confined chemotactic programmes (Mdk). These mechanisms deline-
ate the16-hour window as a pivotal molecular inflexion point, marking
the onset of regenerative signalling, even within ongoing systemic
inflammation and organ dysfunction.
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Spatial transcriptomics

Spatial transcriptomics has proved to be an invaluable tool, aligning
scRNA-seq and snRNA-seq data with its histopathological and mor-
phological context, for example by analysing microregional niches
that drive disease processes, and identifying spatial relationships that
are essential for cellular crosstalk and differentiation. In murine IRI
and CLP models, sharply circumscribed cortical zones showed global
transcriptional silencing — so-called ‘low-expression zones’ —that were
enriched for apoptosis, oxidative stress, IL-17, neutrophil migration and
p38 MAPK signalling in IRI, and p53-signalling, cell-cycle arrest, apop-
tosis, TNF signalling and macrophage differentiation in CLP". Interest-
ingly, neighbouring nephron regions maintained biosynthetic activity,
delineating ‘failure’ versus ‘survival’ niches within the same sample”.
The previously discussed upregulation of KIM-1in the outer medullary
stripe during IRl and its absence in CLP-induced sepsis underscores
how injury niches are both spatially confined and aetiology-specific".

Spatially defined injury niches align with temporal single-cell
trajectories”, which identified global translation arrest and commu-
nication collapse as the turning point'® from reversible stress to either
recovery or failed repair with subsequent fibrosis and irreversible
organ dysfunction®%!"3 Spatial integration facilitated the precise
localization of a previously described S3 proximal tubular subtype —
the ‘S3 type 2’ (§3T2) population, originally identified as a regionally
distinct S3 cell type in single-cell atlases of the mouse kidney"*™ — to
the outer stripe of the outer medulla®. Notably, this specific cluster
retained its transcriptional identity throughout the endotoxaemia
timeline'®, suggesting a minor role in the dynamic transcriptional
response underlying SA-AKI pathophysiology. As noted above, bulk
RNA-seqin septic kidneys further supports these findings by showing
that ferroptosis, NF-kB, IL-17 and PI3K-AKT pathways were amongthe
dominant signatures®, but spatial anchoring shows that these tran-
scriptomic findings do not reflect a uniform organ-wide pattern, but
rather arise disproportionately from focal injury niches that dominate
the bulk signal, whereas large regions of the parenchymaremaintran-
scriptionally preserved. This observation also explains why, despite
apparently severe kidney dysfunction, histological analyses sometimes
show only relatively minor changes. Thus, use of spatial transcriptom-
icsis essential to identify localized drivers of dysfunction rather than
relying on organ-level averages.

Spatially organized immune-epithelial crosstalk in the sep-
tic kidney had previously been demonstrated in intravital imaging
studies'”""*!_ Cells in the S1 proximal tubular segments internalized
systemically administered LPS through TLR4-mediated endocytosis,
whichinturn triggered TLR4-CD14-dependent paracrine oxidative and
peroxisomalinjury indownstream S2 segments, proposed to be medi-
ated by locally produced TNF acting on TNF receptor 1(TNFR1)'. This
process seemed to be independent of systemic haemodynamics or any
circulating cytokines. We note that S1segments are seemingly resistant
to oxidative injury owing to upregulation of cytoprotective molecules
including haem oxygenase-1 (HO-1; encoded by Hmox1) and Sirtuin 1
(SIRT1)'”. Moreover, endotoxin preconditioning of mice induces S1
tubular epithelial cells to establish alocal chemokine gradient (includ-
ing CCL2, CCL3and CCLS) that promotes the clustering of macrophages
around S1segments'”’. Endotoxin preconditioningimproved survival
in CLP-induced sepsis and conferred kidney protection in LPS endo-
toxaemia. However, for LPS endotoxaemia, the coordinated interplay
between preconditioned S1 epithelial cells and macrophages was
required to ameliorate kidney injury, given that neither component
alone was sufficient'””. Importantly, although two-photon intravital

microscopy transformed the ability to observe cellular dynamics
in living tissue, its molecular depth is limited. In contrast to spatial
transcriptomics, it cannot capture how different injury aetiologies
shape transcriptional programmes across nephron segments or reveal
whether distinct chemotactic responses are context-dependent.

