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SPATIAL/TEMPORAL ZONATION, DIVERSIFICATION, AND EVOLUTIONARY 
CONSERVATION OF KIDNEY RESIDENT MACROPHAGE SUBPOPULATIONS 

IN MICE AND HUMANS AFTER KIDNEY INJURY 

ELISE NICOLE ERMAN 

IMMUNOLOGY 

ABSTRACT  

In the United States, acute kidney injury (AKI) affects nearly 20% of all intensive 

care unit patients. Additionally, over a third of Americans aged 50 or older suffer from 

stage 3 chronic kidney disease (CKD) or higher. AKI and CKD are encompassing terms 

for many etiologies and pathological processes that affect different regions of the kidney 

but converge at tissue inflammation and fibrosis.  

Macrophages perform vital homeostatic functions and can initiate or ameliorate 

inflammation and fibrosis. As the largest component of the kidney immune system, 

kidney resident macrophages (KRMs) have been implicated in both disease propagation 

and mitigation, yet the specific functions of KRMs remains unclear. I hypothesized the 

known heterogeneity of macrophage functions was representative of a more complex 

KRM population than has been previously considered.  

To this end, this work identifies multiple KRM subpopulations that are 

transcriptionally and spatially distinct. Following AKI, subpopulations alter their location 

and transcriptional profile in differential responses to injury.  

In human AKI samples this work identifies orthologous KRM subpopulations, 

along with a subpopulation unique to humans that expresses the transcriptional profile of 

activated microglia.  
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AKI and CKD result in the downregulation of major histocompatibility complex 

II (MHC II) by a subset of KRMs in mice and humans. The universal appearance 

following injury has led to the identification of this subpopulation as kidney injury 

associated (KIA) cells. In AKI, the absence of MHC II correlates with the expression of a 

wound healing profile by KIA cells in the location of greatest injury.  

With the increased clarity on the location and function of KRM subpopulations 

provided in this work, they are an excellent potential therapeutic option. The spatial 

restriction of KRM subpopulations would allow for targeted therapies to specific regions 

of the kidney. Depending on the injury response, therapies should either enhance or 

ablate the subpopulation’s function. KIA cells provide a unique AKI therapeutic target as 

they are restricted to the site of injury and may aid in recovery.  The identification of 

orthologous populations across species will expedite the translation of murine research 

into clinical trials and help to focus future research efforts.  

 

 

Keywords: kidney resident macrophage, sequencing, MHC II, acute kidney injury, 

chronic kidney disease 
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INTRODUCTION 

Most humans contain two kidneys, one on either side of the spine, that filter blood 

and remove excess fluid to maintain homeostasis. The outermost region of the kidney is 

called the cortex, which becomes the cortico-medullary region, and then the medulla, as 

you progress deeper into the tissue. The functional unit of the kidney is called the 

nephron, and there are approximately 1 million in each human kidney. The nephron is a 

loop like structure that begins at the glomerulus in the cortex and proceeds to the tubule, 

which dips into the medulla before returning to the cortex. Initially, blood enters the 

glomerulus where certain materials are freely filtered using hydrostatic pressure. The 

filtrate continues along the tubule where additional substances are secreted by or 

reabsorbed into the blood vessel alongside the nephron before ultimately entering the 

collecting duct and moving to the bladder via the ureter. The kidney utilizes large 

amounts of energy to generate an osmotic gradient utilized in the filtration process and 

the secretion and reabsorption of ions, protons, and water. As a result, different regions of 

the kidney can vary drastically in a variety of physiologic characteristics which 

contributes to the fragility and complexity of the organ and the challenges in treating 

disorders (1). 
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Acute Kidney Injury (AKI) 

AKI Epidemiology and Etiology  

Acute kidney injury (AKI) is defined as the sudden and significant loss of kidney 

function lasting less than three months and leading to the accumulation of waste products 

such as blood urea nitrogen and imbalances in water, sodium, metabolites, and 

electrolytes (2-5). Diagnosis does not ascribe an origin of injury and exemplifies the 

variety and often unclear causes of acute kidney dysfunction (6).  In the United 

States, 1% of hospitalized patients are diagnosed upon admission, with an incidence rate 

between 5 and 20% following admission, and above 50% upon admission to the intensive 

care unit (7, 8). Hospitalized patients are more likely to be older and Black (8). AKI 

diagnoses have been increasing in the United States and worldwide, both in absolute and 

relative terms, driven largely by increasing rates of diabetes, although the causes and risk 

factors for AKI are extensive (6, 9, 10). As a result of the lack of a single pathologic 

process resulting in kidney decline, AKI diagnosis relies on specified criteria, which vary 

slightly by source, to monitor changes in kidney function.  Of these, the most widely used 

currently is Kidney Disease: Improving Global Outcomes (KDIGO). This set of standards 

is based on an increase in serum creatinine or decrease in urine volume over set time 

ranges and involves persistent monitoring of kidney function (11).  

Kidney function is primarily monitored using serum creatinine to estimate 

glomerular filtration rate (GFR). GFR allows for an understanding of the functional 

capacity of the kidney nephrons. Ideally, a marker of kidney function would be freely 

filtered by the glomerulus, with no additional process along the rest of the nephron, so an 
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accurate GFR could be calculated from known serum and urine concentrations of the 

marker (12). Creatinine is a low molecular weight cation unbound to any plasma proteins, 

that begins as creatine synthesized in the liver and transported to the muscle where it 

becomes creatinine following nonenzymatic dehydration (13). It is freely filtered by the 

glomerulus, although there is an additional secretion by tubular cells further along the 

nephron. Secretion accounts for between 10-40% of creatinine clearance, and therefore 

GFR calculations reliant on creatinine are denoted as an estimated GFR (eGFR) (14). The 

sudden loss of kidney function typical of AKI may not initially be reflected in serum 

creatinine measurements and therefore delay diagnosis. Unfortunately, if a baseline value 

is unknown, a significant change in serum creatinine could require an approximately 50% 

reduction in GFR and an even more substantial decline in kidney function (6, 15, 16). 

Additionally, creatinine is variable by diet, activity level, muscle mass, and potentially 

race, making a baseline value that is applicable to all patients difficult to define. Clinical 

guidelines have struggled to account for these deviations in eGFR equations and to 

accurately diagnose AKI (17). Creatinine is the best and most facile marker nephrologists 

have found as an endogenous marker of kidney function, however, more accurate 

measurements are possible using exogenously provided molecules, such as inulin, 

iohexol, or iothalamate. These molecules do not suffer the issues of secretion like 

creatinine but are expensive and time-consuming to provide and measure (18).  For these 

reasons, serum creatinine is still the most commonly used clinically relevant method of 

determining eGFR and kidney function.  

AKI can be classified as prerenal, intrinsic renal, or postrenal and is staged 1 to 3 

with increasing disease severity by KDIGO (4, 19). Prerenal AKI is caused by reduced 
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perfusion to the kidney, reducing the delivery of nutrients and oxygen. Loss of perfusion 

can be the result of hypotension, trauma, or circulatory dysfunction and inflammation 

resulting from sepsis, among others (20-22). Intrinsic AKI is generally the result of 

damage to cells that compose the nephron, either through nephrotoxic or mechanical 

damage or as the result of an autoimmune disorder (23-25). Postrenal AKI is 

predominantly caused by obstructions that impair urinary flow (26). Regardless of the 

pathologic process resulting in AKI, patients staged as 2 or 3 require immediate 

emergency department referral. Stage 1 patient referral depends on a variety of factors 

and is dependent on available healthcare (27). However, despite the wide array of causes 

and severity, treatment is primarily focused on supportive care and differs minimally.  

 

Clinical Considerations and Emerging Therapeutics  

Clinical management of AKI can be summarized as initial management, 

subsequent management, and follow-up. Following the removal of potential causes of 

insult, such as nephrotoxins or treatment of sepsis, initial care focuses on restoring fluid, 

electrolyte, and metabolic homeostasis as necessary (6, 28, 29). As creatinine values and 

GFR may not have changed immediately following the insult, the only initial evidence 

may be decreased urine output (5). Restoration of fluid homeostasis depends on whether 

the patient is suffering from hypovolemia or hypervolemia. For the treatment of 

hypovolemia, the determination of colloid versus crystalloid fluids and the amount is 

dependent on a variety of patient factors (27, 30). A lack of response to fluids likely 

means the patients are suffering from intrinsic AKI (27, 31). Diuretics can be used to 

treat hypervolemia, such as in the case of sepsis or previously hypovolemia patients who 
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have received too much fluid (32). Hyperkalemia and hyperphosphatemia that persist 

after restoring fluid homeostasis are treated with dietary restrictions and binder therapy to 

remove excess minerals (33, 34). Initial management can include kidney replacement 

therapy, especially in patients with hypervolemia that is non-responsive to diuretics, 

severe hyperkalemia, or if exposure to certain nephrotoxins has occurred (27, 35). 

Subsequent management primarily involves assessing the recurrence of uremia or fluid 

and electrolyte imbalances. Some patients may find benefits in more permanent nutrition 

management (33). All patients with moderate to severe AKI are encouraged to attend a 

follow-up appointment with a nephrologist to prevent recurrent AKI or progression to 

Chronic Kidney Disease (CKD) (6, 36). 

AKI-associated mortality and increased risk for recurrence or progression to CKD 

necessitate continued research into novel therapeutics. According to DelveInsight, a 

leader in healthcare market research, as of 2022 more than 25 companies were involved 

in the development of novel AKI therapeutics (37). Unlike the majority of supportive 

care, emerging therapies are often specific to a particular cause of AKI. There is even 

debate as to whether greater attention should be given to fluid replacement, as studies 

suggest patients may have differential benefits and risks to crystalloid or colloid solutions 

depending on the cause of AKI (38). Many therapies have attempted to provide 

antioxidants to reduce free radicals and resulting cellular damage, as reactive oxygen 

species (ROS) are critical components in the propagation of kidney damage (39-41). In a 

similar direction, silencing RNA against p53 was developed to delay apoptosis and allow 

ROS-damaged DNA time to repair. Despite success in phase II clinical trials, phase III 

trials did not show any difference compared to controls (38, 42). Other therapies attempt 
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to dampen the inflammatory response, however like many immunotherapies, there are 

drawbacks to limiting an immune response to damaged tissue. Finally, antagonists to 

angiotensin II and adenosine receptors attempt to modulate the hemodynamics of the 

kidney to reduce localized microvascular issues and ischemia (43). Despite many 

successes in murine models, there is unfortunately no currently approved 

pharmacological therapy for any stage of AKI (38). 

 

Murine Models of AKI 

The complexity of modeling AKI and the variety of pathological processes 

requires equally diverse animal models. Rodent models of AKI are generally composed 

of those induced by sepsis, ischemia–reperfusion (IRI), drugs/toxins, and ureteral 

obstruction (UUO) (44-47). Post-renal AKI is commonly modeled using the UUO model. 

A single ureter is briefly tied off, either with a silk thread or a nontraumatic clamp, 

thereby preventing urine excretion and driving tubule dilation, oxidative stress, leukocyte 

migration, and ultimately fibrosis (48, 49). The resulting fibrosis makes UUO a potential 

AKI to CKD transition model as well. Intrinsic AKI models include drug and toxin 

models. These primarily include models where mice have been genetically rendered 

susceptible to toxins, such as diphtheria toxin, or treatment with known nephrotoxic 

agents, like cisplatin. Both models cause direct tubular injury and hemodynamic effects 

in the kidney (50). Prerenal models include sepsis and IRI. Sepsis can be induced either 

through treatment with lipopolysaccharide (LPS) sufficient to engender sepsis-like 

symptoms or cecal ligation and puncture to release normally sequestered sepsis-causing 
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bacteria (51). Damage associated with LPS is dependent on dosage and the resulting 

inhibition of nitric oxide and prostaglandins (50).  

The hypoxic environment resulting from the prerenal IRI rodent models imitates 

ischemic AKI, accounting for approximately 50% of clinical presentations, particularly in 

the oldest and sickest patients (50). IRI occurs by a sudden lack of blood flow followed 

by re-establishment of perfusion to the nephron from a mechanical injury, often with the 

use of non-traumatic clamps to clamp the renal pedicle for a set amount of time. The 

ischemic phase interrupts both the arterial and venous blood flow. The model can target 

one kidney (unilateral) or both (bilateral) depending on the scientific question. 

Reperfusion is generally confirmed visually by the appearance of blood flow in the 

kidney (50). If the ischemic time is great enough, or if an adjuvant is given to increase 

inflammation, IRI models can result in significant fibrosis and progression to CKD (52-

54).   

 

General Pathophysiologic and Immunologic Mechanisms of Ischemic AKI  

The kidneys have mitochondrial requirements on par with the heart and are 

therefore uniquely susceptible to ischemic injury (55, 56). The proximal tubule is divided 

into three main components, denoted the S1, S2, and S3 regions, differentiated by the 

concentration and type of receptors present on the surface of the proximal tubule cells 

(57-59). The S3 region of the proximal tubules (S3PT) is considered the most susceptible 

to ischemic injury in rat models, although the specific mechanisms are unknown (60). 

Glomerular filtration depends on hydrostatic pressure in the glomerulus and therefore 

does not require energy. Further down the nephron, however, proximal tubules participate 
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in the active transport of glucose, ions, and other nutrients against gradients (61). Damage 

to the kidney tissue begins with ischemia and the generation of a hypoxic environment. 

Cells quickly burn through their ATP reserves and suppress mitochondrial oxidative 

phosphorylation (62, 63). Sodium and calcium channels rely on free ATP and without it 

these ions begin to accumulate within the cells. Damage to mitochondria releases ROS, 

which initially contribute to oxidative stress and DNA damage (62, 64). Increasing 

calcium concentrations and cellular damage lead to the activation of apoptotic pathways 

(62).  Reperfusion of the tissue washes ROS and cellular debris across it, promoting lipid 

peroxidation and tissue damage. Damaged cells release cytokines and chemokines, such 

as kidney injury molecule-1, interleukin (IL-) 6, and tumor necrosis factor-alpha (TNFα) 

(65). These along with increased expression of adhesion molecules facilitate the 

infiltration of the tissue by leukocytes. The resulting inflammation can restrict blood flow 

again and perpetuate the ischemia and reperfusion cycle (62, 66). The leukocyte infiltrate 

includes both lymphoid and myeloid cells, although the initial recruitment is largely by 

myeloid populations (67).  

