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Abstract: In addition to being a leading cause of morbidity and mortality worldwide, sepsis is also
the most common cause of acute kidney injury (AKI). When sepsis leads to the development of AKI,
mortality increases dramatically. Since the cardinal feature of sepsis is a dysregulated host response to
infection, a disruption of kidney–immune crosstalk is likely to be contributing to worsening prognosis
in sepsis with acute kidney injury. Since immune-mediated injury to the kidney could disrupt its
protein manufacturing capacity, an investigation of molecules mediating this crosstalk not only helps
us understand the sepsis immune response, but also suggests that their supplementation could have a
therapeutic effect. Erythropoietin, vitamin D and uromodulin are known to mediate kidney–immune
crosstalk and their disrupted production could impact morbidity and mortality in sepsis with acute
kidney injury.
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1. Introduction

Sepsis is a complex syndrome of life-threatening organ dysfunction occurring as a
result of the host response to infection. It is a leading cause of morbidity and mortality in
critically ill patients [1], particularly in patients who also develop AKI, in whom mortality
doubles to 50% [2]. Little is known about why the co-occurrence of these two conditions
leads to such high mortality [3]. This lack of understanding has made it difficult to
improve the care and positively alter the prognosis of patients with sepsis and kidney
injury. Whereas electrolyte disturbances and the buildup of toxic metabolites during AKI
are likely to play a crucial role in the high mortality of sepsis with AKI (SwAKI), it is also
possible that a loss of protective molecule(s) from the injured kidney can contribute to the
dire outcomes observed. In fact, it has been demonstrated that a prior history of AKI, even
with complete recovery of filtration capability, increases the risk of developing long-term,
severe sepsis, suggesting that the link between sepsis and AKI extends beyond the loss of
kidney filtration function [4]. Here, we examine the relationship between the kidney and
the immune system in health and disease to explore this link and identify areas of potential
therapeutic intervention.

2. Pathophysiology of AKI in Sepsis
2.1. Introduction

The pathophysiology of sepsis is complex and very dynamic. Sepsis can be divided
into an early hyperdynamic phase marked by increased cardiac output and tissue perfusion
along with decreased vascular resistance. This phase is characterized by a proinflammatory
state mediated by neutrophils, macrophages and monocytes (described below), followed
by a hypodynamic phase marked by decreased tissue and microvascular blood flow and
cardiac function, along with increasing organ injury and damage [5]. The injury to organs
is likely multifactorial, caused by hemodynamic and vascular changes, direct invasion of
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pathogens, cytokine effects, altered metabolic programming and inadvertent consequences
of a dysregulated immune response [6]. The altered immune response is a cardinal feature
of sepsis and can frequently lead to a dyssynchronous and maladaptive response that
worsens the injury. Immune hyperactivity will compound the injury caused by invading
pathogens, whereas excessive immunosuppression will breach host defenses and typically
lead to systemic collapse. For example, many immune cells maladaptively transition to
apoptosis during this latter phase, with lymphocyte apoptosis occurring in the spleen
and other lymphoid tissues, and apoptosis of mononuclear phagocytes throughout the
body [7]. These two aspects of the sepsis immune response have led to a biphasic pattern
of mortality in which patients may succumb during the early, hyperreactive stage of the
illness or they may succumb during the immunosuppressive stage that follows thereafter.
However, sepsis mortality remains high even beyond the time range contained within the
biphasic model, with elevated mortality of sepsis patients even after apparent recovery as
a result of immune dysregulation and organ damage. This has led to the revision of the
biphasic model of sepsis mortality, which is now recognized to have three separate peaks
(Figure 1, [8]). The need for renal replacement therapy rises rapidly from baseline to Phase
1 but increases only gradually thereafter, remaining steady at approximately 1/3 of patients
having AKI severe enough to require renal replacement therapy [8].

Figure 1. Sepsis mortality is triphasic, with three major peaks of mortality (black). The need for renal
replacement therapy increases rapidly during phase 1 and only gradually thereafter (red). Based on
data from [8].

2.2. Pathophysiology of Lethal Human Sepsis

In the setting of sepsis with acute kidney injury, the damage to the kidney appears
to follow the sepsis themes of leukocyte infiltration and apoptosis. In the case of lethal
human sepsis, apoptotic epithelial cells have been identified in the tubules of patients who
succumbed to septic shock with AKI at a rate much higher than control ICU and trauma
patients [9]. These patients also experienced much higher rates of capillary leukocyte
infiltration and the rare presence of thrombi. In a similar study comparing postmortem
kidneys from sepsis patients to kidneys from trauma/cancer patients, sepsis patients
showed a dramatic increase over controls in both the percentage with focal acute tubular
injury (from 15% to 78%, respectively) and the extent of that injury (1% to 10–30% of tubules
injured, respectively). Electron microscopy analysis also revealed enlarged mitochondria
along with an increase in the number of autophagosomes [10]. In an additional cohort of
patients [11], kidney biopsies were taken from patients with sepsis-associated AKI shortly
after death in the intensive care unit (ICU) and compared to nephrectomies from renal
carcinoma patients. They found that sepsis AKI patients were highly heterogenous but
generally showed a dramatic increase in the number of neutrophils and macrophages
within the glomeruli and increased neutrophils in the tubulointerstitium. The macrophages
in the AKI kidneys predominantly expressed type II markers, with a subset of macrophages
expressing both type I and type II markers. In contrast, there were very few macrophages
in the control kidneys. In this population, the majority of apoptotic cells were found in the
tubulointerstitium, though a few AKI patients had limited evidence of apoptotic cells within
the glomerulus and others did not have any apoptotic cells within the tubulointerstitium.
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In contrast to other studies where histological evidence of thrombi was rare, over half of the
AKI patients in this study had evidence of fibrin-stained thrombi, whereas fibrin deposition
was not seen in the control cancer nephrectomies. Together, these studies paint a picture of
lethal human sepsis with AKI as characterized by high numbers of myeloid cells, apoptotic
tubular epithelial cells and occasionally microvascular fibrin deposition with damaged
mitochondria and increased autophagy occurring at the subcellular level.

2.3. Pathophysiology of Preclinical Animal Models of Sepsis

It has been difficult to explore the pathophysiology of non-lethal sepsis with AKI in
humans as kidney biopsy is generally contraindicated in these patients. As a result, much
of what we know about non-lethal sepsis with AKI comes from preclinical animal models.
These models include a sterile model of endotoxemia, polymicrobial sepsis models and
single pathogen models. Since the endotoxemia and polymicrobial models are the most
widely used in the field of AKI research, their pathology is discussed below.

2.3.1. Pathophysiology of the Lipopolysaccharide Model

The commonly used lipopolysaccharide (LPS) model leads to a consistent and re-
producible inflammatory response. Sufficient doses of LPS induce renal tubular injury
that is histologically characterized by necrosis of epithelial cells, loss of the brush border
and tubular dilation. LPS treatment also increases cell death via apoptosis, as measured
both by terminal deoxynucleotidyl transfer dUTP nick end labeling (TUNEL), as well
as the upregulation of proteins associated with apoptosis, such as Apaf-1 and (cleaved)
caspase-3 [12]. LPS is filtered by the glomerulus and the majority is internalized in the
S1 proximal tubular segments of the kidney nephron. This uptake is dependent on the
Toll-like receptor 4 (TLR4), as TLR4 knockout mice have limited uptake of fluorescently
labeled endotoxin. The uptake of endotoxin in the S1 tubules then mediates increased
oxidative stress and damage that is concentrated in the neighboring S2 segments and is
not present in S1 segments. Using bone marrow chimeras in TLR4 and wild-type mice,
the authors found that this process is dependent on renal TLR4 and is likely mediated by
TNF-alpha signaling from the S1 tubules to the TNF receptor-expressing S2 tubules [13].

When a moderate dose of LPS is used (one which leads to proinflammatory cytokine
release without causing shock), an antiviral response is triggered which results in a global
protein synthesis shutdown [14]. Since LPS models Gram-negative sepsis, this suggests that
this shutdown may occur independent of the type of pathogen initiating the infection, as
this response is commonly triggered in response to viral infection. Blocking this shutdown
pharmacologically decreases the kidney injury, implying that this is a maladaptive response.
Given the recent nature of this work, it remains unclear whether this response extends to
other preclinical models of sepsis or if it may be occurring in human sepsis as well.

Mortality is generally quite high at the doses used to study AKI in the LPS model,
which has recently led to the development of a sustained endotoxemia model wherein small,
repeated doses of LPS can be used to study the longer-term impact on the kidney. In this
model, sustained exposure to LPS leads to macrophage infiltration and collagen deposition
that continues to increase in the 3–14 days following the first injection [15]. The pathological
changes induced by LPS treatment were ameliorated by rapamycin, which was also capable
of reducing the ability of LPS to induce the production of inflammatory cytokines Il-1beta
and MCP-1 by macrophages in vitro. This suggests that, long-term, exposure to LPS
endotoxin activates mTOR signaling in macrophages, resulting in downstream kidney
injury and fibrosis. Importantly, this technique could model the development of chronic
kidney disease (CKD) following sepsis with AKI.