Spatial anchoring revealed that, in IRI, increased Atf3 expression
in S3 proximal tubules supported neutrophil recruitment into the
medulla, whereas in CLP, epithelial Mdk expression was the corre-
sponding chemotactic factor for cortical macrophage infiltration”
(Table 3). Accordingly, multiplexed imaging shows neutrophil enrich-
ment predominantly in medullary nichesinIRI, whereas macrophages
were most prominent in cortical injury niches in SA-AKI. These findings
suggest that distinct aetiologies have a major impact on immune cell
recruitment, whichisin turn coordinated by divergent epithelial-cell-
derived cues". The cortical macrophage-dominant pattern observed
by spatial transcriptomics in CLP is consistent with the S1-centred
macrophage clustering described above'”, and extends the cortical
recruitment zone to all proximal tubule segments (S1, S2 and corti-
cal S3)", now characterized at genome-wide resolution and across
aetiologies. Whether MDK and the CCL2-CCL3-CCL5 axis operate as
parallel or sequential signalsin this process remains to be determined.
Therefore, in SA-AKI, epithelial cells are not merely passive bystanders
to inflammation but actively regulate immune-cell migration to the
lesion site, determining whether neutrophils or macrophages domi-
nate. This immune-epithelial crosstalk adds a layer of complexity to
kidney inflammation, and spatial transcriptomics complement bulk
and single-cell datasets that lack the ability to spatially resolve cell-cell
interactions. These additional data help to uncover distinct spatially
organized cell states (such as immune-cell states localized to focal
areas) and to guide prioritization of receptor-ligand interactions
(given that cells that are close to each other are also more likely to be
interacting with each other).

Janosevic and colleagues facilitated this approach by integrating
single-cell transcriptomics with spatial localization in the endotox-
aemickidney’. A striking example is the ANGPT1-Tie2 axis (Fig.1and
Table 3). Here, ANGPT1expressed by S1 proximal tubular cells binds to
Tie2 receptors on endothelial cells to maintain vascular stability and
barrierintegrity'®®. Nevertheless, a corresponding selective loss of this
stabilizing signal was uncovered within peritubular capillaries in septic
kidneys, consistent with the microvascular leakage and endothelial
dysfunction that are hallmarks of SA-AKI™’. Spatial transcriptomics
indicates that such vascular injury is regionally patterned rather than
organ-wide: inischaemic AKI, endothelial populations are selectively
reduced withininjury-specific microenvironments at the AKI-sensitive
cortico-medullary boundary".

Another example is the C3-C3aR1 axis (Fig. 1 and Table 3). Com-
plement component C3, produced by tubular and stromal cells,
engages C3aR1 on infiltrating immune cells to amplify inflammatory
responses and leukocyte recruitment®, C3 upregulation was con-
firmed in the kidney microvasculature in both CLP mice and human
biopsy tissue, indicating a conserved role across species". Thisinter-
action seems to be concentrated in the outer medullary stripe, where
metabolic and inflammatory activation of injured proximal tubules
and immune infiltration converge'”®. This selective amplification
of complement-driven inflammation further illustrates the regional
differences in pathogenic crosstalk.

Overall,in SA-AKI, protective pathway activation (ANGPT1-Tie2)
and subsequent endothelial stabilization seem to be selectively lostin
crucial regions'®", whereas pro-inflammatory signalling (C3-C3aR1) is
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Table 3 | Pathophysiological mechanisms of SA-AKI mapped by integrative spatial transcriptomics and multi-omics

Cells Localization Marker or target Underlying disease process Refs.
Infiltrating Outer cortex of the kidney Mdk Macrophage recruitment and infiltration: Mdk is associated with 17
macrophages (CLP model) macrophage recruitment and is highly expressed in cortical proximal
(Chil3*/Ear2") tubule spots that colocalize with infiltrating macrophages
F4/80" macrophages Cortex Il1rn, IL1r2, Nfkbia, Macrophage-endothelialimmunoregulation: F4/80" macrophages are 28
(resident Tnfaip3 and Socs3 a resident MHCII" population that, after CLP, transitions into an MHCII'
macrophages) anti-inflammatory state characterized by strong upregulation of Il1rn, Il1r2,
Nfkbia, Tnfaip3 and Socs3. F4/80" macrophages restrain IL-1-driven IL-6
production in adjacent endothelial cells and thereby limit SA-AKI severity
Endothelial cells Endothelium (kidney IL-6 Sustained systemic and local inflammation: endothelial cells and 28

fibroblasts are the major source of 116 mRNA in the kidney following
experimentally induced sepsis (CLP). High IL-6 levels are implicated as a
pathogenic mediator of septic AKI

vasculature/microcirculation)