Myeloid cells are components of the innate immune system and encompass 

monocytes, macrophages, dendritic cells, and neutrophils, among others. Neutrophils are 

generally considered the first responders to areas of inflammation (68, 69). They adhere 

to adhesion molecules and release ROS, further inflaming the tissue. Neutrophil numbers 

peak within the first 24 hours following insult and may present in such numbers to 

impede renal blood flow, as mentioned above (70, 71). Myeloid populations present toll-

like receptors (TLRs) and pattern recognition receptors (PRRs) that allow these cells to 

bind and recognize damage-associated molecular patterns (DAMPs) that have been 
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released by dying cells. DAMPs are normally sequestered inside cells and are biomarkers 

such as ATP, DNA, RNA, and heat-shock proteins. The binding of DAMPs by 

monocytes and macrophages promotes a pro-inflammatory profile and the phagocytosis 

of cellular debris (72-74). 

Macrophages and dendritic cells are professional antigen-presenting cells (APCs) 

to T cells. However, IRI is considered a sterile injury without antigen. Therefore, the role 

of APCs in inflammation is most likely through the production of TNFα by damaged 

cells and biglycan released from the extracellular matrix and not the activation of the 

adaptive immune system (75). Yet, despite the lack of antigen present, mice lacking 

CD4+ T cells are protected from ischemia-induced AKI and demonstrate a deleterious 

role of the adaptive immune system (76). Although the exact mechanism has yet to be 

described, CD28, a coreceptor for the MHC II molecule found on dendritic cells and 

macrophages, is necessary for CD4+ T cell-mediated pathology (76). The role of B cells 

in AKI is similarly unknown. It is thought they have a deleterious function, as depletion 

studies show improvement in kidney function (77). 

Macrophages and regulatory T (Treg) cells actively participate in the resolution of 

inflammation and AKI. It is thought Tregs dampen inflammation through the production 

of the anti-inflammatory cytokine, IL-10, and subsequent reduction in immune cell 

proliferation and inflammatory cytokine production (78, 79). At some point following 

insult, macrophages begin to take on an anti-inflammatory, pro-wound healing profile. 

Like Tregs, they release IL-10 and additionally transforming growth factor-beta (TGF-β) 

and extracellular matrix proteins (80-82). The mechanism allowing for the switch from a 

pro to an anti-inflammatory profile remains unknown. However, a dysregulation of the 



10 
 

anti-inflammatory profile can result in kidney fibrosis and ultimately progression to CKD 

(Figure 1)(83).  

 

Chronic Kidney Disease (CKD) 

CKD Epidemiology and Etiology 

CKD is a broad classification for any deviation in kidney structure or function 

that persists for greater than 3 months and can be caused by a variety of diseases and 

factors (KDIGO). Initiating factors of the disease include age, genetics, nephrotoxin use, 

cardiovascular disease, and diabetes mellitus (84-89). Genetic diseases, such as 

polycystic kidney disease and Fabry’s disease compose only a small proportion of 

diagnoses and often affect other tissues in the body (90, 91). Additionally, CKD can be 

caused by various inflammatory and autoimmune conditions, as is the case with CKD 

following AKI, infection, lupus nephritis, and IgA nephropathy (90, 92-94).  

CKD is one of the few non-communicable diseases that have increased in 

incidence since 1990, driven largely by increasing rates of diabetes mellitus and an aging 

population. It is predicted to be the 5th most common cause of death by 2040 (95). The 

disease affects greater than 10% of the population worldwide, 14.2% of the United States 

population in 2016, and is slightly more prevalent in women than men (14.9% compared 

to 12.3%)(95, 96). CKD can progress to end-stage kidney disease (ESKD), and diabetes 

accounts for roughly half of ESKD diagnoses, whereas cardiovascular disease is the 

leading cause of CKD mortality (97). Fortunately, while rates of CKD have increased, 

associated mortality of ESKD in the United States has declined since 2001, suggesting 

improvements in disease awareness and management (98). 
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Initial diagnosis relies on changes in eGFR and albuminuria, protein that is 

inappropriately being passed by a damaged glomerulus, and associated numbers allow for 

staging of the disease state from 1 to 5 (99). Following an initial acknowledgment of 

kidney impairment, the KDIGO recommends first confirming the consistency of 

reduction to ensure the event is not AKI or AKI concurrent with CKD, to ensure 

appropriate treatment is given (99). Due to compensatory nephrons, early stages of CKD 

can be missed due to normal eGFR. However, GFR decline correlates linearly with 

continuous disease progression (97, 100, 101). Therefore, once CKD is confirmed, it is 

imperative to determine the cause so the appropriate course of treatment can be 

determined. Non-diabetic CKD may warrant a biopsy to determine the cause, the cellular 

location of nephritis, and inform management plans (102) (KDIGO). Biopsies may 

become more necessary should therapeutic options increase and be specific to a disease 

cause.  

 

Clinical Considerations and Emerging Therapeutics  

As in AKI, clinical considerations for CKD focus largely on disease management, 

although biopsies can confirm if specific treatment is needed. The KDIGO recommends 

that those diagnosed with CKD have their kidney function measured at least once a year 

and increase the frequency of measurement as the disease progresses. For most CKD 

diagnoses, the standard of care relies on blood pressure management by blocking the 

renin-angiotensin system with additional glycemic controls if necessary (103). 

Ultimately, treatment looks to restore hemodynamic homeostasis and reduce glomerular 

hyperfiltration. Angiotensin-converting enzyme inhibitor (ACEi) or angiotensin receptor 
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blockade (ARB) is the most prescribed (104). Patients should be treated singularly, 

however, as studies investigating the effects of dual treatment saw an increase in AKI and 

hyperkalemia without improvements in kidney function (97). However, dual treatment of 

sodium-glucose cotransporter-2 (SGLT2) inhibitors given in conjunction with either 

ACEi or ARB amplifies improvements to kidney function (105, 106).  

Additional considerations may slow disease progression. Diet restrictions can 

reduce the workload of the kidney and the KDIGO recommends limits on both protein 

and salt intake (99, 107, 108). Patients with inflammation or auto-immune mediated 

CKD, as confirmed by biopsy, may benefit from immunosuppression, but increased risk 

for infection is a necessary consideration (109). Those who smoke should be advised that 

cessation has shown improvement in mortality, although the mechanism of protection 

remains debated (97, 99, 110, 111). Uric acid is increased in CKD patients, and some 

studies suggest lowering uric acid leads to an increase in eGFR and reduced 

cardiovascular events, and a long-term reduced risk of starting dialysis (112). Anemia 

and acidosis are common symptoms of CKD and should be treated should they occur (99, 

113, 114). 

Once kidneys have failed and the patient reaches ESKD kidney replacement 

therapy (KRT) will be required and potentially a kidney transplant (115). It is vital 

clinicians are aware of the physical and mental toll of KRT and work to slow disease 

progression following initial diagnosis (116). Kidney transplants are considered the most 

complete therapeutic option (117). Although, lifelong prescription of anti-rejection 

medication means it is not truly a cure and depending on the underlying cause of disease, 

function in the transplanted kidney can begin to similarly deteriorate (118, 119). 
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Additionally, kidney transplants suffer from severe organ shortage and clinicians should 

not assume this will be an option for most patients (120-122). Unfortunately, CKD 

therapeutic options remain limited and focus on slowing, not reversing, disease 

progression.  

Emerging CKD therapeutics attempt to target the mechanisms of disease 

progression and range from small molecules to cellular therapy. Current research is 

primarily focused on reducing inflammation, fibrosis, and vascular repair (112). Vascular 

therapies generally attempt to restore the endothelial glycocalyx to repair the glomerular 

filtration barrier but have met with limited success (123). A promising study investigating 

the endothelin receptor agonist Avosentan was terminated early due to an increase in 

adverse outcomes in fluid overload (124). Therapies targeting fibrosis attempt to block 

fibroblast activation through TGF-β antagonists or microRNAs to prevent TGF-β 

transcription (125, 126). Anti-inflammatory therapies either target the complement 

system and could be beneficial in IgA nephropathy and multiple other nephropathies or 

aim to reduce inflammatory cell infiltrate into the tissue, either through TNFα or the 

chemokine receptor CCR2 inhibition (97, 127-129). Recently, basic research models 

have suggested that treatment with mesenchymal stem cells can lead to kidney repair in a 

variety of different disease models, although whether this will successfully translate into 

human trials remains to be seen (130, 131).  

It is important to note the limitations of CKD therapeutic studies. The chronicity 

of the disease requires long time points, spanning years to decades, and slows the 

response of both positive and negative results. Additionally, all studies must be 

performed on patients already receiving the standard of care, including either ACEi or 
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ARB, which can complicate the planning of studies and interpretation of results. Finally, 

as with AKI, CKD encompasses a wide array of disease causes and treatments for one 

cause may be ineffective or detrimental to another (97).  

 

AKI to CKD Transition  

AKI and CKD have a bidirectional relationship where the diagnosis of one 

increases the risk of the other (132). Comorbidities that cause an increased risk for both 

AKI and CKD, such as diabetes mellitus, account for some of this correlation. However, 

studies show once an AKI event reaches a certain severity it progresses to CKD and 

increases the risk for ESKD. An AKI episode that requires dialysis, stage 2 or 3, is 

associated with a 28-fold increase in risk for CKD (36). Additionally, the magnitude of 

serum creatinine increase during an AKI episode is directly correlated to CKD 

progression (36). The KDIGO recommends that all patients with CKD be considered at 

an increased risk for AKI (99). There are multiple hypotheses as to the mechanisms of 

this relationship, and it is likely that more than one is occurring simultaneously. 

 Currently suggested mechanisms can be divided into failure to repair or 

maladaptive repair (133). Perhaps the simplest explanation is that nephrons that fail to 

repair during an AKI event or throughout the progression of CKD increase the workload 

on the remaining nephrons leading to glomerular hypertrophy, thereby increasing the risk 

of another kidney damage event (36, 134). However, tubulointerstitial fibrosis scores 

predict disease progression better than glomerular injury scores, so it is unlikely that 

glomerular hypertrophy fully explains the AKI to CKD relationship (36). Tubule damage 

is suggested to come from a failure of the vasculature to repair and maladaptive repair 
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functions of fibroblasts (135). Studies have shown that tubule repair often outpaces 

vascular repair and the resulting hypoxia can damage tubules and promote an 

inflammatory environment and increase fibrosis (136). Tubules may become cell cycle 

arrested and release TGF-β which continuously stimulates fibroblasts and prevents 

deactivation following AKI (137, 138). The result is increased fibrosis in the kidney, 

resulting in CKD progression and increased risk for future AKI events.  

 

Murine Models of CKD 

Murine models of CKD attempt to mimic fibrosis progression with a concurrent 

loss of kidney function over a reasonable timeline, and consist of mechanical, genetic, 

and toxic means of induction. Models that progress quickly do not accurately capture the 

advancement of human disease, whereas those that progress too slowly are logistically 

suboptimal for research studies. Mechanical models include UUO and ⅚ nephrectomy 

and are optimized for fibrosis development. UUO generates acute effects, as discussed 

previously, but if the ligature is allowed to remain fibrosis will quickly progress, although 

results differ by murine genetic backgrounds (126, 139). It is debated whether this model 

progresses too rapidly to CKD. Additionally, despite the recapitulation of CKD fibrosis, 

the remaining compensatory kidney and lack of urine flow from the UUO kidney limit 

the use of biomarkers for kidney function with this model (140). Removal of ⅔ of a 

kidney and complete removal of the unilateral kidney results in ⅚ nephrectomy, where 

the remaining nephrons suffer from hypertrophy and progress to CKD (141, 142). 

Mechanistically, this model is easier to perform in rats than in mice, however, in both 

species, the amount of kidney tissue remaining is small and limits downstream analyses.  
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Genetic models have been developed, or spontaneously appeared, to mimic a 

variety of human conditions, including polycystic kidney disease, diabetes mellitus, 

hereditary nephritis, and Pierson syndrome (143-145). Unfortunately, many mutations are 

lethal in early life or take many months to progress. Recently, there has been a movement 

to make genetic mutations specific to kidney cells in an effort to combat early lethality 

(140). Diabetic models may involve injections of streptozotocin to generate diabetic 

mice, but kidney fibrosis is often limited (146, 147). In an effort to circumvent this issue, 

genetic models can either spontaneously develop a diabetes-like profile, in the case of 

leptin-deficient mice, or injections can be layered over genetic models to increase kidney 

damage (147). 

Toxic models involve the injection of kidney nephrotoxins or fibrotic agents. 

Perhaps the most well-known is the commonly given chemotherapeutic agent cisplatin. 

Cisplatin binds to DNA, forming cross-links between DNA strands, particularly 

mitochondria DNA, and causes cell cycle arrest and apoptosis (148, 149). Another option 

is folic acid injections. In high enough doses folic acid is filtered through the glomerulus 

and builds up in the tubules causing necrosis and fibrosis, although paradoxically it is 

also being investigated as a potential therapy to slow CKD progression in lower doses 

(52, 150-152). However, both protocols require continued injections throughout the 

duration of the study and can be time-consuming. Additionally, their application to 

human disease, where a nephrotoxic agent would be removed, is dubious.  

Aristolochic acid provides a nephrotoxic alternative to continuous injection 

protocols, with a reasonable timeline and clear effects on kidney biomarkers.  Progressive 

fibrosis and an elevated and sustained immune response are hallmarks of this model 
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(153). Aristolochic acid-induced nephropathy (AAN) requires an initial multiday protocol 

and has an acute phase but will naturally progress to CKD without the need for 

continuous injections (52). Injections consist of a mixture of nitrophenanthrene 

carboxylic acids isolated from the Aristolochia species of plants, native to the Balkans 

and parts of China (153). AAN has been suggested as the best chronic model to study 

mechanisms associated with IRI-induced CKD (151, 154). While murine models of 

severe IRI will eventually progress to CKD, the timeline is not always conducive to 

research (52). What would take many months following severe IRI can be accomplished 

within a few weeks in AAN.  