2.3.2. Pathophysiology of the Cecal Ligation and Puncture Model

The cecal ligation and puncture (CLP) model is considered by many to be the gold
standard animal model of sepsis, particularly in its representation of clinical peritoneal
sepsis [16]. In this model, surgery is required to open the abdomen, tie off a portion of the
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cecum and puncture the cecal wall, allowing fecal material to escape into the peritoneal
cavity. The resulting model can be modified to modulate severity by altering the length
of cecum ligated, the size/number of punctures and the timing/dosing of antibiotics to
treat infection [17]. While appealing to the researcher, this makes the interpretation of
CLP studies highly dependent on the exact parameters of the method. Different protocols
may each more accurately represent various scenarios in clinical practice, for example,
the withholding of antibiotics could model patients who do not receive prompt medical
care, or the use of aged mice could provide a more accurate representation of sepsis in
elderly individuals. Due to this variability, kidney pathology varies between investigators
depending on the protocol used, age of mice and the timepoint after surgery. However,
in mouse models with evidence of injury using late markers (i.e., serum creatinine), there
may also be histological evidence of kidney injury consisting of tubular vacuolization,
loss of brush borders and immune cell infiltration. Similar to injury incurred as a result
of ischemia reperfusion injury, this injury can be mitigated by short episodes of ischemia
and reperfusion in the limbs, known as remote ischemic reperfusion (rIPC). The rIPC
can attenuate production of inflammatory cytokines and reduce apoptosis in CLP mice;
this effect is dependent on the activity of HIF1α and its downstream target, mIR-21 [18].
Similar findings of apoptosis of renal cells can be seen using TUNEL staining in rat models
of CLP, where they are also accompanied by histological findings of glomerular atrophy,
renal capsule dilation, tubular damage and epithelial cell necrosis [19]. Despite the above
findings, it is generally accepted that there is not a large amount of cell death (necrotic or
programmed) in sepsis-induced AKI in comparison to other types of AKI; that damage
is instead driven by inflammation, disruptions to microcirculatory flow, and metabolic
perturbations in response to injury [20].

There is also evidence of autophagy in kidney tubules early on following CLP surgery,
though it is already diminishing compared to sham-operated animals by 24 h [21]. More
specifically, the use of autophagy to remove damaged mitochondria, known as mitophagy,
is upregulated early on after sepsis in animal models and decreases over time [22]; insuffi-
cient mitophagy has been associated with worsened outcomes [23], suggesting that this
process has a net benefit in sepsis. In fact, treatment of mice with rapamycin to accelerate
autophagy led to increased renal function and decreased histological damage to the kidney
in CLP animals [21], suggesting that increasing autophagy in sepsis could be a beneficial
treatment in patients with sepsis AKI.

The histological renal findings in the preclinical models of sepsis support those in
postmortem clinical studies (Figure 2), suggesting that they are likely to be providing an
accurate glimpse into early sepsis kidney pathology. The damage downstream of oxidative
stress, immune cell infiltration and overall inflammation induced within kidney sepsis is
partially balanced by the “cleanup” mechanisms of the kidney, such as the use of autophagy
to remove damaged organelles and cellular components. The remainder of this review will
focus on the driving force in sepsis pathology, the dysregulated immune response, and
how the kidney can modulate this response in adaptive and maladaptive ways in sepsis.

Figure 2. Shared pathological features of lethal human sepsis and rodent preclinical models of sepsis.
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3. Immune Response in Sepsis
3.1. Activation of Inflammatory Signaling by Pathogen and Damage-Associated Molecular Patterns

Infections from multiple organ sites can lead to downstream sepsis once the infection
is no longer confined to a single region. The spread of the infectious agent systemically will
lead to the induction of an inflammatory response as immune cells recognize the invader
through the interaction of pattern recognition receptors (PRRs) on their surfaces with the
pathogen-associated molecular patterns (PAMPs) of the microbe (i.e., LPS, described above).
Damage of host tissue can also trigger an inflammatory response through the production
of damage-associated molecular patterns (DAMPs, such as heat-shock proteins, ATP, DNA)
by dying cells. The presence of both PAMPs and DAMPs distinguishes sepsis from a sterile
inflammatory response, which would be an immune reaction solely to DAMPs [24]. The
PRRs that recognize these danger signals are primarily expressed by professional immune
cells (i.e., macrophages and dendritic cells), but can be expressed by cells throughout the
body [25]. PRRs are composed of multiple domains, including a ligand receptor domain
and effector domain, along with (an) intermediate domain(s) that links the two [26]. The
main categories of PRRs are Toll-like receptors (TLR), nucleotide-binding oligomerization
domain-like receptors (NLRs), RIG-I-like receptors (RLRs), C-type lectin receptors (CLRs)
and absent in melanoma-2-like receptors (ALRs). Of these, the most diverse is the TLR
group, which contains thirteen members capable of recognizing a diverse array of PAMPs
from bacteria, fungi, viruses and parasites. The remaining PRRs have a less broad range
of pathogens which they are currently known to recognize. NLRs recognize bacterial
infections, RLRs recognize viral infections, CLRs recognize fungal infections and ALRs
recognize bacterial infections. Activation of PRRs leads to the activation of NF-κb, often
through the action of adaptor proteins such as MyD88, which recruits proteins responsible
for releasing NF-κb from inhibition by its inhibitor IκB. This allows NF-κb to translocate
to the nucleus, where it is responsible for regulating the expression of genes, including
pro-inflammatory cytokines (i.e., IL-1, TNFα) and DAMPs (i.e., HMGB1, CIRP, H3) [27]. In
this way, the inflammatory response to an initial infectious insult is rapidly amplified.

3.2. Early Production of Anti-Inflammatory Cytokines

The inflammatory response is important to contain the infectious threat [28], but it
must be finely balanced to prevent too much collateral damage in cells and tissues that
would otherwise remain uninjured/uninfected. As a result, anti-inflammatory cytokines,
such as IL-10 and IL-1ra, are also produced early on in sepsis [29] to maintain this fine
balance. In contrast to earlier dogma, the inflammatory response and anti-inflammatory
response do not occur at distinct times but overlap to some extent in an effort to maintain a
balanced response to the infection. If the balance swings too far in either direction, it can
contribute to morbidity and mortality from either excessive inflammation and tissue/organ
damage or susceptibility to further infections due to immune reprogramming [30]. In
fact, one study found that levels of the both the inflammatory TNF-α as well as the
anti-inflammatory cytokine IL-10 were predictive of survival in sepsis patients, with non-
survivors having dramatically higher levels of both compared to survivors [29].

3.3. Long-Term Immune Derangement Following Acute Sepsis and Implications for
Immunomodulatory Therapeutics

If the sepsis patient receives timely critical care, mortality can be decreased (though not
eliminated) from the initial inflammatory and anti-inflammatory cytokine storms. However,
complex immunological and metabolic derangements combined with sustained organ dam-
age in these patients lead to ever-increasing mortality in patients starting 60–90 days after
the initial infection [31]. These derangements may include defects in the innate immune sys-
tem (i.e., persistent inflammation, a decrease in production of cytokines, immature myeloid
cells, reduction in phagocytosis and antigen presentation and chronic catabolism) or in the
adaptive immune system (T cell anergy, diminished T cell proliferation and cytotoxicity,
increased suppression capability of Tregs and lymphocyte apoptosis). These defects can
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combine to result in increased rates of infection (which can be with opportunistic pathogens
if adaptive immune cells have been impacted) as well as a failure of tissue to repair along
with ongoing organ damage, which may result in increased risk of death.

This suggests that a key reason why most of the clinical trials of immunomodulatory
sepsis treatments have failed is that blocking either of these responses completely will
simply shift the balance toward death from the compensatory response. What is instead
needed are targeted therapeutics that help the patient maintain the delicate balance between
the two arms of the early response while promoting recovery from the chronic immune
and metabolic changes induced by acute sepsis. These therapeutics might change based on
the age, symptom severity and pathogen associated with the development of sepsis. For
example, the immune-suppressing corticosteroid dexamethasone significantly decreased
mortality in hospitalized patients infected with SARS-CoV-2 who required respiratory
support (supplemental oxygen or mechanical ventilation), but not those who did not
require such support [32]. However, a meta-analysis of clinical trials for corticosteroid use
in SARS-CoV-2 patients suggested this may come at the expense of increased secondary
infections and delayed viral clearance [33], reinforcing the notion that treating sepsis by
modulating the immune system is a delicate balancing act.

4. Macrophages as Drivers of Sepsis Progression
4.1. Macrophage Contribution to Sepsis and Septic Shock

Mononuclear phagocytes, and macrophages in particular, play a key role in the patho-
genesis of sepsis [34]. Tissue macrophages are principal defenders against pathogens
through phagocytosis, release of cytokines and activation of an inflammatory cascade. In
an adaptive response to infections, mononuclear phagocyte activity will transition from first
attacking the pathogen to “clearing the scene” and restoration of homeostasis by remov-
ing other apoptotic cells and propagating a counter-inflammatory signaling. Underlying
this change in macrophage activity is a transition from a predominantly M1 phenotype
to an M2 phenotype [35]. In maladaptive responses, mononuclear phagocytes can con-
tribute to septic shock, for example through release of proinflammatory cytokines such
as IL-6, IL-8, TNF-a and IL-15 [36,37], or to immune suppression through the release of
anti-inflammatory cytokines such as IL-10, IL-13 and IL-4 [38,39]. Macrophages may also
contribute to vascular dysfunction in septic shock due to their production of nitric oxide
(NO). Macrophages produce NO through the activity of the inducible nitric oxide synthase
(iNOS), which is produced only in response to inflammation by both macrophages as well
as neutrophils and other cells of the body. Though NO is an excellent defense against
bacterial infection, excessive amounts can lead to vasodilation, vascular hypo-reactivity
and increased vascular permeability. Together, these result in the characteristic hypotension
of septic shock [40]. Unfortunately, inhibition of NO production is not a viable pharmaco-
logical target. Though NOS inhibitors are capable of ameliorating hypotension in septic
shock, they also exacerbate organ damage in the kidney, liver, lung, pancreas and intestines,
supporting the notion that NO plays important roles in the septic response to infection that
balance its negative impact on blood pressure.