Proximal tubule cells Expressed in all kidney cell AZIN1 A-to-l editing Endogenous recovery and metabolic resilience: AZINT editing serves as a 108

(epithelium) types; metabolic substrate (molecular clock) temporal landmark, activated by preceding inflammation (dsRNA stress), which
sourced from S3 proximal enhances polyamine biosynthesis and engages glycolysis and nicotinamide
tubule and thick ascending limb pathways to drive tissue recovery and confer resilience against injury

Kidney tubular Kidney tubular epithelial cells Hmox17and Ferroptosis pathway activation: ferroptosis is the highest enriched pathway 81

epithelium (TCMK-1 mmu-miR-7212-5p in SA-AKI. The mmu-miR-7212-5p-Hmox1 axis is a key RNA regulatory

cells in vitro) pathway that modulates ferroptosis and subsequent inflammatory factor

release (inducible NO synthetase and IL-6)
Multiple cell Organ-wide (kidney) TNF-IL-18, TNF-IFNy Cytokine-driven organism-wide injury: the nonlinear, pairwise effects of 27
types (epithelial, and TNF-IL-1B (pairwise these three TNF-centred cytokine combinations are sufficient to induce

the transcriptional, cellular and physiological effects observed across the
kidney (TNF-IL-18) and other organs during sepsis

endothelial, immune) cytokine code)

Systemic circulation  Systemic circulation Cystatin C and the Prediction of persistent AKl and vascular integrity loss: sustained elevation 12
(plasma biomarkers) ANGPT2-to-ANGPT1 of these vascular and inflammatory markers is associated with persistent
ratio AKI (lasting >48 hours) versus transient AKI, reflecting prolonged
endothelial cell activation and coagulation activation
Leukocytes and Systemic circulation and Ribosomal proteins, Translation shutdown: this severe general downregulation of transcription 16,94
kidney cells kidney cells mitochondrial and translation pathways occurs widely in leukocytes and various
ribosomal proteins kidney cell types, peaking around 16 hours post-endotoxin and defining a
crucial transition period towards recovery or persistent injury
Macrophage- Cortex Socs3, Spp1 Inflammatory and survival signalling. Socs3 is involved in the TNF 81
endothelial cells signalling pathway and is highly expressed in macrophages, suggesting
anti-inflammatory polarization. Spp1, which is involved in PI3K-AKT
signalling, is a hub gene associated with CLP injury
S1 proximal S1 proximal tubule; kidney ANGPT1-Tie2 pair Vascular stability and permeability: ANGPT1-Tie2 is a homeostatic vascular- 10,16
tubule cells and endothelium stabilizing pathway whereby ANGPT1 from S1 proximal tubular cells activates

endothelial cells the Tie2 receptor on endothelial cells to maintain barrier integrity and suppress
inflammation. In sepsis, competing inflammatory signals functionally weaken

this axis, promoting endothelial activation and microvascular leak

Complement system crosstalk: C3 activates the C3a receptor on macrophages 16,88
and dendritic cells, amplifying leukocyte recruitment and innate immune

activation. During sepsis or endotoxaemia, this pathway becomes increasingly

engaged and contributes to local amplification of inflammatory and tissue injury

Pericyte and/or Pericyte and stromal
stromal cells: compartment; macrophage
macrophages and/or and dendritic cell clusters
dendritic cells

C3-C3aR1 pair

Immune cell recruitment and inflammation: CCL2-CCR2 is a chemotactic 16
axis in which endothelial and stromal CCL2 recruits CCR2" monocytes or
macrophages to sites of injury. In sepsis, heightened CCL2-CCR2 signalling

drives inflammatory myeloid infiltration, amplifying local inflammation and
contributing to tissue dysfunction. This pattern might explain the observed
macrophage clustering around S1tubules at late endotoxaemia time points

Endothelial cells:
macrophages and
lymphocytes

Kidney endothelium;
macrophage and lymphocyte
population

CCL2-CCR2 pair

Sox4, Sox9, Srfand
Hoxb7

Activation of an injury-induced pro-regenerative epithelial programme 16
during SA-AKI that marks early repair and restores tubular function