 

General Pathophysiologic and Immunologic Mechanisms of AAN CKD 

In the 1990s, Aristolochia plants were incorrectly substituted into diet pills which 

lead to a worldwide outbreak of AAN (155). Inadvertent ingestion of aristolochic acid I 

and/or II can rapidly develop into CKD and ultimately ESKD. Once ingested, aristolochic 

acid is absorbed from the gastrointestinal tract into the bloodstream before entering PTs 

through molecular organic anion transporters 1 and 3, where it forms covalent DNA 

adducts, cell cycle arrest, mutations, and apoptosis (156, 157). AAN was first identified 

in horses in the Balkans who consumed the Aristolochia plants growing in the fields in 

which they were kept and currently predominately affects those living in the Balkans and 

regions of China who rely on the local environment for sustenance or those taking 

unregulated herbal medications in which the plant continues to be used (158-160).  

Initial symptoms of AAN include nausea, vomiting, rapidly progressing 

interstitial nephritis, reduced GFR, anemia, hypocellular infiltration, and ultimately 
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severe fibrosis and urothelial carcinomas (153, 158). Many symptoms appear to be the 

result of a massive infiltration by leukocytes, including macrophages, B and T cells 

present in medullary rays, and the outer medulla. These cells seemingly persist in the 

tissue, as they have been confirmed in terminal cases (161). As a result, there is 

significantly increased inflammasome activation and constant overexpression of TGF-β 

and therefore increased fibroblast activity (Figure 2)(162, 163). Patients suffering from 

AAN present with shrunken kidney cortexes and completely solidified glomeruli that 

present on a gradient towards to medulla (161).  

 

Kidney Resident Macrophages and the functions in AKI and CKD 

Mononuclear Phagocyte Lineage and Monocyte and Macrophage Differentiation  

During homeostasis and injury, the kidney interacts with the immune system, both 

the peripheral and resident components (77, 164-166). As mentioned previously, the 

infiltration of the peripheral immune system in AKI can lead to inflammation and 

localized ischemia (70, 71). The immune system is composed of leukocytes that are 

subdivided into the innate and adaptive immune system. Lymphocytes of the adaptive 

immune system learns, responds to, and remembers the wide variety of pathogens seen 

over a lifetime. The primary components of the adaptive immune system are T and B 

cells. Myeloid cells of the innate immune system have a limited capacity to remember 

pathogens, but are primed against common characteristics of viruses, bacteria, fungi, and 

helminths, in order to initiate a rapid response to repeat offenders. Additionally, a 

primary function of the innate immune system is to phagocytose pathogens, and present 

processed components to initiate an adaptive immune response. This is done by members 
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of the mono-nuclear phagocyte system, consisting of macrophages, monocytes, and 

dendritic cells.  

The origin of mononuclear phagocytes differs pre and post-birth (167). Following 

birth, mononuclear phagocytes derive from precursor hematopoietic stem cells (HSCs) in 

the bone marrow (168). Therefore, post birth, all peripheral MP populations are bone 

marrow derived. Anything arising before birth is considered of an embryonic lineage. 

Prior to birth, myelopoiesis begins at 3 to 4 weeks gestation in humans and on embryonic 

day 8 in mice and results in myeloid progenitor cells from the primitive ectoderm of the 

yolk sac (169, 170). Later in development, HSCs seed the fetal liver and expand and 

differentiate into monocyte/macrophage and dendritic cell progenitors (MDPs) (171-

173). Regardless of location, it is thought that MDPs differentiate either into a dendritic 

cell precursor or a monocyte/macrophage precursor, however, it is debated whether there 

is an early linear restriction or a continuum of lineage development (174, 175).  MDPs 

that differentiate into monocytes are defined as Lyc6C high or low in the mouse and 

CD14 high or low in humans (176, 177). Previously, monocytes were considered 

immature forms of, or precursors to, macrophages, that patrol the body and would further 

differentiate upon entering tissue or encountering an inflammatory milieu. However, 

recent studies suggest that monocytes would be better considered a blood-resident 

population and that under homeostatic conditions, monocytes can enter tissues and 

remain monocytes (174, 178, 179).  

These claims are bolstered by recent research into the lineage and maintenance of 

tissue-resident macrophage populations. Increasingly, macrophages have come to be 

defined as tissue-resident, making terms like tissue-resident macrophages debatably 
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redundant (180). However, as monocytes can differentiate into macrophages in inflamed 

tissue, resident macrophage is still used to denote macrophage populations present in the 

tissue during homeostasis (178). Many tissues in mice and humans are colonized by a 

population of macrophages. Embryonically derived resident macrophages are thought to 

colonize many tissues in the body and have lifespans that extend far beyond bone 

marrow-derived mononuclear phagocytes, which last between two weeks and a month 

(181, 182). These populations include microglia, Kupffer cells, Langerhans, and resident 

populations in the heart, lung, and peritoneal cavity (178, 183-186). Most resident 

macrophage populations are thought to self-maintain without peripheral monocyte 

differentiation and replacement, with exceptions in at least the intestine and skin, that are 

constantly being replaced (174, 187, 188). Others, such as in the lung and spleen, have 

monocyte-supplemented resident macrophage populations, where only a small proportion 

of the niche appears to receive monocyte-derived input (184).  

 

Characterization of the Kidney Resident Macrophage Population  

The kidney resident macrophage (KRM) was first described in 1981 as a mouse 

kidney mononuclear phagocyte population marked by high F4/80 expression in contrast 

to low F4/80 expression on peripheral macrophage populations (189, 190). In mice, 

KRMs are identifiable by high F4/80 and intermediate CD11b expression. However, 

neither F4/80 nor a known ortholog are present on human macrophages, and KRMs can 

instead be identified by the expression of C1q across species (191-193). The presence of 

dendritic cell markers, such as CD11c and MHC II, on the resident population, lead to 

their reclassification as dendritic cells for a time (194, 195). However, as the 
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understanding of resident macrophages increased, it was acknowledged that conventional 

markers and functions used to delineate dendritic cells and monocytes/inflammatory 

macrophages were not applicable to resident populations (196, 197). Increasingly, 

genomics assays, such as single cell RNA sequencing and spatial transcriptomics, have 

identified novel resident immune cell subpopulations and/or cell phases within tissues, 

that were previously undiscovered based on surface markers alone.  

Much work has been accomplished in the last decade to elucidate KRMs further. 

Parabiosis studies confirmed that adult murine KRMs are self-maintained and form a 

network throughout the entire tissue (198, 199) (200). Reporter mice were used to 

determine that the KRM niche is composed of both embryonic and bone-marrow-derived 

macrophages in the mouse, where upon birth peripheral macrophages differentiate and 

seed into the kidney and ultimately compose approximately half of the total KRM 

population (201). It still needs to be determined whether these early bone marrow-derived 

residents self-maintain, like their embryonically derived neighbors, or are continuously 

replaced as in the case of the skin and spleen. However, it is important to note the 

difference between mouse and human kidney development. The murine kidney continues 

to develop for one-month post-birth, the same period in which the bone marrow-derived 

KRMs appear, whereas human kidney development stops at birth and in theory could be 

composed of entirely embryonically derived KRMs (134, 202).  

 

Macrophages in AKI  

The role of macrophages in injury propagation and resolution is complex and 

dependent on the type of model used. The changing understanding and naming 
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convention of the mononuclear phagocyte population within the kidney further 

complicates the identification of specific roles for monocytes, dendritic cells, 

macrophages, and resident macrophages. Additionally, much of the previous research 

into macrophage functions relied on dichotomous phenotype assignments that are largely 

inconsistent with in vivo observations (203, 204). Activated macrophages are routinely 

portrayed as either M1 inflammatory macrophages, activated by LPS or IFNγ, or M2 

anti-inflammatory macrophages, polarized by IL-10, IL-4, or IL-13 (205, 206). In 

practice, macrophages can readily shift between phenotypes and more accurately exist on 

a spectrum reliant on the available environmental signals (73, 181, 207, 208). In the 

transition from the highly inflammatory milieu of AKI to the pro-fibrotic nature of CKD, 

macrophages would experience and respond to a variety of environmental and 

immunological cues.  

Immediately following reperfusion, monocytes, facilitated by CCR2 and CX3CR1 

mediated chemotaxis, migrate into the tissue (209). Activation of toll-like receptors and 

stimulation by IFNγ promotes a proinflammatory phenotype and a possible 

differentiation into inflammatory macrophages (209-212). The responding cells begin 

secreting inflammatory cytokines which in turn upregulate selectins and integrins and 

therefore attract more immune infiltration (213, 214).  Myeloid cells of the inflammatory 

infiltrate produce inducible nitric oxide synthase to add to already present ROS to further 

promote apoptosis and inflammation (213). Necrotic cells release damage-associated 

molecular patterns (DAMPs), such as ATP, heat shock proteins, hypomethylated DNA, 

and RNA. Mononuclear phagocytes begin to efferocytose dead and dying cells (72, 73). 

These internal signaling pathways converge in the inflammasome and interferon 
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pathways, which are central to inflammation and activation of the adaptive immune 

system. As injury resolves, macrophages dampen inflammation and transition towards an 

anti-inflammatory and possibly pro-fibrotic phenotype (73, 215).  

Little is known about the specific function of KRMs following ischemic AKI. 

Much of the knowledge of myeloid function following injury comes from various 

depletion models, none of which specifically target a single population. Clodronate 

liposome-based depletion methods target phagocytic cells and treatment prior to AKI has 

shown protective effects, suggesting a role in injury propagation by one or more 

subpopulations of the mononuclear phagocyte compartment (216). Diphtheria toxin 

receptor models selectively target cells genetically manipulated to be susceptible to 

diphtheria toxin. The most useful, to date, for studying KRMs are those targeting 

CD11b+ and CD11c+ cells, as both markers are expressed intermediately on KRMs (198-

200). Unfortunately, these molecules are also expressed in varying degrees by monocytes 

and dendritic cells and fail to specifically target any one population. Regardless, unlike 

clodronate methods, diphtheria toxin-mediated depletion does not offer AKI protection 

(216). The contrast in the outcomes of the depletion models suggests that different 

mononuclear phagocytes in the kidney have divergent effects following AKI, however, 

the specific role of KRMs, and whether it differs from infiltrating populations remains 

unknown. 

  

Macrophages in CKD 

The progressive nature of CKD and the variety of conditions possible within the 

damaged kidney, make it difficult to parse out the role of macrophages and monocytes. 
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Similar to AKI, the first immune cells are responding to damaged kidney cells and the 

release of DAMPs (217). Monocytes and macrophages that migrate into the tissue 

express TLRs that bind the DAMPs and respond to cytokines, such as IFNγ, secreted by 

other immune populations. Acting in concert, these signals produce a pro-inflammatory 

phenotype and secretion of inflammatory cytokines IL-6, TNFα, IL-1β, and ROS (217, 

218). Expression of MHC II and co-receptors increases on dendritic cells, monocytes, 

and macrophages to allow for stimulation of the adaptive immune response (219, 220).  

The second phase of CKD involves an increase in anti-inflammatory and perhaps 

pro-fibrotic macrophages. It is important to note the pro-inflammatory presence in the 

kidney remains, and regions of the tissue remain inflamed even as fibrosis progresses 

(221, 222). However, through an unknown mechanism, anti-inflammatory macrophages 

increase in number and secrete TGF-β, IL-10, and IL-13. The role of macrophages in 

CKD fibrosis is debated and can be attributed to pro and anti-inflammatory macrophages 

through different mechanisms. Macrophages and monocytes cluster around dead and 

dying tubules as apoptosis continues (161). Remaining pro-inflammatory macrophages 

are thought to increase fibrosis by increasing the production of matrix metalloproteinase 

9 and facilitating the epithelial-mesenchymal transition (223). In contrast, anti-

inflammatory macrophages secrete TGF-β, which when secreted by proximal tubules in 

the nephron has been shown to activate fibroblasts (224, 225). However, in a model of 

obstruction-mediated CKD, macrophage-specific loss of TGF-β did not show a 

significant effect on fibrosis and therefore complicates the hypothesis that anti-

inflammatory macrophages mediate kidney fibrosis (226).  
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 Generally, macrophages in AAN appear to respond as they would in any other 

CKD model. Following AAN, macrophages increase significantly in the kidney 

parenchyma, and a large and persistent immune infiltrate is a hallmark of this model and 

ischemic AKI (154). Studies that have investigated the macrophage compartment as one, 

both infiltrating and resident, find an increase in both pro- (IL-6 and TNFα) and anti-

(TGF-β, IL-10, IL-13) inflammatory cytokines in comparison to vehicle-treated controls 

(151). A study that inhibited macrophage colony-stimulating factor showed that 

macrophage infiltration promotes oxidative stress and apoptosis in tubule cells, and 

inhibition of macrophage proliferation and activation reduced Nf-ΚB, TGF-β, and 

immune infiltrate (227). It is important to note that Nf-ΚB and TGF-β are thought to 

represent opposite ends of the inflammatory spectrum and emphasize the complex role of 

macrophages in the tissue. A transcriptional study identified KRMs based on the 

expression of C1qa and found this population expresses similar patterns in IL-1β, TNFα, 

Arg-1, and TGF-β to infiltrating macrophages and monocytes (228). To date, there are no 

functional studies that identify features unique to KRMs in AAN.  

 

Statement of the Problem 

Patients suffering from AKI and CKD are afforded few therapeutic options with 

limited degrees of success in managing the disease. The immune system has been 

implicated in the propagation and amelioration of kidney injury, yet immune based 

therapies are nearly nonexistent and novel therapeutic options discovered in mouse 

models often fail upon progression to clinical trials. KRMs are found in mice and humans 

and are present and participatory for all phases of kidney injury and recovery or the lack 
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thereof, and therefore represent an excellent therapeutic target. However, most of the 

current understanding of macrophage responses to kidney injury fails to differentiate 

between resident and infiltrating populations, failing to identify KRM specific responses. 

Additionally, KRMs are dispersed throughout the tissue, and would inevitably be 

exposed to a variety of different microenvironments that would likely influence the 

homeostatic and injury specific functions within the KRM population. As a result, there 

is a need to further elucidate potential subpopulations within the human and murine KRM 

niche and the response of said subpopulations following AKI and CKD. 