4.2. Loss of Macrophage Function in Sepsis Worsens Outcomes

Loss of normal macrophage function in sepsis has been known to worsen sepsis out-
comes for some time. For example, the association between sepsis outcomes and MHC-II
expression was first described in 1990 using flow cytometry-based approaches [41] and
more recently validated using qRT-PCR [42,43]. The original studies showed that an acute
decrease in MHC-II expression on monocytes following trauma is rapidly restored in pa-
tients who do not go on to develop sepsis, is more slowly restored in patients who develop
sepsis and recover and is never restored in patients who succumb to sepsis [41]. This
has since been expanded to other populations such that MHC-II expression, particularly
the HLA-DR type, is considered to be a marker of the immune system derangement in
sepsis [44] where its expression is inversely proportional to sepsis severity [43]. This sug-
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gests that the pathogen-fighting capabilities of macrophages remain incredibly important
throughout the sepsis response. This is not the only function lost by mononuclear phago-
cytes during sepsis. Monocytes from septic individuals have a decreased capacity to secrete
inflammatory cytokines (Il-1β, IL-6, TNF-α) in comparison to those isolated from healthy
controls when stimulated by LPS ex vivo [45], known as endotoxin tolerance. This capacity
is restored among those who survived sepsis, but not those who succumbed, suggesting
that recovering macrophage function is a critical step in surviving sepsis. Phagocytic
capacity has also emerged as a predictor of sepsis survival, where patients who survived
infection had higher capacity for phagocytosis [46]. Phagocytic activity was measured in
both monocytes and polymorphonuclear leukocytes (PMNs) isolated from septic patients
using fluorescently labeled bacteria and measuring the uptake using flow cytometry. They
found that phagocytosis is decreased in both monocytes and PMNs isolated on the day
of admission from non-survivors when compared to survivors and controls, though the
effect size is much larger in PMNs and the difference fails to reach statistical significance
in the monocytes. In the surviving patients, phagocytic activity remains at similar levels
on the day of discharge for both monocytes and PMNs. Together, these results suggest
that maintaining optimal macrophage activity is an important driver of sepsis mortality
(Figure 3) and that therapeutics which modulate macrophage activity are likely to be of
benefit if they are dosed at the correct time in the course of illness.

Figure 3. Macrophage dysfunctions linked to increased sepsis mortality.

4.3. Macrophage Infiltration Drives Both Damage and Repair in AKI

While improper macrophage function can drive sepsis progression due to the inability
of the immune system to control the invading pathogen, macrophages can themselves
drive kidney injury. The majority of macrophages that infiltrate the kidney early in the
CLP model of sepsis are of the M1 phenotype, expressing high amounts of iNOS-1 and
low amounts of Arg1 and FIZZ1. Preventing the accumulation of these M1 macrophages
decreases kidney injury and helps maintain kidney function [47]. This is consistent with M1
macrophages role in secreting pro-inflammatory cytokines, whose action could result in cell
damage/death, as described above. Conversely, M2 macrophages begin to accumulate later
on in the course of sepsis and their depletion increases kidney injury and decreases kidney
function, consistent with their role in repair [48]. While these studies cannot be conducted
in humans kidneys due to ethical issues, circulating monocytes derived from patients in
the acute versus recovery phases of sepsis show a similar monocyte plasticity in human
sepsis, which was mediated by hypoxia inducible factor-1α (HIF1α) [49], suggesting that
these findings may extend to septic human kidneys.

5. Kidney–Macrophage Crosstalk in Sepsis

This section will explore crosstalk between the kidney and cells of the immune system,
particularly macrophages. However, it is important to note that the kidney’s interaction
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with immune system components (i.e., immune cells and cytokines) could have impact
on other organs which are beyond the scope of this review. The interested reader should
consult the following review for additional information on kidney–organ crosstalk in
sepsis [50].

5.1. Kidney Resident and Infiltrating Immune Cells

The kidneys host a wide variety of resident immune cells. Recent flow cytometry
studies in uninjured human kidneys from tumor nephrectomies and kidney donor biop-
sies [51] found that nearly half of all Cd45+ cells are Cd3+ T cells and an additional 15–20%
of Cd45+ cells are natural killer cells. Macrophage/monocytes and neutrophils each make
up approximately 10% of the remaining, along with small (~1%) quantities of classical
dendritic cells and B cells. The same authors compared this composition to young (1 month)
and aged (1 year) mouse kidneys and found that mouse kidneys contain much smaller
numbers of Cd3+ T cells (10–15% of Cd45+ cells) and NK cells (5–10%) along with much
larger proportions of B cells (16–20%), macrophages (40–45%), scant (<1%) neutrophils and
dendritic cells. It is unclear why the human kidneys contained much larger numbers of
T cells as compared to mouse kidneys, though it could be due to the relative cleanliness
of a mouse living in specific pathogen free conditions in comparison to a human. High
proportions of T cells in human kidneys were also found, specifically in mature kidneys,
within a recent scRNA-sequencing study of healthy fetal and mature kidneys [52]. By using
relevant epithelial markers to determine the area from which each biopsy was likely taken
(renal cortex, cortex/medulla or medulla/pelvis), they demonstrated that this T cell domi-
nance phenomenon is especially prominent in the cortex, and the renal pelvis and myeloid
cells represent a substantially larger proportion of mature immune cells within the medulla.
In fetal kidneys, they found that macrophages and other myeloid cells are the dominant
immune cell in development, with relative proportions of lymphocytes increasing during
fetal development.

Animal studies suggest that the immune cell composition is substantially altered in
the context of infection and sepsis. Recent preclinical work has shown that macrophages,
along with neutrophils, make up an increasingly large proportion of Cd45+ immune cells
within the kidney following a single bolus LPS injection, and that they are among the
first responders along with endothelial and stromal cells [53]. Even as other cells are
returning to baseline gene expression 48 hours after LPS administration, macrophages
continue to show upregulation of genes involved in phagocytosis and cell motility along
with leukotrienes, suggesting that these first responders continue to be critically important
throughout the early course of sepsis progression. The expanded macrophage populations
largely consisted of a group of cells lacking proliferation markers that likely represent
infiltrating macrophages, suggesting that the circulation is the main source of macrophages
in this setting. In the CLP model of sepsis, a recent spatial transcriptomic study revealed
that infiltrating macrophages in the mouse kidney were located near proximal tubules with
increased expression of the macrophage recruiting growth factor Midkine (Mdk) early on in
the course of disease [54], supporting the hypothesis that the kidney recruits macrophages
as front-line defenders in the context of sepsis. Transcriptomic analysis of immune cells
derived from the urine of sepsis patients reveals an up-regulation in marker genes of
myeloid cells concurrent with a down-regulation in T lymphocyte marker genes [55],
suggesting that human kidneys also transition to a myeloid-dominant phenotype in sepsis.

5.2. Kidney-Derived Molecules That Regulate Macrophage Function Could Be Key Drivers of
Sepsis Progression

In addition to hosting its own resident immune cells, the kidney is the exclusive or
major producer of molecules which can act directly or indirectly on the immune system.
Erythropoietin, vitamin D and uromodulin were chosen as examples of such molecules
due to large bodies of literature describing their immunomodulatory roles.
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5.2.1. Erythropoietin

The kidney is the major site of production of erythropoietin (EPO), well known for
its stimulation of red blood cell production by the bone marrow in response to hypoxia,
but which has recently been shown to prime macrophages for efferocytosis of apoptotic
cells [56]. Erythropoietin performs its primary function by binding to its receptor, EPO
receptor (EPOR), which is found on the surface of erythroid progenitor cells. This receptor
is also expressed by macrophages, and the interaction of EPO with EPOR on macrophages
is capable of suppressing the expression of inflammatory genes. Apoptotic cells are capable
of activating EPO signaling within macrophages and promoting the removal of these dying
cells by efferocytosis [56].

Despite the damage done to the kidney in SwAKI, plasma levels of erythropoietin are
known to increase in both AKI and sepsis [57–59]. This increase appears to be a beneficial
response, as treatment with exogenous erythropoietin or its analogues has been shown
to be beneficial in multiple preclinical models of sepsis through its pleiotropic protective
effects, including its ability to modulate the immune response [60–65]. While there are
not currently any active clinical trials using erythropoietin for the treatment of sepsis
listed on the ClinicalTrials.gov website, multiple investigators have published results from
clinical trials aiming to prevent AKI in susceptible populations with mixed results [66–71],
suggesting that such treatment could be beneficial in some as yet unidentified subsets of
these vulnerable populations. Given the success of erythropoietin treatment in preclinical
models of sepsis, it is possible that such treatment could be beneficial in some sepsis
patients, though there are not any published data yet to support this.

5.2.2. Vitamin D

The kidney is also responsible for converting vitamin D3 to its active form,
1,25-dihydroxyvitamin D (1,25D) by the enzyme CYP27B1 in response to parathyroid
hormone. Though other tissues are capable of producing this form, both its synthesis
and its activity remain local, making the kidney an important source of systemic 1,25D.
Systemic 1,25D then forms a complex with vitamin D receptors. When these are located
on immune cells, they can enhance phagocytosis and chemotaxis while also suppressing
proinflammatory cytokines to modulate the immune response. Monocytes are also capable
of inducing their own CYP27B1 activity in response to infection, but this appears to regu-
late intracellular signaling that results in macrophage production of cathelicidin, a protein
which can disrupt microbial membranes [72].