Proximal tubule
epithelial cells
(injury-induced
reparative state)

S1 proximal tubule

Early (1 hour) non-epithelial upregulation in SA-AKI, prior to epithelial 16,81
inflammatory activation; hub gene with highest network connectivity in the
NF-kB signalling pathway in CLP

Macrophages, Endothelial cells; pericyte

endothelial cellsand or stromal compartment;

pericytes macrophage and
dendritic cell clusters

Cxcl1 (neutrophil-
attracting chemokine)

ANGPT1-Tie2, angiopoietin 1-Tie2 receptor; CCL2, CC-chemokine ligand 2; CCR2, CC-chemokine receptor 2; C3, complement component 3; C3aR1, C3a receptor 1; CLP, caecal ligation
and puncture; dsRNA, double-stranded RNA; Hoxb7, homeobox B7; IL, interleukin; Il1rn, IL-1 receptor antagonist; Il1r2, IL-1 receptor type 2; LPS, lipopolysaccharide; Mdk, midkine; Nfkbia,
NF-kB inhibitor-a; NF-kB, nuclear factor-kB; SA-AKI, sepsis-associated acute kidney injury; scRNA-seq, single-cell RNA sequencing; snRNA-seq, single-nucleus RNA sequencing; Socs3,
suppressor of cytokine signalling 3; Spp1, secreted phosphoprotein 1; Srf, serum response factor; Sox, SRY-box transcription factor; Tnfaip3, TNF-a-induced protein 3; TNF, tumour necrosis
factor, mmu-miR-7212-5p, Mus musculus microRNA 7212-5p.
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upregulated in injury-prone niches'*”®%, Ultimately, this effect leads
to a heterogeneous phenotype in which both communication failure
and overactivation are present in distinct microenvironments. The
balance between stabilization and injury within these microenviron-
ments seems to be decisive for the global outcome. Spatial analysis of
whole-mouse sslices extended these insights by mappingimmune and
stromal dynamics across nine different organs (discussed earlier) in
sepsis” and revealed widespread shifts in cell-type abundance, such
as neutrophil accumulation and lymphocyte depletion.

Finally, the integration of spatial transcriptomics from human and
murine tissue with snRNA-seq (human) and scRNAseq (mouse) datasets
enabled the anatomical placement of 30 kidney cell types with >95%
concordance to histopathology, including fragile populations such as
podocytes and mesangial cells that are typically under-represented
in scRNA-seq datasets”. This limitation of scRNA-seq is probably due
to dissociation bias, as podocytes and mesangial cells are frequently
lost during tissue digestion'®"”", Beyond methodological accuracy,
cross-speciesintegrationincreases the translational value of such data-
sets by anchoring conserved cell states across mouse and human kid-
ney, and indicating which models best reflect human disease'*’; adding
aspatial layer adds further value by placing these conserved cell states
intheiranatomical context.In Melo Ferreiraet al., although the human
and murine analyses were run in parallel rather than truly integrated,
the same canonical kidney cell types were identifiable in both species”;
conserved markers such as C3 have since been validated across mouse
and human SA-AKI"®, Importantly, conserved cell-type and marker
identity reflects compositional and anatomical comparability, rather
than mechanistic equivalence; establishing whether the same disease
processes operate across species requires functional, pathway-level
cross-species comparison rather than cell-type concordance alone.

Human data also show that sustained cytokine pressure'?, focal
vascular destabilization'>"® and failed tissue repair***®'"* are possible
drivers of a severe course of SA-AKI, its transition to chronic kidney
disease and poor long-term outcomes. The integration of mechanistic
and spatial data, as well as the ability to estimate the translational value
of preclinical findings prior to clinical trials, paves the way for more
suitable biomarkers and much needed spatiotemporally targeted
interventions to shift the balance frominjury towards recovery.

Integrating clinical and molecular data to define
subphenotypes in SA-AKI
When analysing disease heterogeneity, different levels of granular-
ity can be distinguished, ranging from broad clinical presentations
to specific mechanistic pathways. A phenotype is a set of clinically
observable characteristics, with SA-AKl itself representing a clinical
phenotype®”. Within this broad phenotype, subphenotypes exist, which
are distinct subgroups defined by a shared set of measurable proper-
ties, such as biomarker profiles, clinical trajectories or differential
treatment responses>”. By contrast, endotypes represent particular
pathobiological mechanisms; identifying sepsis endotypes and their
associated targetsis fundamental to advancing precision medicinein
criticalillness (Fig. 2). Mechanistic studies have long described diverse
injury pathways in sepsis, ranging from endothelial activation and
microvascular dysfunction to mitochondrial failure and tubular stress
responses, but only asmall number of studies have explicitly defined
subgroups of people that meet the criteria of a subphenotype or an
endotype.