 

Overall hypothesis 

The kidney resident macrophage niche is composed of transcriptionally and 

spatially distinct evolutionarily conserved subpopulations that modulate their MHC II 

expression at the injury location and for the duration of the injury 

 

Thesis 

As a result of investigating the above hypothesis, this dissertation elucidates the 

specific responses of KRM subpopulations to kidney injury and identifies 

transcriptionally and spatially conserved orthologs between mice and humans. 

Furthermore, this dissertation investigates the injury response of MHC II downregulation 

by a subset of KRMs. This work provides a necessary framework to identify KRM 

subpopulations across species and has begun the process of function identification.   
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Figure Legends 

Figure 1. Immunologic mechanisms of ischemic AKI  

(A) Macrophages recognize DAMPs, such as DNA, released by dead and dying cells. (B) 

The inflammatory milieu polarizes macrophages towards a pro-inflammatory phenotype 

and stimulates the release of pro-inflammatory cytokines, such as TNFα. (C) A potential 

interaction between CD4+ T cells at the site of sterile injury. (D) Neutrophil numbers 

peak within the first 24 hours, where they migrate into the tissue that has upregulated 

adhesion molecules, and release ROS.  

 

Figure 2. Immunologic mechanisms of aristolochic acid nephropathy CKD 

The hallmark of the immunological niche in Aristolochic Acid Nephropathy CKD is 

rapidly progressing fibrosis and massive immune infiltration. TGF-Beta released by 

damaged tissue stimulates the proliferation and maintenance of fibroblasts. 
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Abstract 

The kidney contains a population of resident macrophages from birth that expands 

as it grows and forms a contiguous network throughout the tissue. Kidney-resident 

macrophages (KRMs) are important in homeostasis and the response to acute kidney 

injury. While the kidney contains many microenvironments, it is unknown whether 

KRMs are a heterogeneous population differentiated by function and location. We 

combined single-cell RNA-Seq (scRNA-Seq), spatial transcriptomics, flow cytometry, 

and immunofluorescence imaging to localize, characterize, and validate KRM 

populations during quiescence and following 19 minutes of bilateral ischemic kidney 

injury. scRNA-Seq and spatial transcriptomics revealed 7 distinct KRM subpopulations, 

which are organized into zones corresponding to regions of the nephron. Each 

subpopulation was identifiable by a unique transcriptomic signature, suggesting distinct 

functions. Specific protein markers were identified for 2 clusters, allowing analysis by 

flow cytometry or immunofluorescence imaging. Following injury, the original 

localization of each subpopulation was lost, either from changing locations or 

transcriptomic signatures. The original spatial distribution of KRMs was not fully 

restored for at least 28 days after injury. The change in KRM localization confirmed a 

long-hypothesized dysregulation of the local immune system following acute injury and 

may explain the increased risk for chronic kidney disease. 
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Introduction 

Macrophages are ubiquitous in the kidney (1). They perform numerous functions 

within the kidney, including integration of signals related to tissue health, phagocytosis of 

debris and apoptotic cells, defense against infectious agents entering via the urinary tract, 

and response to physical injury or damage by pharmacologic agents. In a normal murine 

kidney, macrophages constitute approximately 50%–60% of CD45+ immune cells, and of 

those, the majority are tissue resident, having seeded into the kidney in embryonic and 

early life from the fetal yolk sac, fetal liver, and bone marrow (2). Kidney-resident 

macrophages (KRMs) are defined as such because they are replenished primarily through 

self-renewal and receive no further input from the peripheral circulation (3, 4). The KRM 

population can be distinguished from infiltrating macrophages by their high expression of 

F4/80 (also known as Emr1 and Ly71) and intermediate expression of CD11b (integrin 

αmβ2, also known as Mac-1) (5). Infiltrating macrophages, which are exclusively bone 

marrow derived, turnover within 2 weeks (3) and express lower levels of the F4/80 

antigen and higher levels of CD11b (F4/80int, CD11bhi). Parabiosis studies following an 

ischemic event show that these characteristics do not change after kidney injury (3). 

Kidney macrophages are known to be important in acute kidney injury (AKI), but 

their conflicting roles in the pathogenesis of and recovery from injury are poorly 

understood. In models of AKI, such as kidney ischemia/reperfusion injury in mice, the 

extent and timing of macrophage depletion affect the outcome of injury (6, 7). 

KRMs are distributed throughout the kidney, which contains distinct 

physiological microenvironments along the nephron. Macrophage location has been 

shown to affect function in other organs/tissues (8–12). Therefore, KRMs may have 

https://insight.jci.org/articles/view/161078#B1
https://insight.jci.org/articles/view/161078#B2
https://insight.jci.org/articles/view/161078#B3
https://insight.jci.org/articles/view/161078#B4
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specialized functions tailored to the local cellular environment and may possess 

transcriptional programs to respond distinctly to acute injury. We have previously shown 

in an ischemia/reperfusion injury model that there are changes in the expression of 

selected surface molecules, such as MHC II, and in transcriptional programming, as 

measured by bulk mRNA sequencing (3). It is not clear if the observed transcriptomic 

and phenotypic shifts reflect alterations in global macrophage programming or previously 

indistinguishable subpopulations. 

We used single-cell RNA-Seq (scRNA-Seq) and spatial transcriptomics to 

demonstrate that KRMs consist of at least 7 major subpopulations localized to defined 

zones within the kidney. The distinct transcriptomic programs of each subpopulation 

suggest specialized functions, including type I IFN responses, heme/iron metabolism, 

inflammation, or antibacterial responses. Following acute ischemic injury, the 

transcriptomic programming is altered, and the delineation of the subpopulations within 

specific zones is lost and does not return to normal by 28 days after injury, possibly 

reflecting chronic immune dysregulation. 

 

Results 

Generation of a comprehensive single-cell KRM data set.  

We performed scRNA-Seq on CD45+TCRb–CD19–NK1.1–Gr-1–

CD11bintF4/80hi KRMs identified and sorted by flow cytometry as described previously 

(Supplemental Figure 1; supplemental material available online with this 

article; https://doi.org/10.1172/jci.insight.161078DS1) (3). The KRMs were obtained 

from the kidneys of quiescent (uninjured) mice and those subjected to 19 minutes of 
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bilateral warm ischemia (37°C ± 1°C rectal temperature) under ketamine-xylazine 

anesthesia (Figure 1A). Histologic changes and serum creatinine confirmed the initial 

injury on day 1 after ischemia, with observed hypercellularity and an average increase of 

0.21 mg/dL in serum creatinine and subsequent recovery of function from days 6 to 28 

after injury (Figure 1, B and C). Samples from 3 quiescent mice and 3 mice each at 12 

hours and days 1, 6, and 28 days after injury were sequenced using the 10X Genomics 3′ 

Chromium platform. In total, 58,304 KRMs were sequenced and retained based on the 

expression of Adgre1 (F4/80), Itgam (CD11b), and C1qa (3, 13). The data from all time 

points were integrated using Harmony to facilitate a direct comparison of the analyses at 

each time point by minimizing batch effects and nonbiologic variation. After quality 

control, 3000 variable genes were identified for all groups, and after normalization and 

scaling, the cells were clustered. Dimensional reduction using uniform manifold 

approximation and projection (UMAP) resolved 13 clusters (Supplemental Figure 2A). 

Elimination of contaminating kidney parenchymal cells and clusters constituting equal to 

or less than 1% of the total number of cells left 7 clusters, indicating that the KRM 

population is composed of at least 7 major distinct subpopulations with unique 

transcriptomic signatures (Figure 2A and Supplemental Figure 2B). KRMs were 

distinguished from parenchymal cells by expression of canonical markers such as of 

C1qa (Figure 2B) (13). 

 

Delineation of transcriptionally distinct KRMs in quiescent mice.  

We initially analyzed the quiescent samples to characterize the 7 major 

subpopulations in the uninjured state (Figure 2A). A heatmap of the top 5 significant 
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differentially expressed genes (DEGs) in each cluster illustrates distinct transcriptional 

profiles and provides potential markers for identification (Figure 2C). Very few 

transcripts were uniformly expressed at high levels in cluster 0, 

although Ccr2 and Ptprc (CD45) were among the DEGs that defined this cluster (Figure 

2C). The top DEGs in the remaining 6 clusters indicated at least one specific function. 

Cluster 1 expressed heat shock protein transcripts and the Fos and Btg2 transcription 

factor/cofactors, which are associated with the immediate early response (Figure 2C). 

These transcripts may be involved in homeostatic function or may indicate priming 

toward the immediate early response by this cluster, allowing for cluster 1 to 

preferentially upregulate the immediate early response during the dissociation protocol. 

Cluster 2 exhibited increased transcription of heme oxygenase-1 (Hmox1), which is the 

rate-limiting step in the degradation of heme into iron, biliverdin, and carbon monoxide. 

Notably, we also observed increased expression of ferroportin (Slc40a1), peroxiredoxin 

(Prdx1), ferritin heavy chain (Fth), and ferritin light chain (Ftl), which supports the 

supposition that heme/iron handling is an important function of cluster 2 (Figure 

2C and Supplemental Figure 3A). Cluster 3 was enriched for genes associated with 

antimicrobial processes and inflammation, such as Cxcl2, macrophage inflammatory 

protein 1-α (Ccl3), and macrophage inflammatory protein 1-β (Ccl4), which are involved 

in the recruitment of inflammatory cells. CD14, which is engaged in Toll-like receptor 

signaling by LPS, was expressed by these cells at high levels (Figure 

2C and Supplemental Figure 3B). Cluster 4 expressed transcripts involved in fibrosis, 

including Pf4, CD206, and Stab1 (Supplemental Figure 3C) (14–18). Cluster 5 could be 

distinguished by the expression of Vim, Ccl2, Tnip3, and Ccr2 transcripts (Figure 
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2C and Supplemental Figure 3D). Cluster 6 was enriched in the expression of several 

genes associated with type I IFN responses, such as Isg15, Ifit3, and Ifit2, indicating a 

possible role in antiviral responses (Figure 2C and Supplemental Figure 3E). A full 

listing of the DEGs is provided in the Supplemental Excel File 1. 

Gene ontology enrichment analysis (GO: biologic process) determines the extent 

to which genes associated with specific functions are represented in each cluster. As seen 

in Table 1, enrichment of specific gene sets could be assigned with varying degrees of 

confidence to each cluster, with the exception of cluster 5, which contained too few cells 

in quiescence for a reliable estimation. The most significant terms in clusters 1, 3, and 6 

were involved in antibacterial, antiviral, and antifungal responses. Cluster 2 contained 

terms related to responses to iron, phagocytosis, and wound healing, suggesting 

involvement in homeostatic functions. Clusters 0 and 4 mapped to few terms, but the 

analysis contained references to tumor necrosis factor and apoptosis. These disparate 

gene ontology mappings suggest that each cluster executes a distinct transcriptional 

program that could be a function of the location in which each cluster resides. 

 

KRM subpopulations are localized to zones associated with specific nephron structures.  

We identified KRM locations by integrating the scRNA-Seq data (Figure 2A) into 

spatial transcriptomic data sets generated from kidney sections of 3 individual mice. The 

spatial matrix was integrated with the scRNA-Seq data set using the anchor-based 

workflow built into the Seurat package, which allows the probabilistic mapping of 

scRNA-Seq– and/or single-nucleus RNA-sequencing (snRNA-Seq)–defined clusters onto 

a histological kidney image (Supplemental Figure 4) (19–22). We validated this approach 

using a single-nuclear data set from whole kidneys, in which the cell types identified by 
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snRNA-Seq mapped to expected histologic locations in the kidney (Supplemental Figure 

5). The 7 transcriptionally defined KRM subpopulations were localized to distinct 

locations in the kidney (Figure 3, right), corresponding to zones enriched for specific 

nephron structures (Figure 3, left), which were designated zones I–V and confirmed using 

zone-specific transcripts (23) (Figure 3, middle). The localization patterns suggest a zonal 

organization of KRMs from the cortex to the papilla. For example, cluster 0, appearing in 

zone II, was largely concentrated in the corticomedullary region and appeared to be 

associated with the S3 segment of the proximal tubule, as determined by marker 

transcripts for the S3 proximal tubule (Slc7a13, Napsa, Nudt19). Cluster 4 and cluster 6 

are predominately located in zone III, and their spatial distributions were strikingly 

similar to the distributions of genes associated with the ascending loop of Henle. Within 

zones III and IV, we observed the localization of more than one KRM cluster. In both 

zones, each cluster was mapped similarly, but with slightly different distributions. The 

spatial organization of each KRM cluster was unique and associated with specific zones 

within the kidney (Figure 3). 

 

Validation of select KRM markers.  

To validate the general location of specific clusters shown by spatial 

transcriptomics, we used flow cytometry to visualize the expression of select proteins that 

were transcriptionally distinct within clusters. Because cluster 3 resided primarily in the 

medulla (Figure 4A), we performed flow cytometry to compare expression levels of 

CD14 protein among cells isolated separately from the medulla and the cortex. Analysis 

of the most significant DEGs for each KRM cluster by adjusted P value indicated that 
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transcripts for CD14, a pathogen-associated molecular pattern receptor involved in the 

recognition of LPS, were expressed in all KRMs but appeared to substantially increase in 

cluster 3 (Figure 4A, dot plot). Flow cytometry of kidneys manually dissected into cortex 

and medulla allowed for the identification of increased CD14++ cells among 

CD45+TCRb–CD19–NK1.1–Gr1–CD11bintF4/80hi KRMs in the medulla but not the cortex 

of the kidney (Figure 4B). This aligned with the plotting of cluster 3 using spatial 

transcriptomics, which appeared primarily in the medulla and papilla. In comparison, 

mannose receptor C-type 1 (Mrc1, also known as CD206) expression was increased in 

cluster 4. This cluster was spatially distributed in the inner medulla and, to a lesser extent, 

the outer cortex (Figure 4C). Immunofluorescence imaging revealed 

CD206/Mrc1+ KRMs in the outer cortex and inner medulla; however, they were largely 

absent from the inner cortex, which is consistent with the spatial transcriptomics data 

(Figure 4, D and E). 