Vitamin D has a complex relationship with kidney injury. Low levels of vitamin D
are a risk factor for AKI and are correlated with worse outcomes when AKI occurs, while
toxic levels of vitamin D can cause AKI directly. AKI itself commonly leads to decreased
production of vitamin D [73]. Together, these results suggest that optimal kidney health
is achieved when vitamin D levels are maintained within normal limits. Supporting this,
systemic levels of 1,25D are predictors of sepsis survival [72]. This is also consistent with a
putative role of vitamin D as an immune modulator. As a result, many preclinical studies
have been conducted using vitamin D as a treatment for various types of AKI, including
sepsis-induced AKI, with promising results in mitigating both LPS-induced renal oxidative
stress [74] as well as the expression of inflammatory cytokines within the kidney [75].

5.2.3. Uromodulin

The kidney manufactures uromodulin (also known as Tamm–Horsfall protein) and
releases the majority of it into the urine as a high molecular weight polymer [76]. While
uromodulin has long been known to possess immunomodulatory effects in vitro [77], stud-
ies by our lab and others have found that uromodulin knockout mice have differences
in the renal macrophage and neutrophil number and function, along with increased sus-
ceptibility to bladder and urinary tract infections [78–83]. The decreased susceptibility
to bladder and urinary tract infections appears to be a result of physical interactions be-
tween polymeric uromodulin in the urine and bacteria. This physical interaction prevents
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bacteria from interacting with and forming attachments to the uroplakin receptors on the
urothelial surface [80]. These apparently protective effects contrast with reports that the
polymeric urinary form of uromodulin is a DAMP produced by the kidney [84] which
can activate pro-inflammatory signaling pathways in myeloid cells in a TLR4-dependent
manner [85]. However, a small portion of uromodulin is also secreted into the kidney
interstitium and makes its way into the circulation [86]. Circulating uromodulin is not
polymeric [78], suggesting that it could have very different interactions with the immune
system in comparison to polymeric uromodulin. In clinical studies, both circulating and
urinary uromodulin levels have been shown to be protective against kidney disease as well
as cardiac and all-cause mortality, suggesting that elevated levels of uromodulin could be
advantageous [87–90].

Interestingly, uromodulin expression in the kidney increases in the CLP model of sep-
sis, and initial imaging studies suggest there could be increased trafficking of uromodulin
to the circulation [91]. This is in contrast to both a preclinical model of ischemia reperfusion
injury AKI and a patient population with AKI in which circulating uromodulin is acutely
depleted [92], suggesting that the kidney damage in CLP sepsis is not sufficient to deplete
circulating uromodulin. Complete uromodulin deficiency in a knockout mouse model has
also been shown to increase susceptibility to kidney injury [93], suggesting that maintaining
or even increasing normal circulating uromodulin levels in acute kidney injury would
ameliorate injury. In fact, treatment of uromodulin deficient mice with a non-aggregated
form of uromodulin does mitigate injury in an ischemia-reperfusion model [78]. Given its
ability to modulate the immune system, its renoprotective effects in AKI and its ability to
mitigate renal oxidative stress [92], the increased expression and, potentially, trafficking of
uromodulin to the circulation could be a protective measure by the kidney to modulate the
immune system in the setting of severe infection. However, much work remains to be done
to see if uromodulin is protective in the setting of sepsis and to determine its usefulness as
a potential therapeutic.

6. Conclusions
6.1. Impact of Kidney–Immune Crosstalk in Sepsis

Together, these findings suggest a circular relationship between the kidney and the
immune system in SwAKI (Figure 4). The immune response in sepsis leads to the re-
cruitment of immune cells to the kidney, along with other organs, where the release of
proinflammatory cytokines can lead to tissue damage. In a vicious cycle, DAMPs released
from dead and dying cells further exacerbate the inflammatory response. Immune cells
also produce anti-inflammatory cytokines that can lead to immunosuppression. If these
two arms of the sepsis response are not balanced or if too much damage occurs to immune
cells in the kidney and elsewhere throughout the body, this can lead to long-term immune
dysregulation. Thus, it is possible for patients to experience high levels of morbidity and
mortality during the initial inflammatory phase, the subsequent immune suppressed phase,
and the final immune dysregulated phase.

The kidney can also produce molecules that could potentially improve sepsis outcomes,
such as erythropoietin, vitamin D and uromodulin. In cases of sepsis where the damage
to the cells producing these molecules is limited, it is possible that the kidney would
increase or maintain their levels to modulate the immune response. However, we know
that both vitamin D and uromodulin are subject to disruptions in production in AKI and
these decreases could lead to improperly regulated immune responses. This suggests that
supplementing their production is a potential therapeutic opportunity to improve outcomes
in SwAKI. Thus, while the complex interplay between the kidney and the immune system
in sepsis has negative outcomes in SwAKI, its investigation is likely to lead to beneficial
advances in patient care.
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Figure 4. Kidney immune crosstalk in health and sepsis. Uromodulin’s immunomodulatory and anti-
oxidative stress roles are well established in the healthy kidney, but it is unknown if these extend to
sepsis. Vitamin D is known to promote phagocytosis and chemotaxis while suppressing inflammatory
cytokine production. It can also mitigate renal oxidative stress. Erythropoeitin promotes efferocytosis
and suppresses inflammatory gene expression. Damage- and pathogen-associated molecular patterns
(DAMPs/PAMPs) increase in sepsis due to pathogen infiltration and cell damage. Kidney injury can
modulate the levels of kidney-derived molecules. Erythropoietin increases with kidney injury while
sufficient levels of kidney injury can deplete both uromodulin and vitamin D.

6.2. Future Directions

Much remains to be done in the field of sepsis study, particularly for SwAKI, as
morbidity and mortality associated with this condition remain unacceptably high. While
clinical SwAKI remains difficult to study due to the contraindication of kidney biopsy
in these patients, we can and should continue to learn valuable lessons from preclinical
models and lethal human AKI. This could involve the application of novel technologies
to investigate gene transcription, protein production and cellular interactions to identify
new potential targets. However, there is much to be done in developing the currently
identified kidney-derived molecules who could mediate crosstalk between the kidney
and the immune system in sepsis. Of these, erythropoietin is the farthest along in the
developmental pipeline, as it has been used as a successful treatment in preclinical sepsis
models [60–65]. However, these findings have not made their way to the clinic (Table 1).
Vitamin D levels are predictive of sepsis survival in patients and treatment with vitamin
D is beneficial in LPS models of sepsis. Additionally, specific mechanisms of action have
been identified for its protective effect in this model (Table 1, [74,75]). To further develop
vitamin D’s role as a potential novel sepsis therapeutic, it needs to be characterized in other
preclinical animal models of sepsis before moving on to clinical trials to bring this treatment
to the clinic. Finally, uromodulin, while extensively characterized as an immunomodulatory
protein made exclusively by the kidney, should be characterized in preclinical animal
models of sepsis and within patient populations to determine if it may have a potential
therapeutic benefit as well.
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Table 1. Kidney-derived molecules that could mediate kidney–immune crosstalk in sepsis.

Molecule of
Interest Lessons Learned from Animal Models Results from

Human Sepsis Future Work Needed

Erythropoietin

Primes macrophages for efferocytosis of
apoptotic cells and suppresses

macrophage expression of inflammatory
genes [56]

Levels increase in AKI and sepsis [59]
Treatment with

erythropoietin is
protective [60–65]

Levels increase
in sepsis [57,58]

Identification of sepsis
patients who would benefit from

erythropoietin
supplementation
Clinical trials of

erythropoietin supplementation in sepsis

Vitamin D

Enhances macrophage phagocytosis and
chemotaxis and suppresses inflammatory

cytokine production [72]
Treatment with vitamin D mitigates renal

oxidative stress [74] and decreases
expression of inflammatory

cytokines in the kidney [75] in LPS

Systemic levels
are predictors

of sepsis
survival [72]

Vitamin D treatment in other preclinical
animal models of sepsis

Identification of
patients who would benefit from vitamin D

Clinical trials of vitamin D
supplementation in sepsis

Uromodulin
(Tamm–Horsfall

protein)

Regulates macrophage number and
phagocytic function [78]

Regulates neutrophil production [79]
Protective against bladder and urinary

tract infection [80]
Depleted in ischemic AKI [92,93], but

elevated in CLP sepsis [91]
Treatment with uromodulin mitigates

kidney injury in ischemic AKI [50]

Levels decrease
in AKI [93]

Characterization of
uromodulin and

uromodulin treatment in animal models of
sepsis

Characterization of
uromodulin in sepsis
patient populations

Identification of sepsis
patients who would benefit from uromodulin

supplementation
Clinical trials of uromodulin

supplementation in sepsis

Funding: This research was funded by NIDDK, grant number 1 K99 DK127216.

Acknowledgments: I would like to acknowledge Tarek Ashkar for providing critical feedback on the
manuscript.

Conflicts of Interest: The author declares no conflict of interest.