Bhatraju and colleaguesintegrated clinical variables with markers
of vascular and inflammatory activation using latent class analysis to

examine disease trajectories'. They analysed two large ICU cohorts

and consistently identified two AKI subphenotypes. Subphenotype 1
(AKI-SP1) was marked by lower circulating levels of inflammatory and
endothelial biomarkers, including angiopoietin-2, soluble TNFR1and
IL-8. Clinically, these people had less severe multi-organ dysfunction
and abetter trajectory of kidney recovery. Subphenotype 2 (AKI-SP2)
was characterized by a high angiopoietin-2-to-angiopoietin-1 ratio
(Table2), as well as elevated markers of systemic inflammation (IL-8 and
soluble TNFR-1) and vascular injury'?. Sepsis, vasopressor-dependency
and concomitant acute respiratory distress syndrome were more
prevalent in AKI-SP2 than in the AKI-SP1 group. These biologically
distinct profiles translated into outcome differences, with patientsin
the AKI-SP2 group having a markedly higher risk of 7-day non-recovery
of kidney function and a 28-day mortality of 25-36%, compared with
6-13% in those in the AKI-SP1group'. When applied to the Vasopres-
sin and Septic Shock Trial'?, these subphenotypes also predicted
treatment response. Vasopressinimproved 90-day survival in AKI-SP1
(mortality 27% versus 46% with norepinephrine), whereas no benefit
was observed in AKI-SP2 (45% versus 49%)'*". This stratification exempli-
fies predictive enrichment, whereby subphenotypes identify groups
with differential treatment response, and is distinct from prognostic
enrichment, which stratifies risk without necessarily implying benefit
heterogeneity.

Wiersema and colleagues examined 301 people with SA-AKI from
the prospective Finnish Acute Kidney Injury cohort'*'** and also identi-
fied two distinct subphenotypes. Subphenotype1(44% of patients) was
characterized by lower levels of inflammatory cytokines and endothe-
lial injury markers, whereas subphenotype 2 (56% of patients) had
elevated markers of systemic inflammation and vascular dysfunction
at admission, including heparin-binding protein (HBP), neutrophil
elastase 2 (ELA2), proteinase 3 (PRTN3), matrix metalloproteinase 8
(MMP8) and C-reactive protein (CRP). The clinical divergence mirrored
that observed by Bhatraju and colleagues: by day 90, mortality was 29%
inthose with subphenotype1versus 41%in those with subphenotype 2,
and short-term kidney recovery (by day 5) was significantly less fre-
quent in the subphenotype 2 group. These findings confirmed the
presence of an inflammation and endothelial biomarker-enriched
SA-AKI patient subgroup that is associated with higher mortality risk
and worse kidney recovery trajectories'”. This convergence across
different patient populations (North American AKI cohortsandaFinn-
ish cohort of people with sepsis and AKI) suggests the robustness and
reproducibility of these subphenotypes?'#,

The subphenotypes reported in these two studies align closely
with data from Uhel and colleagues suggesting a distinction between
transient and persistent AKI'%. In all frameworks, those in the high-risk
groups — subphenotype 2, AKI-SP2 and persistent AKI — had height-
ened systemicinflammation, endothelial activation,impaired kidney
recovery and excess mortality'>'?, Specifically, mortality was markedly
increased between 30 daysand1 year after onsetin people with persis-
tent AKI (>48 hours), which was accompanied by sustained systemic
inflammation, coagulation activation and loss of vascular integrity, in
contrast to transient AKI, whichresolved rapidly without excess mortal-
ity. Accordingly, subphenotype 1, AKI-SP1 and transient AKI shared a
more favourable inflammatory profile, rapid recovery of kidney func-
tionand a substantially lower mortality. Crucially, the underlying biol-
ogyistemporally dynamic: inmurine sepsis models, inflammatory and
endothelial programmes shift markedly within hours to days, implying
that these subphenotype-defining states might not be static'”. There-
fore, serial biomarker sampling and multi-omics — particularly spatially
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resolved research approaches — are essential to map endotypes not