 
Ischemic injury alters the spatial and transcriptomic profiles of KRM subpopulations, 
and they remain altered 4 weeks after injury.  
 

We next determined the effect of ischemic injury on transcriptomic programming 

and spatial distribution of KRMs as a function of time. Figure 5A shows UMAP plots for 

KRMs from quiescent kidneys and also those at 12 hours and days 1, 6, and 28 after 

injury. Relative to quiescent kidneys, proportional changes in the representation of each 

KRM cluster was observed within 12 hours following the ischemic insult. The 

proportions at day 28 appear similar to those at quiescence (Figure 5B). Most notable 

among these acute changes are increases in the proportions of cells in clusters 2 and 5. 

The GO terms following Days 1 and 6 post-injury are included in Supplemental Tables 1 

and 2. 
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Following injury, there was a change in cluster spatial locations (Figure 5C). This 

was observed in the early inflammatory phase (12 hours and day 1 after injury) as well as 

in the reparative phase (day 6 after injury). For reference, kidney cell markers at each 

time point are provided and appear similar to the quiescent profile (Supplemental Figures 

6–9). At 12 hours, we identified clusters that appeared to be in intermediate locations 

between their initial sites and their positions on day 1 and day 6 after injury. This was 

exemplified by the medullary subpopulations, clusters 1 and 3. During quiescence, these 

populations were predominantly present in zones V (papilla) and IV (inner medulla), 

respectively. At 12 hours after injury, cluster 1 and cluster 3 mapped to the 

cortical/medullary region. By day 1 after insult, cluster 1 was concentrated at the 

corticomedullary junction but also appeared to be distributed throughout the cortex. 

Cluster 3, initially found in the papilla, was also found in the cortex (Figure 5C). 

Spatial transcriptomics from day 28 shows that some KRM subpopulations did 

not map to their initial locations (Figure 5C). A comparison of KRM subpopulations at 

day 28 to their quiescent profile showed that while clusters 0, 1, and 2 mostly mapped to 

their quiescent location, clusters 3, 4, 5, and 6 appeared scattered throughout the tissue 

(Figure 5C). Notably, the day 28 kidneys appeared to lose spatially distinct medullary 

KRM subpopulations. 

The GO terms for clusters 1, 3, and 6 at day 28 remained antiviral and 

antibacterial (Supplemental Table 3). Cluster 2 had reestablished terms involved in iron 

handling. While GO terms appeared for cluster 0, they had FDRs above the significance 

level (FDR < 0.05). Clusters 4 and 5 continued to be involved in chemotaxis. 
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Discussion 

Using scRNA-Seq in conjunction with spatial transcriptomics, we identified, 

characterized, and localized 7 major subpopulations of KRMs in the mouse kidney before 

and after ischemic injury. We revealed that KRM subpopulations exist within 

microenvironmental niches associated with specific zones, roughly approximating layers 

from the cortex to the papilla. After the injury, the original compartmentalization of 

KRM subpopulations is lost and is still not fully regained 28 days after injury. 

Recent work in the area of the kidney myeloid immune system has focused on 

increasing the understanding of the various subpopulations in quiescence and following 

injury (15, 24). Our work expands on these evolving definitions and characterizes protein 

expression markers for multiple transcriptionally distinct subpopulations. Current studies 

analyze the macrophage compartment as a whole, which provides important information 

on infiltrating monocytes but can cloud the understanding of the KRM population. By 

focusing solely on the KRMs, we have identified at least 7 transcriptionally distinct major 

subpopulations. Some of these, such as the type I IFN–responding cluster 6, share 

similarities with resident macrophage populations in other tissues (25, 26). Others, like 

cluster 5, which expands after ischemic injury, may be unique to the kidney. 

In an attempt to generate a comprehensive understanding of kidney macrophages, 

we identified quiescent protein expression markers for subpopulations that had been 

identified across injury models previously by other groups. We identified cluster 3 as 

CD14++ and cluster 4 cells as CD206+. In human kidneys, CD14++ macrophages have 

been identified as a subpopulation primed against bacterial infection and responsive to 

salt gradients in models of urinary tract infections (27). Additionally, medullary 
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CD14++ cluster 3 KRMs express transcripts involved in neutrophil chemotaxis and 

activation. Previous studies by Berry et al. demonstrated that medullary 

CD14++ macrophages isolated from human medulla activate neutrophils (27). 

CD206+ macrophages have been identified by other groups in models of unilateral 

ureteral obstruction and polycystic kidney disease (15, 28). Like in those studies, our 

CD206+ cluster 4 KRMs expressed transcripts for Stab1, Fcrls, and Igf1, which are 

associated with tissue regeneration and fibrosis. In the liver, resident macrophages that 

express similar transcripts to cluster 4 are thought to be involved in the prevention of 

fibrosis following insult (29). Zimmerman et al. identified CD206+ KRMs surrounding 

cysts in polycystic kidney disease development, and inhibition of KRM proliferation 

decreased CD206+ KRM numbers and lessened cyst growth and numbers, suggesting that 

cluster 4 cells could be involved in cyst formation or fibrosis progression (28). 

Stratification of KRMs into specific zones within the kidney was previously 

unknown. The spatial location of macrophages effects their function in other tissues, such 

as the lung, spleen, and liver, and response to an immunological challenge, in the case of 

tuberculosis or tumors (8–12). Although many disease states have known connections 

with KRMs (30–32) and targeting populations holds great therapeutic promise, successful 

design and implementation of such strategies are limited by our current understanding of 

KRM regulation and response to injury. As it relates to location, cluster 0 is initially at 

the site of the greatest insult during an ischemic event. The lack of oxygen in the tissue 

damages the mitochondria-heavy S3 proximal tubule cells in the corticomedullary 

junction (33, 34). Cluster 1 was the second-largest KRM population and was 

concentrated in the papilla. Its presence in zone V, which has aquaporin 2 gene 
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expression, suggests that cluster 1 cells are found near the collecting ducts. Prior studies 

have indicated a relationship between macrophages and the collecting duct in the context 

of IgA nephropathy, with one study suggesting a role in driving fibrosis in that region 

(35, 36). Cluster 2, which is distinguished by its iron-handling transcripts, was located in 

the cortex around proximal tubules, where iron is reabsorbed in healthy conditions and 

accumulates during iron disorders (37). Additionally, the subpopulation locations suggest 

a coordinated positioning to protect the kidney from infection. The transcriptome and 

location of clusters 1, 3, and 6 depict a strategic immune barrier from the ureter, the most 

common origin of kidney infections (38). Macrophage subpopulations in other tissues, 

such as the lung, gut, and skin, are known to perform this function (39–42). Our work 

highlights the diversity among the KRMs and the corresponding need to selectively target 

specific subpopulations with respect to the originating mechanism of insult. 

It is similarly important to consider timing, as the KRMs alter their spatial 

location after injury. This apparent movement can be ascribed either (a) to a physical 

translocation of the KRMs following injury and/or (b) to KRM subpopulations in specific 

locations undergoing a transition from transcriptional profiles associated with one cluster 

to another. The former hypothesis is supported by data showing that 12 hours after injury, 

clusters 1 and 3 appear at intermediate locations between their quiescent and 24-hour 

locations. In addition, GO analysis from time points following injury identifies many 

terms involved in cell migration and motility. This further supports that the KRM 

subpopulations have location-specific responses to areas of damage within the kidney and 

may both relocate and alter their transcriptional profile in response to injury. While our 
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data support the possibility that KRMs are migrating, future experiments will need to 

confirm KRM locomotion. 

Nevertheless, the transcriptomic atlas, with many KRM subpopulations no longer 

expressing their original profiles and existing within new locations, is persistently altered 

and future therapeutics will need to consider the location at the time of treatment to 

accurately gain the desired effect. During the course of our studies, the transcriptomic 

profile failed to return to quiescence, even after 28 days. Given the continued disruption 

in transcriptional and spatial distribution beyond acute injury, KRMs may influence the 

transition from AKI to chronic kidney disease (CKD). A single AKI event drastically 

increases the risk for the development of CKD (43–46), although the mechanisms that 

underlie the AKI-to-CKD transition remain unclear. Multiple cell types have been 

implicated, including damaged proximal tubules and vascular cells, in addition to 

leukocytes (47). KRMs are of particular interest given their capacity for inflammation 

and fibrosis and continued presence in the tissue beyond an acute injury (48–52). Future 

studies should consider the effect of the altered KRM subpopulations on long-term 

kidney function both from native kidneys and following transplant. 

This work has characterized the subpopulations of KRMs and determined their 

location within healthy kidneys. Following insult, we tracked the subpopulations as they 

appear to relocate throughout the tissue, suggesting locomotion by these cells in response 

to injury, as a result of tubule cell death and/or transient ischemia to the various 

subpopulations. Finally, our data confirm a long-hypothesized dysregulation of the 

immune system following AKI and provide a foundational framework for the increased 

risk for CKD following an AKI event. The result is a KRM atlas of the murine kidney 
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that can provide a point of reference for future studies into the role of the resident 

macrophage system in the normal and injured kidney. 

 

Methods 

Animals.  

Male C57BL/6J mice, 12–16 weeks of age, were obtained from The Jackson 

Laboratory. Mice were housed at the University of Alabama at Birmingham (UAB) 

animal facilities in compliance with the NIH guidelines regarding the care and use of live 

animals. 

 

Bilateral ischemia/reperfusion injury.  

Mice were subjected to bilateral ischemia/reperfusion injury, as previously 

described (3, 4). All surgeries were performed in the morning. Mice were anesthetized 

using ketamine and xylazine (i.p.). Under aseptic precautions, both kidneys were clamped 

at the renal pedicle using a microserrefine vascular clamp (Fine Science Tools, 18055-

05). After 19 minutes, the clamps were removed to allow reperfusion. Reperfusion was 

visually confirmed within 1 minute. Body temperature, measured by a rectal 

thermometer, was carefully maintained at 37°C ± 1°C. 

 

Flow cytometry/FACS. 

 KRMs represent approximately 1%–2% of total viable cells in a quiescent 

kidney. In order to obtain a minimum number of cells to draw meaningful conclusions 

about KRM subpopulations as determined by scRNA-Seq, we isolated KRMs using flow 
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cytometric sorting. Leukocytes were isolated as previously described (3, 4). Mice were 

anesthetized under isoflurane and perfused through the left ventricle with 10 mL cold 

PBS. Kidneys were removed, stripped of the capsule, minced with a razor blade on a 

glass slide, and placed into Liberase (MilliporeSigma) at 37°C for 30 minutes. The 

digestion was stopped by adding cold PBS containing 1% BSA, and tissue was further 

disaggregated through an 18-gauge syringe. Red blood cells were lysed using ACK lysis 

buffer for 2 minutes at room temperature, and the remaining leukocytes were then 

washed with ice-cold PBS. Cells were then stained with violet fixable viability dye 

(Invitrogen L34955) and treated with unlabeled anti-CD16/32 antibody to block Fcγ3 

receptors. Cells were subsequently stained using anti–Gr-1 Alexa Fluor 700 (Ly6G, clone 

1A8, BioLegend), anti-CD11b super bright 600 (M1/70, Invitrogen), anti-F4/80 APC-

eFluor-780 (BM8, Invitrogen), anti-NK1.1 PE-C7 (PK136, Invitrogen), anti-CD45.2 BV-

650 (104, BioLegend), anti-MHC II (I-A/I-E) PerCP (M5/114.15.2, BD Biosciences), 

anti-CD19 super bright 702 (6D5, BioLegend), anti-TCRβ Pe-Cy5 (H57-597, BD 

Biosciences), and anti-CD14 APC (Sa2-8, Invitrogen) (Supplemental Figure 1). 

 

Nuclear isolation from whole kidney.  

Nuclei were isolated using Nuclei Lysis Buffer containing Nuclei Isolation Kit: 

Nuclei EZ Prep Buffer (MilliporeSigma) supplemented with cOmplete ULTRA Tablets 

(MilliporeSigma) and SUPERase IN (Thermo Fisher Scientific) and Promega RNAsin 

Plus nuclease inhibitors. Kidneys were minced into less than 1 mm pieces in 2 mL Nuclei 

Lysis Buffer. Samples were transferred to a dounce homogenizer (Kimble) and 

homogenized. An additional 2 mL Nuclei Lysis Buffer was added to the sample and 
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incubated for 5 minutes on ice. Samples were passed through a 40 μm filter into a 50 mL 

conical tube. Samples were centrifuged at 500g for 5 minutes at 4°C. The supernatant 

was removed, and the pellet was washed with 4 mL Nuclei Lysis Buffer containing 1% 

bovine serum albumin for 5 minutes on ice. Samples were centrifuged at 500g for 5 

minutes at 4°C. Samples were passed through a 5 μm filter into a 50 mL conical tube and 

then centrifuged again. Nuclei were resuspended in a solution containing PBS, 1% BSA, 

and 0.1% RNAse inhibitor. 

 

scRNA-Seq/single-nuclear RNA-Seq.  

Purified cells or nuclei were transferred on ice to the UAB Flow Cytometry and 

Single Cell Core and immediately processed using the Chromium 3′ Single Cell RNA 

sequencing kit (10× Genomics) according to the manufacturer’s instructions. The cell 

suspension was counted and combined with a 10× Chromium reagent mixture and loaded 

into a microfluidic single-cell partitioning device in which lysis and reverse transcriptions 

occur in microdroplets. The resulting cDNA was amplified by a polymerase chain 

reaction and subsequently processed to yield bar-coded sequencing libraries. Paired-end 

sequencing was carried out on an Illumina NovaSeq6000 sequencing platform (Illumina). 

Reads were processed using the 10× Genomics Cell Ranger Single-Cell Software Suite 

(version 6.0) on the UAB Cheaha High-Performance Computing Cluster. BCL files were 

converted to FASTQ files using the CellRanger mkfastq function. CellRanger count was 

used to align the FASTQ files to the mouse genome (mm10). The gene table, barcode 

table, and transcriptional expression matrices were created for the analysis indicated 

below. 
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Spatial transcriptomics.  