References
1. Heron, M. Deaths: Leading Causes for 2015. Natl. Vital. Stat. Rep. 2017, 66, 1–76.
2. Hoste, E.A.; Lameire, N.H.; Vanholder, R.C.; Benoit, D.D.; Decruyenaere, J.M.; Colardyn, F.A. Acute renal failure in patients

with sepsis in a surgical ICU: Predictive factors, incidence, comorbidity, and outcome. J. Am. Soc. Nephrol. 2003, 14, 1022–1030.
[CrossRef]

3. Bellomo, R.; Kellum, J.A.; Ronco, C.; Wald, R.; Martensson, J.; Maiden, M.; Bagshaw, S.M.; Glassford, N.J.; Lankadeva, Y.; Vaara,
S.T.; et al. Acute kidney injury in sepsis. Intensive Care Med. 2017, 43, 816–828. [CrossRef]

4. Lai, T.S.; Wang, C.Y.; Pan, S.C.; Huang, T.M.; Lin, M.C.; Lai, C.F.; Wu, C.H.; Wu, V.C.; Chien, K.L. Risk of developing severe sepsis
after acute kidney injury: A population-based cohort study. Crit. Care 2013, 17, R231. [CrossRef]

5. Wesche, D.E.; Lomas-Neira, J.L.; Perl, M.; Chung, C.S.; Ayala, A. Leukocyte apoptosis and its significance in sepsis and shock. J.
Leukoc. Biol. 2005, 78, 325–337. [CrossRef]

6. Peerapornratana, S.; Manrique-Caballero, C.L.; Gomez, H.; Kellum, J.A. Acute kidney injury from sepsis: Current concepts,
epidemiology, pathophysiology, prevention and treatment. Kidney Int. 2019, 96, 1083–1099. [CrossRef]

7. Luan, Y.Y.; Yao, Y.M.; Xiao, X.Z.; Sheng, Z.Y. Insights into the apoptotic death of immune cells in sepsis. J. Interferon Cytokine Res.
2015, 35, 17–22. [CrossRef]

8. Otto, G.P.; Sossdorf, M.; Claus, R.A.; Rödel, J.; Menge, K.; Reinhart, K.; Bauer, M.; Riedemann, N.C. The late phase of sepsis is
characterized by an increased microbiological burden and death rate. Crit. Care 2011, 15, R183. [CrossRef]

9. Lerolle, N.; Nochy, D.; Guérot, E.; Bruneval, P.; Fagon, J.Y.; Diehl, J.L.; Hill, G. Histopathology of septic shock induced acute
kidney injury: Apoptosis and leukocytic infiltration. Intensive Care Med. 2010, 36, 471–478. [CrossRef]

10. Takasu, O.; Gaut, J.P.; Watanabe, E.; To, K.; Fagley, E.; Sato, B.; Jarman, S.; Efimov, I.R.; Janks, D.L.; Srivastava, A.; et al. Mechanisms
of cardiac and renal dysfunction in patients dying of sepsis. Am. J. Respir. Crit. Care Med. 2013, 187, 509–517. [CrossRef]

http://doi.org/10.1097/01.ASN.0000059863.48590.E9
http://doi.org/10.1007/s00134-017-4755-7
http://doi.org/10.1186/cc13054
http://doi.org/10.1189/jlb.0105017
http://doi.org/10.1016/j.kint.2019.05.026
http://doi.org/10.1089/jir.2014.0069
http://doi.org/10.1186/cc10332
http://doi.org/10.1007/s00134-009-1723-x
http://doi.org/10.1164/rccm.201211-1983OC


Int. J. Mol. Sci. 2022, 23, 1702 13 of 16

11. Aslan, A.; van den Heuvel, M.C.; Stegeman, C.A.; Popa, E.R.; Leliveld, A.M.; Molema, G.; Zijlstra, J.G.; Moser, J.; van Meurs, M.
Kidney histopathology in lethal human sepsis. Crit. Care 2018, 22, 359. [CrossRef] [PubMed]

12. Liu, X.; Lu, J.; Liao, Y.; Liu, S.; Chen, Y.; He, R.; Men, L.; Lu, C.; Chen, Z.; Li, S.; et al. Dihydroartemisinin attenuates
lipopolysaccharide-induced acute kidney injury by inhibiting inflammation and oxidative stress. Biomed. Pharmacother. 2019, 117,
109070. [CrossRef]

13. Kalakeche, R.; Hato, T.; Rhodes, G.; Dunn, K.W.; El-Achkar, T.M.; Plotkin, Z.; Sandoval, R.M.; Daghter, P.C. Endotoxin uptake by
S1 proximal tubular segment causes oxidative stress in the downstream S2 segment. J. Am. Soc. Nephrol. 2011, 22, 1505–1516.
[CrossRef]

14. Hato, T.; Maier, B.; Syed, F.; Myslinski, J.; Zollman, A.; Plotkin, Z.; Eadon, M.T.; Dagher, P.C. Bacterial sepsis triggers an antiviral
response that causes translation shutdown. J. Clin. Invest. 2019, 129, 296–309. [CrossRef]

15. Chen, H.; Zhu, J.; Liu, Y.; Dong, Z.; Liu, H.; Liu, Y.; Zhou, X.; Liu, F.; Chen, G. Lipopolysaccharide Induces Chronic Kidney Injury
and Fibrosis through Activation of mTOR Signaling in Macrophages. Am. J. Nephrol. 2015, 42, 305–317. [CrossRef]

16. Zanotti-Cavazzoni, S.L.; Goldfarb, R.D. Animal models of sepsis. Crit. Care Clin. 2009, 25, 703–719. [CrossRef]
17. Toscano, M.G.; Ganea, D.; Gamero, A.M. Cecal ligation puncture procedure. J. Vis. Exp. 2011, 51, e2860. [CrossRef]
18. Pan, T.; Jia, P.; Chen, N.; Fang, Y.; Liang, Y.; Guo, M.; Ding, X. Delayed Remote Ischemic Preconditioning Confers Renoprotection

against Septic Acute Kidney Injury via Exosomal miR-21. Theranostics 2019, 9, 405–423. [CrossRef]
19. Lin, Z.; Jin, J.; Shan, X. Fish oils protects against cecal ligation and puncture induced septic acute kidney injury via the regulation

of inflammation, oxidative stress and apoptosis. Int. J. Mol. Med. 2019, 44, 1771–1780. [CrossRef]
20. Gomez, H.; Ince, C.; De Backer, D.; Pickkers, P.; Payen, D.; Hotchkiss, J.; Kellum, J.A. A unified theory of sepsis-induced acute

kidney injury: Inflammation, microcirculatory dysfunction, bioenergetics, and the tubular cell adaptation to injury. Shock 2014, 41,
3–11. [CrossRef]

21. Sunahara, S.; Watanabe, E.; Hatano, M.; Swanson, P.E.; Oami, T.; Fujimura, L.; Teratake, Y.; Shimazui, T.; Lee, C.; Oda, S. Influence
of autophagy on acute kidney injury in a murine cecal ligation and puncture sepsis model. Sci Rep. 2018, 8, 1050. [CrossRef]
[PubMed]

22. Hsiao, H.W.; Tsai, K.L.; Wang, L.F.; Chen, Y.H.; Chiang, P.C.; Chuang, S.M.; Hsu, C. The decline of autophagy contributes to
proximal tubular dysfunction during sepsis. Shock 2012, 37, 289–296. [CrossRef] [PubMed]

23. Gunst, J.; Derese, I.; Aertgeerts, A.; Ververs, E.J.; Wauters, A.; Van den Berghe, G.; Vanhorebeek, I. Insufficient autophagy
contributes to mitochondrial dysfunction, organ failure, and adverse outcome in an animal model of critical illness. Crit. Care
Med. 2013, 41, 182–194. [CrossRef] [PubMed]

24. Sursal, T.; Stearns-Kurosawa, D.J.; Itagaki, K.; Oh, S.Y.; Sun, S.; Kurosawa, S.; Jauser, C.J. Plasma bacterial and mitochondrial
DNA distinguish bacterial sepsis from sterile systemic inflammatory response syndrome and quantify inflammatory tissue injury
in nonhuman primates. Shock 2013, 39, 55–62. [CrossRef] [PubMed]

25. Uhlen, M.; Fagerberg, L.; Hallström, B.M.; Lindskog, C.; Oksvold, P.; Mardinoglu, A.; Sivertsson, Å.; Kampf, C.; Sjöstedt, E.;
Asplund, A.; et al. Proteomics. Tissue-based map of the human proteome. Science 2015, 347, 1260419. [CrossRef]

26. Li, D.; Wu, M. Pattern recognition receptors in health and diseases. Signal. Transduct. Target. Ther. 2021, 6, 291. [CrossRef]
27. Denning, N.L.; Aziz, M.; Gurien, S.D.; Wang, P. DAMPs and NETs in Sepsis. Front. Immunol. 2019, 10, 2536. [CrossRef]
28. Nedeva, C.; Menassa, J.; Puthalakath, H. Sepsis: Inflammation Is a Necessary Evil. Front. Cell Dev. Biol. 2019, 7, 108. [CrossRef]
29. Gogos, C.A.; Drosou, E.; Bassaris, H.P.; Skoutelis, A. Pro- versus Anti-inflammatory Cytokine Profile in Patients with Severe

Sepsis: A Marker for Prognosis and Future Therapeutic Options. J. Infect. Dis. 2000, 181, 176–180. [CrossRef]
30. Boomer, J.S.; To, K.; Chang, K.C.; Takasu, O.; Osborne, D.F.; Walton, A.H.; Bricker, T.L.; Jarman, S.D.; Kreisel, D., 2nd; Krupnick,

A.S.; et al. Immunosuppression in Patients Who Die of Sepsis and Multiple Organ Failure. JAMA 2011, 306, 2594–2605. [CrossRef]
31. Delano, M.; Ward, P.A. Sepsis-induced immune dysfunction: Can immune therapies reduce mortality? J. Clin. Investig. 2016, 126,

23–31. [CrossRef] [PubMed]
32. The Recovery Collaborative Group. Dexamethasone in Hospitalized Patients with Covid-19. N. Engl. J. Med. 2021, 384, 693–704.