Inline with these biomarker- and trajectory-based studies, Chaud-

only according to the active biological pathways, but alsowhenand haryetal.applied deeplearningtoroutine electronic healthrecord data
where they unfold (Fig. 2), guiding the discovery of markers that can  andidentified three subphenotypes of SA-AKI'”>, Although two of these

beimplemented at the bedside.

subphenotypes largely corresponded to the endotypes described by
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Fig. 2| Integrating longitudinal clinical and molecular data in SA-AKI to
enable precision medicine approaches. a, Longitudinal sampling of peripheral
blood mononuclear cells, plasma, urine and, where available, kidney biopsy
tissue, at defined time points after sepsis onset (the figure illustrates a potential
sampling timeline) in prospective human cohorts facilitates the generation of
complementary multi-omics libraries. b, These omics technologies include
single-cell RNA sequencing (scRNA-seq), single-nucleus RNA-seq (snRNA-seq)
and spatial transcriptomics, and their combination can resolve kidney cell
states, spatial niches and intercellular communication patterns over time.

¢, Integration of these datasets across kidney regions allows identification of
mechanistic targets such as F4/80" macrophages, interleukin (IL-6) signalling
or MDK signalling. In parallel, clinical trajectories and biomarker profiles are
used to discover and refine potentially hierarchical and temporarily dynamic
subphenotypes of SA-AKI. d, These candidate mechanisms and subphenotypes
are then back-translated into experimental settings, including human kidney

organoids and animal models, and are subsequently linked to minimally

invasive biomarker panels and targeted pharmacologicinterventions. SA-AKI
subphenotypes and endotypes need rigorous validation and should demonstrate
robust reproducibility before implementation in clinical trials to obtain
meaningful results. This overall framework illustrates how integrative spatial
transcriptomics, when combined with longitudinal clinical data and iterative
bench-to-bedside translation, can converge to validate endotypes and ultimately
enable personalized diagnosis, risk stratification and mechanism-based

therapy in SA-AKI. CRISPRa and CRISPRi, clustered regularly interspaced short
palindromic repeats activation and interference; IL-1RA, interleukin-1receptor
antagonist; PBMC, peripheral blood mononuclear cell; SA-AKI, sepsis-associated
acute kidney injury; SI-AKI, sepsis-induced acute kidney injury; t-SNE1and
t-SNE2, first and second dimensions of the ¢-distributed stochastic neighbour
embedding.

Bhatraju, Wiersemaand Uhel, a third intermediate subtype was charac-
terized by high prevalence of comorbidities and moderate biomarker
changes. Therefore, data-driven approaches leveraging routinely col-
lected clinicalinformation canrecover biologically validated endotypes
and mightrefine enrichment by uncoveringintermediate risk groups.

In addition to proposing that sepsis-induced AKl is a subpheno-
type of SA-AKI, in which sepsis-related mechanisms are the dominant
drivers of kidney injury’, the Acute Disease Quality Initiative group
also highlighted several biological axes as potential subphenotypes.
These include endothelial dysfunction, microcirculatory alterations,
mitochondrial failure, complement activation and metabolic repro-
gramming converging on tubular injury, and they might also define
SA-AKI endotypes. This group emphasized that clinical phenotypes
should not be confused with single mechanistic processes and that
rigorous validation is required before they can be considered true
clinical endotypes.

Broader analyses of critical illness support these findings. Reddy
and colleagues emphasized that the lack of therapeutic benefitinmany
critical caretrials can be attributed to the heterogeneity of syndromic
diagnoses such as sepsis, acute respiratory distress syndrome and AKI,
and proposed that the use of a precise terminology distinguishing
phenotypes, subphenotypes and endotypesis necessary for predictive
enrichment in clinical studies®. Vaara and colleagues subsequently
appliedthisapproachto AKI, highlighting how KDIGO-based definitions
obscure substantial heterogeneity and reviewing both trajectory-based
andbiomarker-driven strategies to define more biologically coherent
subgroups'. They further provided a structured methodological
framework, distinguishing clinical subphenotypes defined by stage,
timing, trajectory or aetiology, frombiological subphenotypes defined
by biomarkers, potentially extended by omics signatures. Moreover,
they describe the concept of subclinical AKI, inwhich structuralinjury
isdetectable by biomarkersinthe absence of increased creatininelevels
and is associated with an adverse prognosis'*.