The Visium system relies on a 2-dimensional matrix of 5000 spots distributed on 

a microscope slide in a 6.5 by 6.5 mm square. Each spot, which contains a poly-dT 

oligonucleotide with a unique sequence (bar code), is 50 μm in diameter at a distance 

from the other spots of 100 μm from center to center. Kidneys were embedded in the 

Optimal Cutting Temperature matrix (Fisher Scientific) and stored at –80°C. Before 

sectioning, blocks were equilibrated to –10°C for 30 minutes. A 10 μm section was 

placed onto specialized Spatial Gene Expression slides (10× Genomics) and processed 

according to the manufacturer’s protocols. Briefly, slides were stained with H&E, and 

bright-field images were acquired using a Keyence BZ-X700 microscope. Tissues were 

permeabilized for 18 minutes, and cDNA was generated and used to create second-strand 

DNA. The resulting cDNA was subject to downstream amplification and library 

processing for scRNA-Seq. Reads were processed using the 10× Genomics Cell Ranger 

Single-Cell Software Suite (version 6.0) on the UAB Cheaha High-Performance 

Computing Cluster. BCL files were converted to FASTQ files using the SpaceRanger 

mkfastq function. SpaceRanger count was used to align the FASTQ files to the mouse 

genome (mm10). 

 

Sequencing analysis.  

Both scRNA-Seq and spatial transcriptomics analyses were carried out using 

packages created for the R statistical analysis environment (version 4.06). Data were 

primarily analyzed using Seurat (version 3.2.3) and its associated dependencies (19, 53) 

as previously described (54). Data from each mouse were imported using the Read10X 

https://insight.jci.org/articles/view/161078#B19
https://insight.jci.org/articles/view/161078#B53
https://insight.jci.org/articles/view/161078#B54
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function and then structured into a Seurat object using CreateSeuratObject. For quality 

control, cells with unique feature counts over 2500 or under 200 were excluded. Data 

were normalized and scaled using SCTransform (55). Objects from each time point were 

labeled with unique group IDs and then merged into a single object using the Seurat 

merge function. Data objects were integrated using the Harmony R package (56). 

Principal component analysis was performed based on 30 principal components, and then 

cells were clustered using FindAllMarkers set to a resolution of 0.4. The dimensional 

reduction was done using UMAP. WebGestaltR was used for gene ontology analysis to 

identify pathways using the Biologic Process and Kyoto Encyclopedia of Genes and 

Genomes databases (57). 

 

Integration of scRNA-Seq and spatial transcriptomics to resolve cell location.  

The spatial matrix was integrated with the scRNA-Seq data set using the anchor-

based workflow built into the Seurat package. FindTransferAnchors was used on the data 

object containing all 7 KRM clusters. Using the generated anchor set, the TransferData 

function created predictions from the KRM reference clusters and applied that to the 

spatial data set. Using a predictions assay, each subpopulation could be visualized using 

SpatialFeaturePlots. 

 

Immunofluorescence staining and imaging.  

Kidneys from Cx3Cr1+ GFP mice (obtained in-house) were cryosectioned onto 

glass slides and then fixed in 4% paraformaldehyde for 10 minutes. Tissues were 

permeabilized using 0.2% Triton X-100 in PBS for 8 minutes, washed 3 times with PBS, 

https://insight.jci.org/articles/view/161078#B55
https://insight.jci.org/articles/view/161078#B56
https://insight.jci.org/articles/view/161078#B57


48 
 

and then blocked in a solution containing PBS, 0.1% Triton X-100, 1% bovine serum 

albumin, and 1% donkey serum for 30 minutes at room temperature. Primary antibodies, 

including anti-CD206 (abcam, ab64693, 1:250) were diluted in a blocking solution and 

stained overnight at 4°C. Tissues were washed with PBS; stained with secondary 

antibodies, including anti-rabbit Alexa Fluor 595 (Invitrogen, A21207, 1:1000) and anti-

rat Alexa Fluor 647 (Invitrogen, A21247, 1:1000), for 30 minutes at room temperature; 

and then washed again with PBS. A 1:1000 DAPI solution was added for 5 minutes at 

room temperature and then washed with PBS. Slides were mounted with IMMU-

MOUNT (Thermo Fisher). All images were captured on a Nikon Spinning-disk confocal 

microscope with a Yokogawa X1 disk, using a Hamamatsu flash4 sCMOS camera with a 

×40 oil immersion objective. Images were processed and analyzed in NIS Elements 

software (Nikon; version 5.0) and ImageJ (NIH). A blinded observer quantified the 

number of CD206+Cx3cr1+ cells of the total Cx3Cr1+ cells per high-power field. 

Data availability. The scRNA-Seq and spatial transcriptomics data generated for this 

paper were deposited in the NCBI’s Gene Expression Omnibus database (GEO 

GSE200115). 

 

Statistics.  

GraphPad Prism 8.0 was used for statistical analysis. The mean ± SEM was 

determined for each treatment group in the experiment. A 1-way ANOVA followed by 

post hoc analysis was used to determine the statistical significance between 

groups. P values of less than 0.05 were considered significant. 
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Tables 

Table 1. Gene ontology analysis of KRM clusters in quiescence 

 

Figure Legends 

Figure 1. Model of acute kidney injury 

(A) Schematic depicting work flow for scRNA-Seq and spatial transcriptomics. Mice 

were subjected to bilateral ischemia/reperfusion injury for 19 minutes. Kidneys were 

harvested at day 0, 12 hours, and days 1, 6, and 28 after injury. Kidneys were either 

utilized for spatial transcriptomics or digested and flow sorted for KRMs and subjected to 

scRNA-Seq. There were 3 biological replicates per time point. (B) Serum creatinine 

levels (mg/dL) at quiescence (day 0) and days 1, 6, and 28 after injury from at least 2 

independent experiments. Data are reported as mean ± SEM. A 1-way ANOVA was used 
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to determine the statistical significance between groups. *P < 0.05. (C) H&E-stained 

kidney sections at quiescence and days 1, 6, and 28 after injury. Scale bar: 2000 μm (top 

row); 100 μm (bottom row). 

 

Figure 2. Single-cell RNA-Seq and spatial transcriptomics reveal distinct subpopulations 

of kidney-resident macrophages.  

(A) Uniform manifold approximation and projection (UMAP) plot of sequenced kidney-

resident macrophages (KRMs) demonstrating 13 clusters. Contaminating kidney cells and 

clusters representing less than 1% were removed to leave 7 unique clusters in quiescence. 

(B) C1qa expression in all KRM clusters during quiescence. (C) Heatmap of top 5 

differentially expressed genes among each subpopulation in quiescence ordered by 

adjusted P value. 

 

Figure 3. Kidney-resident macrophages are found in distinct regions.  

An integrated analysis of the single-cell RNA-Seq (scRNA-Seq) and spatial 

transcriptomics data was performed to localize the kidney-resident macrophage (KRM) 

clusters on a kidney section. A diagram of a nephron is color coded to delineate different 

nephron segments (see nephron zones; left). Gray shading and numbering (I–V) 

describes nephron zones that would be enriched in areas of a kidney cross-section. The 

spatial location of the nephron segments is shown by mapping segment-specific 

transcripts onto the histological image (see zone-specific transcripts; middle). Transcript 

markers are listed in the bottom right-hand corner of each section. Specific nephron 

segments are listed above each image. Colored bars correspond to the location of the 



58 
 

segments from the nephron shown on the left. Row number (I–V) indicates the nephron 

zone. The integration of the KRM scRNA-Seq data onto the spatial section plots the 

location of KRM subpopulations within the quiescent kidney (right). The clusters are 

aligned with the kidney nephron segments that are found in the same zone to highlight 

the colocalization between KRMs and kidney cells. CNT, connecting tubule; DCT, distal 

convoluted tubule; PT, proximal tubule. 

 

Figure 4. Spatial validation of protein markers.  

(A) Spatial location of cluster 3 overlaid on the histological image and a dot plot 

of CD14 transcript expression for each cluster. (B) Kidneys were harvested and dissected 

to separate the cortex from the medulla to confirm the location of cluster 3 CD14++ cells 

in the medulla. Flow cytometry analysis of CD14 expression in KRMs of the whole 

kidney (left) and dissected cortex compared with medulla (right) along with the 

fluorescence minus one (FMO) control. (C) Spatial location of cluster 4 overlaid on 

histological image and a dot plot of Mrc1 transcript expression show that cluster 4 is 

localized in the outer cortex and inner medulla but not the inner cortex. (D) 

Representative images from immunofluorescence of kidney sections of Cx3Cr1 

GFP+/– mice stained with CD206 and the nuclear stain DAPI to validate cluster 4 KRMs 

by confocal microscopy (original magnification, ×40). Results were averaged from 4 

separate fields within each area with 4 mice in total over 2 independent experiments. 

Scale bar: 20 μm. (E) Quantitation from a blinded observer of CD206+ KRMs in the 

outer cortex, inner cortex, and medulla, expressed as a proportion of Cx3Cr1+ cells. 
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****P < 0.0001 by 1-way ANOVA followed by Tukey’s test. Data are shown as mean ± 

SEM. 

 

Figure 5. Spatial and proportional changes to KRM subpopulations following injury.  

(A) Uniform manifold approximation and projection (UMAP) plot of KRM clusters at 

quiescence and 12 hours, day 1, day 6, and day 28 after injury to assess changes after 

injury. (B) Changes in proportions of each cluster over time. (C) scRNA-Seq data from 

each time point integrated with their respective spatial transcriptomic kidney sections to 

resolve cluster locations. Each row represents a KRM cluster, whereas each column 

depicts a time point from quiescence to day 28 (left to right). Images were taken with ×4 

objective then stitched together so they appear as ×2. 
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Figure 1. 
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Figure 2. 
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Figure 3. 
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Figure 4. 
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Figure 5. 
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Significance Statement 

 
Using mouse AKI samples and samples from two donors diagnosed with mild to 

moderate acute kidney injury, this work identified evolutionarily conserved resident 

macrophage populations in humans, and an additional subpopulation not found in mice. 

This increases the understanding of the human kidney resident macrophage niche and 

provides potential homeostatic and immune functions within the tissue that may be 

exploited for future therapies. These findings provide a framework to identify 

orthologous populations within other datasets and increase the translatability of murine 

research. 

 

Abstract 
 
Background 

A challenge in the interpretation of studies of acute kidney injury, a major health 

burden in the United States, is the difference between the human and mouse immune 

systems. The translation of experimental results in the mouse to humans is complicated 

by different nomenclatures and marker systems as well as considerable uncertainty about 

whether cell populations have similar functions. In the mouse, kidney resident 

macrophages (KRM), contain multiple subpopulations that are involved in homeostasis 

and the response to injury. Each subpopulation is functionally distinct with a unique 

transcriptional profile and spatial distribution.  
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Methods 

Using single cell RNA sequencing and spatial transcriptomics, we compared 

transcriptional profiles of mouse and human KRM subsets. AddModuleScore was used to 

provide statistical weight to conclusions.  

 

Results 

Four human KRM subpopulations with transcriptionally orthologous murine 

KRM subpopulations that occupy the same cellular compartments post-AKI were 

identified. Marker genes were identified for each orthologous subpopulation to allow for 

simple identification in future studies. Human kidneys contained a unique KRM 

subpopulation with a transcriptional profile that includes genes expressed by activated 

microglia.  

 

Conclusions 

Therefore, KRM subtypes, their transcriptional profiles, and their spatial locations 

are largely evolutionarily conserved.  

 
 

Introduction 
 

Mouse models have long been used to study human physiology and disease and 

are used extensively in the study of acute kidney injury (AKI), a major health burden in 

the United States, with in hospital mortality rates between 30 and 50%.1,2  Mice make an 

excellent experimental model due to the availability of wide genetic variety of strains and 

the relative ease of husbandry. However, success in murine models translates into clinical 
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trials only about a third of the time, and the success rate for those that do take place is 

even lower.3,4 This lack of correspondence fuels a growing concern over the utility of 

using murine models to inform human research.5 Yet, using human models exclusively is 

not a viable solution. Therefore, there is a need for increasing the translatability of mouse 

models.  

It is only in the last decade that many immune populations well known in mice 

were described in humans.6-9 Identification of orthologous immune populations between 

mice and humans is limited by the difficulty of obtaining healthy human tissue and the 

disparate markers and classification schemes implemented in mice and humans, in 

conjunction with the continuing adaptions of an individual’s immune system.10-12  The 

majority of work in humans has been done in peripheral immune populations, based on 

the comparative ease of access. Therefore, information regarding orthologous tissue 

resident immune populations is lacking.13,14 The lack of identification of orthologous 

resident immune populations between mice and humans severely limits the translatability 

of data from murine models to humans. 

Macrophages are key mediators of AKI in mice, and are known to alter their 

transcriptional profiles to be pro and anti-inflammatory as well as pro-fibrotic.15-22 In 

humans, the study of macrophage responses to AKI have been restricted to biopsy 

samples and the characterization of macrophages has been limited to the M1/M2 

classification.22-24 Biopsies limit the study of macrophages to the cortex and the biopsy 

process tends to distort the local architecture.  

Murine kidneys contain multiple subpopulations of resident macrophages (KRMs) 

that have distinct transcriptomic profiles.15,25,26  The subpopulations occupy distinct 
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microenvironments that are shaped by the physiologic actions of the cell types associated 

with the nephrons, the main functional units in the kidney. The transcriptional profile of 

these murine KRM subpopulations suggests functional differences in processes such as 

iron handling, immune signaling, and antigen presentation.15  

  In the study described here, we analyzed human KRM subpopulations from 

donors with mild to moderate AKI by scRNAseq and spatial transcriptomics using the 

10X Genomics Visium platform. We compared the results to murine KRMs pre- and 24 

hours post-bilateral ischemia-reperfusion injury, a murine model of AKI.  We have 

identified human KRM subpopulations in AKI which are transcriptionally and spatially 

orthologous to murine KRMs within the kidney tissue. We found several KRM 

subpopulations are evolutionarily conserved between mice and humans with similar 

transcriptional profiles. The corresponding subpopulations are located within the same 

spatial cellular compartments. One human specific subpopulation with a transcriptional 

profile similar to that seen in activated microglia was also found.  

 

Methods 

Animals. 