[CrossRef]
33. van Paassen, J.; Vos, J.S.; Hoekstra, E.M.; Neumann, K.M.I.; Boot, P.C.; Arbous, S.M. Corticosteroid use in COVID-19 patients: A

systematic review and meta-analysis on clinical outcomes. Crit. Care 2020, 24, 1–22. [CrossRef] [PubMed]
34. Kumar, V. Targeting macrophage immunometabolism: Dawn in the darkness of sepsis. Int. Immunopharmacol. 2018, 58, 173–185.

[CrossRef]
35. Sica, A.; Erreni, M.; Allavena, P.; Porta, C. Macrophage polarization in pathology. Exp. 2015, 72, 4111–4126. [CrossRef]
36. Matsumoto, H.; Ogura, H.; Shimizu, K.; Ikeda, M.; Hirose, T.; Matsuura, H.; Kang, S.; Takahashi, K.; Tanaka, T.; Shimazu, T. The

clinical importance of a cytokine network in the acute phase of sepsis. Sci. Rep. 2018, 8, 1–11. [CrossRef]
37. Guo, Y.; Luan, L.; Patil, N.K.; Wang, J.; Bohannon, J.K.; Rabacal, W.; Fensterheim, B.A.; Hernandez, A.; Sherwood, E.R. IL-15

Enables Septic Shock by Maintaining NK Cell Integrity and Function. J. Immunol. 2017, 198, 1320–1333. [CrossRef]
38. Friedman, G.; Jankowski, S.; Marchant, A.; Goldman, M.; Kahn, R.J.; Vincent, J.L. Blood interleukin 10 levels parallel the severity

of septic shock. J. Crit. Care 1997, 12, 183–187. [CrossRef]
39. Gårdlund, B.; Sjölin, J.; Nilsson, A.; Roll, M.; Wickerts, C.-J.; Wretlind, B. Plasma Levels of Cytokines in Primary Septic Shock in

Humans: Correlation with Disease Severity. J. Infect. Dis. 1995, 172, 296–301. [CrossRef]
40. Cauwels, A. Nitric oxide in shock. Kidney Int. 2007, 72, 557–565. [CrossRef]

http://doi.org/10.1186/s13054-018-2287-3
http://www.ncbi.nlm.nih.gov/pubmed/30591070
http://doi.org/10.1016/j.biopha.2019.109070
http://doi.org/10.1681/ASN.2011020203
http://doi.org/10.1172/JCI123284
http://doi.org/10.1159/000441506
http://doi.org/10.1016/j.ccc.2009.08.005
http://doi.org/10.3791/2860
http://doi.org/10.7150/thno.29832
http://doi.org/10.3892/ijmm.2019.4337
http://doi.org/10.1097/SHK.0000000000000052
http://doi.org/10.1038/s41598-018-19350-w
http://www.ncbi.nlm.nih.gov/pubmed/29348412
http://doi.org/10.1097/SHK.0b013e318240b52a
http://www.ncbi.nlm.nih.gov/pubmed/22089196
http://doi.org/10.1097/CCM.0b013e3182676657
http://www.ncbi.nlm.nih.gov/pubmed/23222264
http://doi.org/10.1097/SHK.0b013e318276f4ca
http://www.ncbi.nlm.nih.gov/pubmed/23247122
http://doi.org/10.1126/science.1260419
http://doi.org/10.1038/s41392-021-00687-0
http://doi.org/10.3389/fimmu.2019.02536
http://doi.org/10.3389/fcell.2019.00108
http://doi.org/10.1086/315214
http://doi.org/10.1001/jama.2011.1829
http://doi.org/10.1172/JCI82224
http://www.ncbi.nlm.nih.gov/pubmed/26727230
http://doi.org/10.1056/NEJMoa2021436
http://doi.org/10.1186/s13054-020-03400-9
http://www.ncbi.nlm.nih.gov/pubmed/33317589
http://doi.org/10.1016/j.intimp.2018.03.005
http://doi.org/10.1007/s00018-015-1995-y
http://doi.org/10.1038/s41598-018-32275-8
http://doi.org/10.4049/jimmunol.1601486
http://doi.org/10.1016/S0883-9441(97)90030-7
http://doi.org/10.1093/infdis/172.1.296
http://doi.org/10.1038/sj.ki.5002340


Int. J. Mol. Sci. 2022, 23, 1702 14 of 16

41. Hershman, M.J.; Cheadle, W.G.; Wellhausen, S.R.; Davidson, P.F.; Polk, H.C. Monocyte HLA-DR antigen expression characterizes
clinical outcome in the trauma patient. Br. J. Surg. 1990, 77, 204–207. [CrossRef] [PubMed]

42. Cajander, S.; Tina, E.; Bäckman, A.; Magnuson, A.; Strålin, K.; Söderquist, B.; Källman, J. Quantitative Real-Time Polymerase
Chain Reaction Measurement of HLA-DRA Gene Expression in Whole Blood Is Highly Reproducible and Shows Changes That
Reflect Dynamic Shifts in Monocyte Surface HLA-DR Expression during the Course of Sepsis. PLoS ONE 2016, 11, e0154690.
[CrossRef] [PubMed]

43. Cazalis, M.-A.; Friggeri, A.; Cavé, L.; Demaret, J.; Barbalat, V.; Cerrato, E.; Lepape, A.; Pachot, A.; Monneret, G.; Venet, F.
Decreased HLA-DR antigen-associated invariant chain (CD74) mRNA expression predicts mortality after septic shock. Crit. Care
2013, 17, R287. [CrossRef] [PubMed]

44. Cajander, S.; Bäckman, A.; Tina, E.; Strålin, K.; Söderquist, B.; Källman, J. Preliminary results in quantitation of HLA-DRA by
real-time PCR: A promising approach to identify immunosuppression in sepsis. Crit. Care 2013, 17, R223. [CrossRef]

45. Munoz, C.; Carlet, J.; Fitting, C.; Misset, B.; Blériot, J.P.; Cavaillon, J.M. Dysregulation of in vitro cytokine production by monocytes
during sepsis. J. Clin. Investig. 1991, 88, 1747–1754. [CrossRef]

46. Danikas, D.D.; Karakantza, M.; Theodorou, G.L.; Sakellaropoulos, G.C.; Gogos, C.A. Prognostic value of phagocytic activity of
neutrophils and monocytes in sepsis. Correlation to CD64 and CD14 antigen expression. Clin. Exp. Immunol. 2008, 154, 87–97.
[CrossRef]

47. Xing, L.; Zhongqian, L.; Chunmei, S.; Pinfa, C.; Lei, H.; Qin, J.; Genhua, M.; Yijun, D. Activation of M1 macrophages in
sepsis-induced acute kidney injury in response to heparin-binding protein. PLoS ONE 2017, 13, e0196423. [CrossRef]

48. Liangliang, Z.; Mu, G.; Song, C.; Zhou, L.; He, L.; Jin, Q.; Lu, Z. Role of M2 Macrophages in Sepsis-Induced Acute Kidney Injury.
Shock 2018, 50, 233–239. [CrossRef]

49. Shalova, I.N.; Lim, J.Y.; Chittezhath, M.; Zinkernagel, A.S.; Beasley, F.; Hernández-Jiménez, E.; Toledano, V.; Cubillos-Zapata, C.;
Rapisarda, A.; Chen, J.; et al. Human Monocytes Undergo Functional Re-programming during Sepsis Mediated by Hypoxia-
Inducible Factor-1α. Immunity 2015, 42, 484–498. [CrossRef]

50. White, L.E.; Chaudhary, R.; Moore, L.J.; Moore, F.A.; Hassoun, H.T. Surgical Sepsis and Organ Crosstalk: The Role of the Kidney.
J. Surg. Res. 2011, 167, 306–315. [CrossRef]

51. Park, J.-G.; Na, M.; Kim, M.-G.; Park, S.H.; Lee, H.J.; Kim, D.K.; Kwak, C.; Kim, Y.S.; Chang, S.; Moon, K.C.; et al. Immune cell
composition in normal human kidneys. Sci. Rep. 2020, 10, 15678. [CrossRef] [PubMed]

52. Stewart, B.J.; Ferdinand, J.R.; Young, M.D.; Mitchell, T.J.; Loudon, K.W.; Riding, A.M.; Richoz, N.; Frazer, G.L.; Staniforth, J.U.L.;
Braga, F.A.V.; et al. Spatiotemporal immune zonation of the human kidney. Science 2019, 365, 1461–1466. [CrossRef] [PubMed]

53. anosevic, D.; Myslinski, J.; McCarthy, T.W.; Zollman, A.; Syed, F.; Xuei, X.; Gao, H.; Liu, Y.; Collins, K.S.; Cheng, Y.-H.; et al. The
orchestrated cellular and molecular responses of the kidney to endotoxin define a precise sepsis timeline. eLife 2021, 10, e62270.
[CrossRef] [PubMed]

54. Ferreira, R.M.; Sabo, A.R.; Winfree, S.; Collins, K.S.; Janosevic, D.; Gulbronson, C.J.; Cheng, Y.-H.; Casbon, L.; Barwinska, D.;
Ferkowicz, M.J.; et al. Integration of spatial and single-cell transcriptomics localizes epithelial cell–immune cross-talk in kidney
injury. JCI Insight 2021, 6, e147703. [CrossRef] [PubMed]