Applying Vaara’s concept to the latest mechanistic studies sug-
gests that many of the proposed ‘novel’ endotypes of SA-AKI might
represent interconnected modules of a broader pathobiological con-
tinuumrather than fully individual entities. Persistent versus transient
SA-AKI, as defined by clinical trajectories, aligns with a hyperinflam-
matory and endothelial injury endotype consistently associated with
poor outcomes™"*"'>, Cellular and molecular studies provide a more
detailed understanding of these central biological processes. For
instance, in circulating leukocytes, suppression of transcription and

translation with expansion of low-density neutrophils reflects a state
of immunoparalysis’, whereas temporal single-cell mapping reveals
acoordinated progression from early endothelial activation to global
communication collapse and eventual activation of recovery pathways'®
(Fig. 1). Spatial transcriptomics further reveals that these processes
are not uniformly distributed but segment-specific, with distinct
epithelial-immune crosstalk in medullary versus cortical regions'®".
Mechanistic layers such as distinct cytokine combinations” or fer-
roptosisand méA-driven stress responses® can thus be seen asdrivers
or modifiers within this overarching inflammatory-endothelial trajec-
tory. Overall, SA-AKI seems torepresent aspectrum of overlapping and
temporally dynamic endotypes, broadly defined by biomarkers and
further resolved by cellular, molecular, spatial and temporal data that
clarify mechanistic drivers and might guide targeted interventions.

Challenges and future directions

Until now, the treatment of sepsis and septic kidney failure has largely
focused onsymptom control, meaning that we have mostly been react-
ing to SA-AKI, rather than anticipating and preventingit. The applica-
tion of spatial multi-omics to SA-AKI is now a promising approach for
transitioning from symptomatic treatment to targeted therapy, but
several challenges must be addressed before clinical translation can
be realized (Fig. 2). A major problem is the lack of adequate human
samples such as biopsy tissue from critically ill patients. Samples
obtained during autopsy are often affected by ischaemia owing to
the prolonged interval between death and sampling, and subsequent
autolysis can distort molecular signatures. Moreover, capturing the
temporal evolution of SA-AKIis complicated by the fact that repeated
tissue samplingis rarely feasible in people. To address this challenge,
longitudinalintegration of peripheral blood mononuclear cells, plasma
and urine proteomics, as well as kidney biopsy tissue (where avail-
able) and urinary single-cell profiling, might provide complementary
information at key disease stages'”’ (Fig. 2).

Spatial transcriptomics and multiplex imaging always represent
complementary butimperfect trade-offs betweenresolution, through-
putand molecular coverage, which further complicates the translation
of preclinical data. Depending on the resolution, spot-based assays mix
the gene-expression signals from neighbouring cell types, whereas
dissociation-based workflows risk losing fragile populations such as
podocytes, making cross-modality integration difficult™". Addition-
ally, high-resolution mapping of peritubular capillaries, which are a
crucial site of endothelial destabilization'®, complement activation™®
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and complement-myeloid crosstalk'®*®, remains technically chal-
lenging and integration with functional microvascular imaging is an
emerging field'. Given the high-dimensionality of spatial datasets
and their susceptibility to batch effects, reliably linking molecular
niches, such as ANGPT1-Tie2 loss or complement activation hotspots,
to clinical trajectories, such as transient versus persistent SA-AKI, is
very difficult without standardizing the datasets in terms of timing,
haemodynamics and organ support, whichis particularly challenging
in clinical settings'>'”".

Beyond these limitations, defining subphenotypes that are both
reproducible and clinically meaningful remains a major challenge,
giventhat data-driven subtypes derived from biomarkers or electronic
health records often vary across cohorts. Therefore, external valida-
tion, stability testing and prospective pre-specification is essential
before they canbe used for clinical trials or the development of targeted
therapies”. Thelack of standardized pipelines and assays further lim-
its clinical deployment, as does the absence of consensus analytical
standards and benchmark datasets™.