 Male C57BL/6J mice, 10–16 weeks of age, were obtained from The Jackson 

Laboratory.  

 

Human Samples.  

Human kidney samples were obtained from kidneys deemed unsuitable for 

transplantation. Kidney A was from a 68-year-old White man with a serum creatinine of 
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1.8 mg/dL, resulting in the diagnosis of mild AKI. Kidney B was from a 57-year-old 

white man, 5 days post brain death with a serum creatinine of 2.5 mg/dL, resulting in the 

diagnosis of mild-moderate AKI 

 

Bilateral ischemia/reperfusion injury.  

Mice were subjected to bilateral ischemia/reperfusion injury, as previously 

described 26,27. Surgeries were performed in the morning. Mice were anesthetized 

using ketamine and xylazine (i.p.). Under aseptic precautions, both kidneys were 

clamped at the renal pedicle using a microserrefine vascular clamp (Fine Science 

Tools, 18055-05). After 19 minutes, the clamps were removed to allow reperfusion. 

Reperfusion was visually confirmed within 1 minute. Body temperature, measured by 

a rectal thermometer, was carefully maintained at 37°C ± 1°C. Resulting effects on 

kidney function in these mice were described in Cheung et al.15  

 

Flow cytometry/FACS. 

 Murine KRMs were obtained as previously described.15. Leukocytes were 

isolated as previously described. 26,27 Mice were anesthetized under isoflurane and 

perfused through the left ventricle with 10 mL cold PBS. Kidneys were removed, 

stripped of the capsule, minced with a razor blade on a glass slide, and placed into 

Liberase (MilliporeSigma) at 37°C for 30 minutes. The digestion was stopped by adding 

cold PBS containing 1% BSA, and tissue was further disaggregated through an 18-gauge 

syringe. Red blood cells were lysed using ACK lysis buffer for 2 minutes at room 

temperature, and the remaining leukocytes were then washed with ice-cold PBS. Cells 
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were then stained with violet fixable viability dye (Invitrogen L34955) and treated with 

unlabeled anti-CD16/32 antibody to block Fcγ3 receptors. Cells were subsequently 

stained using anti–Gr-1 Alexa Fluor 700 (Ly6G, clone 1A8, BioLegend), anti-CD11b 

super bright 600 (M1/70, Invitrogen), anti-F4/80 APC-eFluor-780 (BM8, Invitrogen), 

anti-NK1.1 PE-C7 (PK136, Invitrogen), anti-CD45.2 BV-650 (104, BioLegend), anti-

MHC II (I-A/I-E) PerCP (M5/114.15.2, BD Biosciences), anti-CD19 super bright 702 

(6D5, BioLegend), anti-TCRβ Pe-Cy5 (H57-597, BD Biosciences). Murine flow 

cytometric data were previously described in Cheung et al..15  

Human kidney samples were minced with a razor blade and placed into Liberase 

(MilliporeSigma) at 37°C for 30 minutes. The digestion was stopped by adding cold PBS 

containing 1% BSA, and tissue was further disaggregated through an 18-gauge syringe. 

Red blood cells were lysed using ACK lysis buffer for 2 minutes at room temperature, 

and the remaining leukocytes were then washed with ice-cold PBS. Cells were then 

stained with violet fixable viability dye (Invitrogen L34955) and treated with unlabeled 

anti-CD16/32 antibody to block Fcγ3 receptors. Cells were subsequently stained using 

anti–CD45 FITC (YTH24.5, BioRad). Human macrophages do not express an ortholog of 

F4/80 and therefore require a different FACS sorting protocol than that used in the 

previously generated Cheung et al. dataset. Staining for C1q, a conserved marker for 

KRMs, requires fixation, and is therefore incompatible for single cell RNA sequencing 

and single nuclear RNA sequencing is poorly suited for immune cells. Transcription of 

C1qa/C1QA was found to identify KRMs in mice and humans.28 For these reasons, we 

elected to identify human KRMs at the transcriptional level from CD45+ sorted cells.  
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scRNA-Seq. 

 Purified cells were transferred on ice to the UAB Flow Cytometry and Single 

Cell Core and immediately processed using the Chromium 3′ Single Cell RNA 

sequencing kit (10× Genomics) according to the manufacturer’s instructions. The cell 

suspension was counted and combined with a 10× Chromium reagent mixture and 

loaded into a microfluidic single-cell partitioning device in which lysis and reverse 

transcriptions occur in microdroplets. The resulting cDNA was amplified by a 

polymerase chain reaction and subsequently processed to yield bar-coded sequencing 

libraries. Paired-end sequencing was carried out on an Illumina NovaSeq6000 

sequencing platform (Illumina). Reads were processed using the 10× Genomics Cell 

Ranger Single-Cell Software Suite (version 6.0) on the UAB Cheaha High-

Performance Computing Cluster. BCL files were converted to FASTQ files using the 

CellRanger mkfastq function. CellRanger count was used to align the FASTQ files to 

the mouse genome (mm10) or human GRCh38 (GCA_000001405.28). The gene table, 

barcode table, and transcriptional expression matrices were created for the analysis 

indicated below.  

 

Spatial transcriptomics.  

The Visium system relies on a 2-dimensional matrix of 5000 spots distributed 

on a microscope slide in a 6.5 by 6.5 mm square. Each spot, which contains a poly-dT 

oligonucleotide with a unique sequence (bar code), is 50 μm in diameter at a distance 

from the other spots of 100 μm from center to center. Kidneys were embedded in the 

Optimal Cutting Temperature matrix (Fisher Scientific) and stored at –80°C. Before 
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sectioning, blocks were equilibrated to –10°C for 30 minutes. A 10 μm section was 

placed onto specialized Spatial Gene Expression slides (10× Genomics) and processed 

according to the manufacturer’s protocols. Briefly, slides were stained with H&E, and 

bright-field images were acquired using a Keyence BZ-X700 microscope. Tissues 

were permeabilized for 12 minutes and cDNA was generated and used to create 

second-strand DNA. The resulting cDNA was subject to downstream amplification 

and library processing for scRNA-Seq. Reads were processed using the 10× Genomics 

Space Ranger Single-Cell Software Suite (version 6.0) on the UAB Cheaha High-

Performance Computing Cluster. BCL files were converted to FASTQ files using the 

SpaceRanger mkfastq function. SpaceRanger count was used to align the FASTQ files 

to the mouse genome (mm10). 

 

Sequencing Data Analysis.  

Both scRNA-Seq and spatial transcriptomics analyses were carried out using 

packages created for the R statistical analysis environment (version 4.2.1). Data were 

primarily analyzed using Seurat (version 4.3.0) and its associated dependencies.29,30 

Data from each sample were imported using the Read10X function and then structured 

into a Seurat object using CreateSeuratObject. For quality control, cells with unique 

feature counts over 2500 or under 200 were excluded. Data were normalized and 

scaled using SCTransform or NormalizeData/ScaleData.31 Objects from each time 

point were labeled with unique group IDs and then merged into a single object using 

the Seurat merge function. Data objects were integrated using the Harmony R package 

32. Principal component analysis was performed based on 30 principal components, 
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and then cells were clustered using FindAllMarkers. The dimensional reduction was 

done using UMAP. As the human dataset contains all CD45+ cells, KRMs were 

identified using transcription of C1QA, which has been identified as a conserved 

marker of KRMs across species (Fig S1A).28 C1QA expressing clusters from both 

samples were combined resulting in 613 identified KRMsd. As described in Cheung et 

al., murine KRMs were identified by C1qa expression. Therefore, all comparisons 

were made between samples gated for C1qa/C1QA expression. The limited number of 

resulting human KRMs means that the subpopulations described here may not be 

exhaustive and rarer populations may have fallen below the threshold of detection. 

Clusters identified as cycling cells (Cluster 5) or derived from a single sample 

(smallest cluster in human sample A) were removed.  

 

Integration of scRNA-Seq and spatial transcriptomics to resolve cell location.  

The spatial matrix was integrated with the scRNA-Seq data set using the 

anchor-based workflow built into the Seurat package. FindTransferAnchors was used. 

Using the generated anchor set, the TransferData function created predictions from the 

KRM reference clusters and applied that to the spatial data sets. Using the predictions, 

each subpopulation could be visualized using SpatialFeaturePlots.  

 

Data availability.  

The scRNA-Seq and spatial transcriptomics data used or generated for this paper 

were deposited in the NCBI’s Gene Expression Omnibus database (GEO GSE200115) 
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and (GEO GSE226533). Visium data from GEO GSE200115 has been used for other 

publications within the laboratory. 

 

AddModuleScore.  

The AddModuleScore function in Seurat was used to determine the expression 

of provided gene lists (Tables 1 and 2) and control genes were set to 500.33 The 

resulting meta data of the Seurat object was moved to a dataframe for statistical 

analysis. AddModuleScore is commonly used to identify a cell type or functional 

phenotype with statistical significance based on a known transcriptional profile.34-39 

Transcriptional profiles for this publication were based on the differentially expressed 

genes (DEGs) identified in the analysis of Cheung et al. for day 0 and day 1 post 

AKI.15  

To adjust for the differences in naming conventions, lack of orthologous genes, 

and genes with different functions across species. Human orthologs to the murine 

genes at days 0 and 1 were manually identified and provided in Table 1. All removed 

genes are identified and the reason for removal provided (Table 1). As the goal of this 

publication is to identify transcriptionally similar subpopulations, and the statistical 

power of DEGs varies by subpopulation and at each timepoint, profiles were limited 

to the top 20 orthologous DEGs and the p-value of the least significant DEG used is 

provided (Table 1).  

AddModuleScore accounts for the expression of every included gene and 

therefore provides a comprehensive expression value of the transcriptional profile that 

allows for statistical analysis. Module scores compare the expression level of a given 
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gene set (ie. transcriptional profile or marker genes) across the clusters to the 

expression of randomly selected control genes from the bins where a provided gene 

was identified (n= 500). If there is no increased expression of the provided gene list, 

the output, when subtracting the expression of the control gene set, would be 0.33 

 

Statistics.  

Statistics were performed in R and plotted using ggplot. Boxplots report the 

median and standard deviation of a dataset. The Kruskal Wallis test was used to 

determine a difference within a dataset and the Pairwise Wilcoxon test for 

nonparametric data was used to compare individual groups to each other. All p-values 

for data shown are reported in Supplemental Tables 1- 4. 

 

Study Approval.  

Mice were housed at the University of Alabama at Birmingham (UAB) animal 

facilities in compliance with the NIH guidelines regarding the care and use of live 

animals. All animal work performed was reviewed and approved by the Institutional 

Animal Care and Use Committee at UAB (IACUAC)(APN 21531). Human samples were 

taken for single-cell RNA sequencing and spatial transcriptomics in accordance with 

IRB-300004648 from the UAB Institutional Review Board for Human Use (IRB). 

Written consent was received for all human samples. 
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Results 

The human kidney contains transcriptionally distinct resident macrophage 
subpopulations 

We isolated live CD45+ cells by flow cytometric sorting for single-cell RNA 

sequencing (scRNAseq) from samples of two AKI kidneys. Human KRMs in the 

CD45+ dataset expressed the highest levels of KRM defining C1QA transcripts28. 

Identification of the KRM clusters was confirmed by high co-expression of CD74 and 

CD81 (Fig S1A-B).28 Furthermore, the KRMs expressed canonical macrophage markers 

(CD68 and CD14), not found on dendritic cells (Fig S1A-B).28,40 We subset and then re-

clustered the C1QA high clusters from both kidney samples. All the resulting 

subpopulations contained cells originating from both donors, except Cluster 6, which was 

therefore removed from following analyses (Fig S1C).  Cluster 5 expressed MKI67, a 

marker of proliferation, and was also removed (Fig S1D). The result was five 

transcriptionally distinct hKRM subpopulations (Fig 1A-B). Human KRM subpopulation 

(hKRM) 0 expresses multiple genes involved in efferocytosis, such as MERTK and 

STAB1.41  Human KRM 1 expresses genes involved in calcium handling such as the S100 

genes and CD52, along with activation genes NFKNIA, FOS, and ILR2.42 Human KRM 2 

expresses a DEG associated with interferon signaling: d IFITM3.43 Although they are 

transcriptionally distinct, hKRMs 0 and 3 are the most similar, as shown by expression of 

many of hKRM 0 DEGs by hHRM 3 and vice versa. Human KRM 3 differs from hKRM 

0 primarily by the lack of canonical activation genes, represented here by JUN, JUNB, 

and NFKBIA (Fig 1C-E). Human KRM 4 has the highest transcription of HLA genes, 

suggesting an increased role in antigen presentation (Fig 1B).44,45 
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To ensure we had appropriately clustered the subpopulations and to increase the 

applicability of our conclusions, we investigated the expression of known human KRM 

subpopulation markers in our data (Fig 1F).  At least four separate laboratories have 

identified various human kidney macrophage subpopulations and included marker genes. 

We were able to identify the subpopulations defined by Yao et al. (S100A8/S100A9), 

Subramanian et al. (TREM2), Dick et al. (HLA-DQA1 for subpopulation 1) and 

(LYVE1/FOLR2/MRC1 for subpopulation 2), and Li et al. (MRC1) in our dataset as 

distinct subpopulations.46-49  All subpopulations were associated with at least one 

previously identified subpopulation, and we did not find any unidentified subpopulations. 

Therefore, the definition of the human data set is consistent with prior studies, so the 

analyses of the data should be applicable to other human experimental systems.  

 

Human kidney spatial transcriptomics identifies nephron structures and areas of healthy 
and damaged tissue. 

We performed spatial transcriptomics on sections of the kidney samples used for 

scRNAseq. The protocol timing restricts micrographs to 4X resolution; however, we 

were still able to identify distinct kidney nephron structures and pathology (Fig 2A). 