55. Bandyopadhyay, S.; Lysak, N.; Adhikari, L.; Velez, L.M.; Sautina, L.; Mohandas, R.; Lopez, M.-C.; Ungaro, R.; Peng, Y.-C.; Kadri,
F.; et al. Discovery and Validation of Urinary Molecular Signature of Early Sepsis. Crit. Care Explor. 2020, 2, e0195. [CrossRef]

56. Luo, B.; Gan, W.; Liu, Z.; Shen, Z.; Wang, J.; Shi, R.; Liu, Y.; Liu, Y.; Jiang, M.; Zhang, Z.; et al. Erythropoeitin Signaling in
Macrophages Promotes Dying Cell Clearance and Immune Tolerance. Immunity 2016, 44, 287–302. [CrossRef]

57. Krafte-Jacobs, B.; Bock, G.H. Circulating erythropoietin and interleukin-6 concentrations increase in critically ill children with
sepsis and septic shock. Crit. Care Med. 1996, 24, 1455–1459. [CrossRef]

58. Tamion, F.; Le Cam-Duchez, V.; Menard, J.F.; Girault, C.; Coquerel, A.; Bonmarchand, G. Serum Erythropoietin Levels in Septic
Shock. Anaesth. Intensiv. Care 2005, 33, 578–584. [CrossRef]

59. Toro, L.; Barrientos, V.; León, P.; Rojas, M.; Gonzalez, M.; González-Ibáñez, A.; Illanes, S.; Sugikawa, K.; Abarzúa, N.; Bascuñán,
C.; et al. Erythropoietin induces bone marrow and plasma fibroblast growth factor 23 during acute kidney injury. Kidney Int.
2018, 93, 1131–1141. [CrossRef]

60. Coldewey, S.M.; Khan, A.I.; Kapoor, A.; Collino, M.; Rogazzo, M.; Brines, M.; Cerami, A.; Hall, P.; Sheaff, M.; Kieswich, J.E.;
et al. Erythropoietin attenuates acute kidney dysfunction in murine experimental sepsis by activation of the β-common receptor.
Kidney Int. 2013, 84, 482–490. [CrossRef]

61. Heitrich, M.; de los Ángeles García, D.M.; Stoyanoff, T.R.; Rodríguez, J.P.; Todaro, J.S.; Aguirre, M.V. Erythropoietin attenu-
ates renal and pulmonary injury in polymicrobial induced-sepsis through EPO-R, VEGF and VEGF-R2 modulation. Biomed.
Pharmacother. 2016, 82, 606–613. [CrossRef]

62. Qu, Y.; Sun, Q.; Song, X.; Jiang, Y.; Dong, H.; Zhao, W.; Li, C. Helix B surface peptide reduces sepsis-induced kidney injury via
PI3K/Akt pathway. Nephrology 2020, 25, 527–534. [CrossRef]

63. De Souza, A.C.C.P.; Volpini, R.A.; Shimizu, M.H.M.; Sanches, T.R.C.; Camara, N.; Semedo-Kuriki, P.; Rodrigues, C.; Seguro, A.C.;
Andrade, L. Erythropoietin prevents sepsis-related acute kidney injury in rats by inhibiting NF-κB and upregulating endothelial
nitric oxide synthase. Am. J. Physiol. Physiol. 2012, 302, F1045–F1054. [CrossRef]

64. Stoyanoff, T.R.; Rodríguez, J.P.; Todaro, J.S.; Colavita, J.P.M.; Torres, A.M.; Aguirre, M.V. Erythropoietin attenuates LPS-induced
microvascular damage in a murine model of septic acute kidney injury. Biomed. Pharmacother. 2018, 107, 1046–1055. [CrossRef]

http://doi.org/10.1002/bjs.1800770225
http://www.ncbi.nlm.nih.gov/pubmed/2317682
http://doi.org/10.1371/journal.pone.0154690
http://www.ncbi.nlm.nih.gov/pubmed/27144640
http://doi.org/10.1186/cc13150
http://www.ncbi.nlm.nih.gov/pubmed/24321376
http://doi.org/10.1186/cc13046
http://doi.org/10.1172/JCI115493
http://doi.org/10.1111/j.1365-2249.2008.03737.x
http://doi.org/10.1371/journal.pone.0196423
http://doi.org/10.1097/shk.0000000000001006
http://doi.org/10.1016/j.immuni.2015.02.001
http://doi.org/10.1016/j.jss.2010.11.923
http://doi.org/10.1038/s41598-020-72821-x
http://www.ncbi.nlm.nih.gov/pubmed/32973321
http://doi.org/10.1126/science.aat5031
http://www.ncbi.nlm.nih.gov/pubmed/31604275
http://doi.org/10.7554/eLife.62270
http://www.ncbi.nlm.nih.gov/pubmed/33448928
http://doi.org/10.1172/jci.insight.147703
http://www.ncbi.nlm.nih.gov/pubmed/34003797
http://doi.org/10.1097/CCE.0000000000000195
http://doi.org/10.1016/j.immuni.2016.01.002
http://doi.org/10.1097/00003246-199609000-00005
http://doi.org/10.1177/0310057X0503300505
http://doi.org/10.1016/j.kint.2017.11.018
http://doi.org/10.1038/ki.2013.118
http://doi.org/10.1016/j.biopha.2016.05.045
http://doi.org/10.1111/nep.13683
http://doi.org/10.1152/ajprenal.00148.2011
http://doi.org/10.1016/j.biopha.2018.08.087


Int. J. Mol. Sci. 2022, 23, 1702 15 of 16

65. Stoyanoff, T.R.; Todaro, J.S.; Aguirre, M.V.; Zimmermann, M.C.; Brandan, N.C. Amelioration of lipopolysaccharide-induced acute
kidney injury by erythropoietin: Involvement of mitochondria-regulated apoptosis. Toxicology 2014, 318, 13–21. [CrossRef]

66. Song, Y.R.; Lee, T.; You, S.J.; Chin, H.J.; Chae, D.-W.; Lim, C.; Park, K.-H.; Han, S.; Kim, J.-H.; Na, K.Y. Prevention of Acute
Kidney Injury by Erythropoietin in Patients Undergoing Coronary Artery Bypass Grafting: A Pilot Study. Am. J. Nephrol. 2009, 30,
253–260. [CrossRef]

67. De Seigneux, S.; Ponte, B.; Weiss, L.; Pugin, J.; Romand, J.A.; Martin, P.-Y.; Saudan, P. Epoetin administrated after cardiac surgery:
Effects on renal function and inflammation in a randomized controlled study. BMC Nephrol. 2012, 13, 132. [CrossRef]

68. Oh, S.W.; Chin, H.J.; Chae, D.W.; Na, K.Y. Erythropoietin Improves Long-Term Outcomes in Patients with Acute Kidney Injury
after Coronary Artery Bypass Grafting. J. Korean Med Sci. 2012, 27, 506–511. [CrossRef]

69. Kim, J.-H.; Shim, J.-K.; Song, J.-W.; Song, Y.; Kim, H.-B.; Kwak, Y.-L. Effect of erythropoietin on the incidence of acute kidney
injury following complex valvular heart surgery: A double blind, randomized clinical trial of efficacy and safety. Crit. Care 2013,
17, R254. [CrossRef]

70. Tasanarong, A.; Duangchana, S.; Sumransurp, S.; Homvises, B.; Satdhabudha, O. Prophylaxis with erythropoietin versus placebo
reduces acute kidney injury and neutrophil gelatinase-associated lipocalin in patients undergoing cardiac surgery: A randomized,
double-blind controlled trial. BMC Nephrol. 2013, 14, 136. [CrossRef]

71. Skrifvars, M.B.; Moore, E.; Mårtensson, J.; Bailey, M.; French, C.; Presneill, J.; Nichol, A.; Little, L.; Duranteau, J.; Huet, O.; et al.
Erythropoietin in traumatic brain injury associated acute kidney injury: A randomized controlled trial. Acta Anaesthesiol. Scand.
2019, 63, 200–207. [CrossRef] [PubMed]

72. Lin, R. Crosstalk between Vitamin D Metabolism, VDR Signalling, and Innate Immunity. Biomed. Res. Int 2016, 2016, 1375858.
[CrossRef] [PubMed]

73. Graidis, S.; Papavramidis, T.S.; Papaioannou, M. Vitamin D and Acute Kidney Injury: A Two-Way Causality Relation and a
Predictive, Prognostic, and Therapeutic Role of Vitamin D. Front. Nutr. 2020, 7, 630951. [CrossRef]

74. Xu, S.; Chen, Y.-H.; Tan, Z.-X.; Xie, D.-D.; Zhang, C.; Xia, M.-Z.; Wang, H.; Zhao, H.; Xu, D.-X.; Yu, D.-X. Vitamin D3 pretreatment
alleviates renal oxidative stress in lipopolysaccharide-induced acute kidney injury. J. Steroid Biochem. Mol. Biol. 2015, 152, 133–141.
[CrossRef]

75. Du, J.; Jiang, S.; Hu, Z.; Tang, S.; Sun, Y.; He, J.; Li, Z.; Yi, B.; Wang, J.; Zhang, H.; et al. Vitamin D receptor activation protects
against lipopolysaccharide-induced acute kidney injury through suppression of tubular cell apoptosis. Am. J. Physiol. Physiol.
2019, 316, F1068–F1077. [CrossRef]

76. Micanovic, R.; LaFavers, K.; Garimella, P.S.; Wu, X.-R.; El-Achkar, T.M. Uromodulin (Tamm–Horsfall protein): Guardian of
urinary and systemic homeostasis. Nephrol. Dial. Transplant. 2020, 35, 33–43. [CrossRef]