Future progress will rely on advances in sampling, technology
and clinical application. Accordingly, prospective multicentre stud-
ies combining biopsy tissue, rapid-autopsy material and serial sam-
pling at predefined time points will be key to aligning human data
with preclinical models'*?. Technological refinement should focus on
combiningspatial transcriptomics with multiplexed imaging tojointly
map transcripts, proteins and vascular features at capillary resolution.
A comprehensive understanding of the underlying pathomechanisms
andtheir dynamicsis vital to elucidate the transitions between subphe-
notypes and to distinguish between biological processes and therapeu-
ticeffects'®". The ability to assign patients to prespecified endotypes
(for example, endothelial destabilization due to ANGPT1-Tie2 failure,
complement-myeloid cell amplification loops, ferroptosis-dominated
states or macrophage-endothelial IL-6 signalling) depends on the dis-
covery of minimally invasive biomarker panels. Spatial transcriptomics
might then serve as a valuable metric in pharmacological studies, for
example, by demonstrating restoration of ANGPT1-Tie2 signalling or
suppression of complement-driven neutrophil recruitment.

To enable clinical application, the availability of standardized
tests for predefined mechanism-based biomarkersis essential, includ-
ing markers of endothelial destabilization (the ANGPT2-to-ANGPT1
ratio, soluble Tie2)'?!, thrombo-inflammation (D-dimers, remnants
of neutrophil extracellular traps)'>*”*?, ferroptosis and tubular stress
(NGAL and HMOX1-linked panels)®"' as well as macrophage activation
(SPP1)*?%1%_Of these, SPP1 and NGAL have demonstrated diagnos-
tic and prognostic value in clinical cohorts, whereas the remaining
markers are so far supported mainly by experimental data. This
biomarker-drivenapproachis complemented by humankidney orga-
noids and kidney-on-chip systems co-cultured with immune cells.
These systems provide a powerful tool with which to test the biological
relevance of new targets and therapeutic approaches without having
to proceed directly to in vivo trials (Fig. 2).

Conclusions

Integrative spatial transcriptomic analyses have revealed that SA-AKl s
organized into discrete cortical and medullary niches with spatially con-
fined signalling and cell-type-specific transcriptional programmes. Sys-
temic TNF-centred cytokine modules act as upstreamdrivers, rapidly
engaging NF-kB-dependent transcription and chemotaxis. Downstream
responses are directly determined by aetiology: LPS induces an early
endothelial response and transient communication collapse, whereas

CLP establishes a macrophage-endothelial axis that locally restrains
IL-6. In parallel, the stabilizing ANGPT1-Tie2 signal is lost, whereas
inflammatory circuits such as C3-C3aR1and Cxcll are engaged in the
injured kidney. Approximately 16 hours post-injury, these pathways
converge at amolecular checkpoint marked by translational arrest,
immune-epithelial crosstalk and the activation of regenerative path-
ways involving Sox4 and Sox9. Central mediators, including Hmox1,
Socs3, Sppl and Lcn2, coordinate ferroptosis, cytokine feedback and
PI3K-AKT signalling to balance injury and repair (Fig. 1, Tables 2 and 3).
This biphasic process ofinflammatory response and subsequent recov-
ery is mirrored across different mechanisms: ferroptosis, apoptosis,
communication collapse and immune cell infiltration lead to cellular
injury and organ failure, whereas RNA editing, metabolic adaptation
and reparative macrophage polarization mediate tissue repair and
recovery.

Importantly, transcriptomics alone cannot fully capture the
functional consequences of the observed spatial patterns. Spatial
multi-omics will be essential to close this gap. For instance, spatially
resolved metabolomics could directly link the metabolic reprogram-
ming observed in injured proximal tubular cells to the niche-specific
inflammatory signalling identified by spatial transcriptomics'® %, Like-
wise, spatial epigenomic profiling could reveal whether the chromatin
accessibility changes that drive proximal tubular cell fate decisions
towards failed repair or adaptive regeneration are spatially restricted
to the pathogenic niches highlighted here®. As these technologies
mature and are applied to SA-AKI, they will facilitate acomprehensive,
multi-layered spatial characterization of the disease, moving the field
beyond gene expression towards a more integrated understanding of
how transcriptomic, metabolic, proteomic and epigenomic alterations
converge within specific tissue microenvironments.

Translating the results obtained through spatial transcriptom-
ics integrated with multi-omics, and ultimately through spatial
multi-omics, into a precision medicine approach for SA-AKIwill require
improved human-centred sampling strategies, technological and
analytical innovation, rigorous endotype validation, and the develop-
ment of clinically usable biomarkers to enable personalized diagnosis,
refined risk stratification and targeted therapy.

Published online: 28 July 2026
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