77. Muchmore, A.V.; Decker, J.M. Uromodulin: A Unique 85-Kilodalton Immunosuppressive Glycoprotein Isolated from Urine of
Pregnant Women. Science 1985, 229, 479–481. [CrossRef]

78. Micanovic, R.; Khan, S.; Janosevic, D.; Lee, M.E.; Hato, T.; Srour, E.F.; Winfree, S.; Ghosh, J.; Tong, Y.; Rice, S.E.; et al. Tamm-Horsfall
Protein Regulates Mononuclear Phagocytes in the Kidney. J. Am. Soc. Nephrol. 2018, 29, 841–856. [CrossRef]

79. Micanovic, R.; Chitteti, B.R.; Dagher, P.C.; Srour, E.F.; Khan, S.; Hato, T.; Lyle, A.; Tong, Y.; Wu, X.-R.; El-Achkar, T.M. Tamm-
Horsfall Protein Regulates Granulopoiesis and Systemic Neutrophil Homeostasis. J. Am. Soc. Nephrol. 2015, 26, 2172–2182.
[CrossRef]

80. Mo, L.; Zhu, X.-H.; Huang, H.-Y.; Shapiro, E.; Hasty, D.L.; Wu, X.-R. Ablation of the Tamm-Horsfall protein gene increases
susceptibility of mice to bladder colonization by type 1-fimbriatedEscherichia coli. Am. J. Physiol. Physiol. 2004, 286, F795–F802.
[CrossRef]

81. Bates, J.M.; Raffi, H.M.; Prasadan, K.; Mascarenhas, R.; Laszik, Z.; Maeda, N.; Hultgren, S.J.; Kumar, S. Tamm-Horsfall protein
knockout mice are more prone to urinary tract infection Rapid Communication. Kidney Int. 2004, 65, 791–797. [CrossRef]
[PubMed]

82. Raffi, H.S.; Bates, J.M., Jr.; Laszik, Z.; Kumar, S. Tamm-Horsfall Protein Protects Against Urinary Tract Infection by Proteus
Mirabilis. J. Urol. 2009, 181, 2332–2338. [CrossRef] [PubMed]

83. Coady, A.; Ramos, A.R.; Olson, J.; Nizet, V.; Patras, K.A. Tamm-Horsfall Protein Protects the Urinary Tract against Candida
albicans. Infect. Immun. 2018, 86, e00451-18. [CrossRef] [PubMed]

84. Ludes, P.-O.; de Roquetaillade, C.; Chousterman, B.G.; Pottecher, J.; Mebazaa, A. Role of Damage-Associated Molecular Patterns
in Septic Acute Kidney Injury, From Injury to Recovery. Front. Immunol. 2021, 12, 606622. [CrossRef] [PubMed]

85. Säemann, M.D.; Weichart, T.; Zeyda, M.; Staffler, G.; Schunn, M.; Stuhlmeier, K.M.; Sobanov, Y.; Stulnig, T.M.; Akira, S.; von
Gabain, A.; et al. Tamm-Horsfall glycoprotein links innate immune cell activation with adaptive immunity via a Toll-like
receptor-4-dependent mechanism. J. Clin. Invest. 2005, 115, 468–475. [CrossRef]

86. Garimella, P.S.; Sarnak, M.J. Uromodulin in kidney health and disease. Curr. Opin. Nephrol. Hypertens. 2016, 26, 136–142.
[CrossRef]

87. Garimella, P.S.; Biggs, M.L.; Katz, R.; Ix, J.H.; Bennett, M.R.; Devarajan, P.; Kestenbaum, B.R.; Siscovick, D.S.; Jensen, M.K.; Shlipak,
M.G.; et al. Urinary uromodulin, kidney function, and cardiovascular disease in elderly adults. Kidney Int. 2015, 88, 1126–1134.
[CrossRef]

88. Delgado, G.E.; Kleber, M.E.; Scharnagl, H.; Krämer, B.K.; März, W.; Scherberich, J.E. Serum Uromodulin and Mortality Risk in
Patients Undergoing Coronary Angiography. J. Am. Soc. Nephrol. 2017, 28, 2201–2210. [CrossRef]

http://doi.org/10.1016/j.tox.2014.01.011
http://doi.org/10.1159/000223229
http://doi.org/10.1186/1471-2369-13-132
http://doi.org/10.3346/jkms.2012.27.5.506
http://doi.org/10.1186/cc13081
http://doi.org/10.1186/1471-2369-14-136
http://doi.org/10.1111/aas.13244
http://www.ncbi.nlm.nih.gov/pubmed/30132785
http://doi.org/10.1155/2016/1375858
http://www.ncbi.nlm.nih.gov/pubmed/27403416
http://doi.org/10.3389/fnut.2020.630951
http://doi.org/10.1016/j.jsbmb.2015.05.009
http://doi.org/10.1152/ajprenal.00332.2018
http://doi.org/10.1093/ndt/gfy394
http://doi.org/10.1126/science.2409603
http://doi.org/10.1681/ASN.2017040409
http://doi.org/10.1681/ASN.2014070664
http://doi.org/10.1152/ajprenal.00357.2003
http://doi.org/10.1111/j.1523-1755.2004.00452.x
http://www.ncbi.nlm.nih.gov/pubmed/14871399
http://doi.org/10.1016/j.juro.2009.01.014
http://www.ncbi.nlm.nih.gov/pubmed/19303096
http://doi.org/10.1128/IAI.00451-18
http://www.ncbi.nlm.nih.gov/pubmed/30297523
http://doi.org/10.3389/fimmu.2021.606622
http://www.ncbi.nlm.nih.gov/pubmed/33732235
http://doi.org/10.1172/JCI200522720
http://doi.org/10.1097/MNH.0000000000000299
http://doi.org/10.1038/ki.2015.192
http://doi.org/10.1681/ASN.2016111162


Int. J. Mol. Sci. 2022, 23, 1702 16 of 16

89. Garimella, P.S.; Katz, R.; Ix, J.H.; Fried, L.F.; Kritchevsky, S.B.; Devarajan, P.; Bennett, M.R.; Parikh, C.; Shlipak, M.G.; Harris, T.B.;
et al. Association of urinary uromodulin with kidney function decline and mortality: The health ABC study. Clin. Nephrol. 2017,
87, 278–286. [CrossRef]

90. Leiherer, A.; Muendlein, A.; Saely, C.H.; Ebner, J.; Brandtner, E.M.; Fraunberger, P.; Drexel, H. Serum uromodulin is a predictive
biomarker for cardiovascular events and overall mortality in coronary patients. Int. J. Cardiol. 2017, 231, 6–12. [CrossRef]

91. El-Achkar, T.M.; Huang, X.; Plotkin, Z.; Sandoval, R.M.; Rhodes, G.J.; Dagher, P.C. Sepsis induces changes in the expression and
distribution of Toll-like receptor 4 in the rat kidney. Am. J. Physiol. Physiol. 2005, 290, F1034–F1043. [CrossRef] [PubMed]

92. LaFavers, K.A.; Macedo, E.; Garimella, P.S.; Lima, C.; Khan, S.; Myslinski, J.; McClintick, J.; Witzmann, F.A.; Winfree, S.; Phillips,
C.L.; et al. Circulating uromodulin inhibits systemic oxidative stress by inactivating the TRPM2 channel. Sci. Transl. Med. 2019,
11, eaaw3639. [CrossRef] [PubMed]

93. El-Achkar, T.M.; McCracken, R.; Liu, Y.; Heitmeier, M.R.; Bourgeois, S.; Ryerse, J.; Wu, X.-R. Tamm-Horsfall protein translocates
to the basolateral domain of thick ascending limbs, interstitium, and circulation during recovery from acute kidney injury. Am. J.
Physiol. Physiol. 2013, 304, F1066–F1075. [CrossRef] [PubMed]

http://doi.org/10.5414/CN109005
http://doi.org/10.1016/j.ijcard.2016.12.183
http://doi.org/10.1152/ajprenal.00414.2005
http://www.ncbi.nlm.nih.gov/pubmed/16332927
http://doi.org/10.1126/scitranslmed.aaw3639
http://www.ncbi.nlm.nih.gov/pubmed/31578243
http://doi.org/10.1152/ajprenal.00543.2012
http://www.ncbi.nlm.nih.gov/pubmed/23389456

	Introduction 
	Pathophysiology of AKI in Sepsis 
	Introduction 
	Pathophysiology of Lethal Human Sepsis 
	Pathophysiology of Preclinical Animal Models of Sepsis 
	Pathophysiology of the Lipopolysaccharide Model 
	Pathophysiology of the Cecal Ligation and Puncture Model 


	Immune Response in Sepsis 
	Activation of Inflammatory Signaling by Pathogen and Damage-Associated Molecular Patterns 
	Early Production of Anti-Inflammatory Cytokines 
	Long-Term Immune Derangement Following Acute Sepsis and Implications for Immunomodulatory Therapeutics 

	Macrophages as Drivers of Sepsis Progression 
	Macrophage Contribution to Sepsis and Septic Shock 
	Loss of Macrophage Function in Sepsis Worsens Outcomes 
	Macrophage Infiltration Drives Both Damage and Repair in AKI 

	Kidney–Macrophage Crosstalk in Sepsis 
	Kidney Resident and Infiltrating Immune Cells 
	Kidney-Derived Molecules That Regulate Macrophage Function Could Be Key Drivers of Sepsis Progression 
	Erythropoietin 
	Vitamin D 
	Uromodulin 


	Conclusions 
	Impact of Kidney–Immune Crosstalk in Sepsis 
	Future Directions 

	References