Kidney section A shows signs of interstitial fibrosis and inflammation, primarily in the 

cortex (Fig S2)(Fig 2A). Spatial transcriptomics and histology identified the location of 

tubules (GPX3, PTH1R), loop of Henle (UMOD, SLC12A1), and collecting duct (AQP2, 

AQP3) in kidney section A (Fig 2B-D)(Fig S2).50-55 Kidney section B shows sign of 

tubulointerstitial nephritis in the cortex and fibrotic regions in the medulla, however 

tubular structures are clearer than in kidney section A (Fig 2F)(Fig S3). Spatial 

transcriptomics and histology identified the location of proximal tubules (GPX3, PTH1R, 
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SLC5A12), loop of Henle (UMOD, SLC12A1), and vasculature in an area of 

fibroblasts(Fig 2F-G)(Fig S3).50-52,55,56 Both sections contain cell types primarily 

localized to either the cortex or medulla. Therefore, we divided the sections based on the 

demarcation between the cortex and medulla (Fig 2A and E).  

  

Murine KRM transcripts can be used to identify orthologous populations. 

A transcriptional profile for each murine KRM subpopulation (mKRM) from 

before bilateral ischemia-reperfusion induced  AKI and 1 day after injury was generated 

to identify possible orthologous hKRMs.15 The transcriptional profiles consist of 

approximately the top 20 differentially expressed genes (DEGs) ranked by adjusted p-

value for each murine cluster and from each time point (Table 1). Some murine genes do 

not have well-defined human orthologs and were thus excluded, causing the number of 

genes used as a transcriptional profile to differ slightly from 20 for some analyses. The 

Seurat function AddModuleScore was used to quantify the expression of the mouse 

transcriptional profiles among the human KRM subpopulations.33 Key marker genes were 

selected from each transcriptional profile based on expected functional relevance and 

expression level and compared to the human KRMs and the murine KRMs at both time 

points to allow for identification of orthologous subpopulations (Fig 3A). All 

transcriptional profiles and marker genes are provided in Tables 1 and 2. 

  Human KRMs 0 and 3 have statistically significant (p < 0.0001) expression of the 

transcriptional profiles for mKRM 4 in quiescence and 1 day-post AKI (Fig 3B-C), which 

indicates these are highly likely to be orthologous subpopulations. Marker genes LYZ, 

PF4, F13A1, STAB1, and SLC40A1 were identified, and show statistically significant 
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increased expression in hKRMs 0 and 3, and mKRM 4 pre and post-AKI, identifying 

them as a marker gene set across species (p < 0.0001, Fig 3D-F). LYZ is the gene for 

lysozyme. PF4 and F13A1 are most commonly involved in platelet function.57 STAB1 is 

a large transmembrane protein involved in cell adhesion and endocytosis.41 SLC40A1 is 

the gene for the iron exporter, ferroportin. 

 

KRM subpopulations identified as orthologous occupy the same anatomical regions of 
human and mouse kidneys.   

We integrated the single-cell sequencing data with the spatial transcriptomics data 

to identify the location of the human KRMs within the kidney and compared their 

locations to the spatial location of the mKRMs (Fig 1A)(Fig 2A and G).15 The spatial 

location of all hKRM subpopulations is provided (Fig S4). For both sections A and B, 

hKRMs 0 and 3 are primarily colocalized with tubules. Human KRM 0 is more specific 

to the cortex. Human KRM 3 is found throughout the section but has a stronger presence 

in the cortex (Fig 4A-B). The transcriptionally orthologous murine KRM 4 is located in 

the medullary region prior to insult, but adopts a cortical location within 24 hours post-

AKI, and therefore is located within the same region as hKRMs 0 and 3 (Fig 4C). Of 

note, mKRM 2 is the only entirely cortical murine subpopulation prior to injury (Fig 4D). 

The transcriptional profile for mKRM 2 did not show statistical significance for any 

human subpopulation (data not shown). However, mKRM 2 is transcriptionally very 

similar to mKRM 4, expands following AKI, and also expresses high levels of the same 

transcripts.15 Therefore, it is relevant to note, that while mKRM 4 is the orthologous 

population, it is possible that hKRMs 0 and 3 share features with mKRM 2, particularly 

prior to insult, despite the lack of statistical significance.  
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Human KRM 1 is orthologous to murine KRM 3 

Human KRM 1 has a similar transcriptional expression profile to mKRM 3 before 

and 1 day post-AKI (p < 0.05)(Fig 5A-B). Marker genes of CXCL2, EGR1, FOS, and 

IL1B, were identified, and show statistically significant higher expression in hKRM 1 and 

mKRM 3 at both timepoints (p < 0.001) (Fig 5C-E). All genes are involved in 

macrophage activation and inflammation.  

  For both human kidneys A and B, hKRM 1 is primarily localized in the medulla. 

In Section A, where collecting duct cells are present, hKRM1 shows predominate 

colocalization with the collecting duct (Fig 5F). Section B, where there are few collecting 

duct cells, hKRM1 shows colocalization with the loop of Henle (Fig 5G). These indicate 

that, in injured human kidneys, hKRM cluster 1 cells are primarily confined to the 

medulla among the collecting ducts and loop of Henle. In mice, we find that the KRM 

cluster 3 also localizes to the medullary region in normal tissue and also following injury, 

although after injury there also appears to be some presence in the inner cortex (Fig 5H).  

  

Human KRM 2 is orthologous to murine KRM 6. 

Human KRM 2 has a similar transcriptional expression profile as mKRM 6 before 

AKI (p < 0.0001) (Fig 6A). Following AKI in the mouse, there is no longer a significant 

difference between hKRM 2 and 4, caused by an increase in immune signaling genes 

following the injury (Table 1). Marker genes of ISG15, IRF77, IFITM3, and IFITM2, 

were identified, and show statistically significant higher expression in hKRM 2, and 

mKRM 6 at both timepoints (p < 0.01) (Fig 6C-E).  
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  For both human sections A and B, hKRM 2 is localized almost exclusively to the 

medulla, with the least cortical presence of any other hKRM subpopulation. In both 

sections, hKRM2 colocalizes with vasculature present in a fibrotic background within the 

medulla. Murine KRM 6 is also localized to the medulla, with no cortical presence in 

injured mice. In normal kidneys, there appears to be some localization at the cortico-

medullary region.  

  

Human KRM 4 does not have a mouse ortholog and expresses genes associated with 
activated microglia 

The methodology of generating a Module Score to determine orthologous human 

and murine KRM subpopulations did not return an orthologous population for hKRM 4. 

The DEGs for hKRM 4 were largely associated with antigen presentation and 

complement signaling (Fig 1E). Additionally, hKRM 4 differentially expresses TREM2, 

APOE, CD9, CLEC7A and CX3CR1 (Fig 7A).58-61 These genes are known to be 

expressed by activated microglia, the resident macrophage population in the brain.25,62 

Activated microglia are essential in the pruning of synapses using a complement-

mediated pathway, specifically C3 and C1Q transcripts.63-65  Further investigation into 

microglia markers revealed that many are exclusively transcribed by hKRM 4 (Fig 7A). 

In contrast, these same markers are not unique to any single murine subpopulation, either 

during quiescence or following acute kidney injury; Clec7a was not found in the dataset 

(Fig 7B-C). This relationship holds for day 1 identified mKRMs that have not been 

integrated with other timepoints to confirm that this is not an injury specific response by 

a single subpopulation in mice (Fig S5). Calculating module scores using marker genes 

associated for microglia returns a significantly higher score for hKRM 4 relative to other 
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human KRM clusters. (Fig 7D)(Table 2). We then expanded the analysis to include other 

genes known to be involved in microglia pruning, and again generated a significant 

module score for hKRM 4 (Fig 7E)(Table 1). Human KRM 4 is strictly cortical and 

colocalizes with proximal tubules (Fig 7 F-G).  

  

Discussion 

Using scRNAseq and spatial transcriptomics, we identified transcriptional profiles 

and the location of five previously undescribed subpopulations of human KRMs in 

injured human kidneys. These findings mirror recent findings in mice, and current 

bioinformatics approaches allowed us to compare the murine KRM subpopulations to the 

human KRM subpopulations and discover orthologs, in addition to a resident macrophage 

subpopulation that appears to be specific to humans.15  

Macrophages are first and foremost immune cells that are present in even the 

most primitive organisms. Resident macrophages in the lungs and skin have been known 

to form part of the first line of defense against pathogenic invaders.66,67 The kidney 

medulla is relatively exposed to pathogens that can enter the body through the urinary 

tract. It has been suggested by Berry et al. that the macrophage populations present in the 

medulla provide barrier protection, similar to that seen in the skin or lungs.68 Indeed, our 

previous work in murine models described three immune-responding mKRM 

subpopulations (mKRM 1, 3, and 6) localized to the medulla during homeostasis.15 With 

this work, we have identified human orthologs to mKRM 3 and 6, which are also 

localized to the medulla in the human kidney. Human KRM 1 is orthologous to mKRM 3 

and hKRM 2 is orthologous to mKRM 6.  
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Human KRM 2 expresses a transcriptional profile and marker genes associated 

with type I interferon (IFN) signaling. In the spatial transcriptomic sections, this 

population appears colocalized with areas of kidney damage. Type I IFN is well known 

to play a role in lupus nephritis, and multiple clinical trials are currently ongoing to target 

this pathway.69,70 The murine type I IFN ortholog is known to exist in homeostasis, but 

tissue damage increases the signaling of type I IFN, possibly creating a positive feedback 

loop and amplifying the signal.71 Given the presence of the cells at the site of injury in 

kidneys from patients without lupus nephritis, perhaps therapeutics targeting the type I 

IFN pathway would benefit patients suffering from a variety of kidney disorders.  

Macrophages, more than most immune cell populations have known homeostatic 

functions, including apoptotic cell clearance and tissue development.72,73 However, recent 

work in microglia has found that resident macrophages perform other homeostatic 

functions, showing that C1q, which is expressed prominently by KRMs and other 

resident macrophage populations, is involved in labeling synapses in need of removal or 

pruning in the brain.28,63,64,74,75 Human KRM 4 does not have a murine ortholog, but 

expresses genes similar to activated microglia and therefore is of potential functional 

relevance. Human KRM 4 is specific to the cortex and could therefore be involved in 

pruning proximal tubule cells, in a function reminiscent of microglia. Microglia are 

shown to upregulate this profile and specifically expression of Trem2 and Apoe following 

damage.58,60 Given that both human kidneys had experienced mild to moderate AKI, it is 

possible that hKRM 4 is a damage response, therefore the colocalization of hKRM 4 with 

the proximal tubules and the expression of an activated microglia-like transcriptional 

profile warrants further investigation.  
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Human KRMs 0 and 3 are transcriptionally and spatially similar. The primary 

difference is a lack of activation markers in subpopulation 3, and the combined 

subpopulations were identified as a single subpopulation by Dick et al.46 As all cells were 

isolated from kidneys with mild to moderate AKI and histological evidence of damage, 

perhaps hKRM3 is an example of an exhausted or tolerized version of hKRM 0.76 Both 

subpopulations are orthologous to mKRM 4 and appear colocalized with proximal 

tubules. The marker genes of PF4, F13A1 STAB1, and SLC40A1, suggest some function 

involved in wound healing and/or iron handling.  

A limitation of this work is the directionality of the analysis. Applying the 

transcriptional profile of the mKRMs to the hKRMs biases the conclusions towards the 

identified mouse clustering. However, laboratory mice are known to have more similar 

immune phenotypes to newborns than to adult humans, based on the limited immune 

challenges faced under laboratory conditions.10,77 For this reason, we chose to apply the 

more limited immune profile (murine) to the more expansive immune profile (human) to 

try and describe the most basic orthologous similarities.  

A second limitation is the size and extent of injury of the hKRMs. Due to the 

severe organ shortage, healthy human kidneys are almost always needed for 

transplantation. Therefore, we chose to limit our samples to available AKI donor 

specimens. As a consequence, our sample size was limited and restricted our ability to 

increase the number of hKRMs identified. For this reason, it is possible that the human 

kidney contains more KRM subpopulations than defined here or previously identified. 

The subpopulations described here are by no means exhaustive, as rarer hKRM 
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subpopulations likely exist or those herein defined may vary transcriptionally in 

uninjured kidneys. 

Scientific research relies on simpler model systems to understand the human 

system. Of course, model systems differ from humans in a variety of known and 

unknown factors, obscuring the translatability of any non-human findings into clinically 

relevant data. The kidneys are a particularly fragile organ system, given the complexity 

of their physiology, and high metabolic needs.78,79 This complexity has inhibited kidney 

research, and modern therapeutics remain extremely limited.80-83 Resident macrophages 

are found throughout the body and are thought to perform homeostatic and immune 

functions, making them an excellent target in the search for novel therapies for kidney 

diseases.  

In this work, we enhanced the translatability of kidney macrophage research by 

identifying orthologous KRM subpopulations between the common model organism, 

C57Bl/6J mice, and humans and confirming our hKRM subpopulations with those 

previously described. Single-cell RNA sequencing, spatial transcriptomics, and 

bioinformatics approaches allowed us to identify transcriptionally significant and spatial 

similar KRM orthologs.  Like murine KRMs, there are multiple subpopulations of human 

KRMs with distinct spatial locations within kidney anatomical regions. The results of this 

study can be applied to previous research and leveraged as a framework for future 

research.  
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Tables 
 
Table 1. Summary of transcriptional profiles for each murine subpopulation at each 
timepoint. 
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Table 2. Identified Marker Genes 
 

Human KRM 
Subpopulation 

Murine KRM 
Subpopulation 

Marker Genes 

0 4 Lyz, Pf4, F13a1, Stab1, Slc40a1 

1 3 Cxcl2, Egr1, Fos, Il1b 

2 6 Isg15, Irf7, Ifitm3, Ifitm2 

3 4 Lyz, Pf4, F13a1, Stab1, Slc40a1 

4 / TREM2, APOE, CX3CR1, CD9, 
CLEC7A 

 
 
 
 

Figure Legends 
 
Figure 1. The human kidney contains five transcriptionally distinct kidney resident 
macrophage (KRMs) subpopulations 

(A) UMAP of five KRM subpopulations isolated from human kidneys A and B. KRMs 

were identified using C1QA expression and confirmed using CD81 and CD74. (B) 

Heatmap of the top ten differentially expressed genes for each human KRM 

subpopulation. (C) Violin plot of JUN expression. (D) Violin plot of JUNB expression 

(E) Violin plot of NFKBIA expression. (F) DotPlot of expression of marker genes 

associated with previously identified human KRM subpopulations. Black bars represent 

markers identified within the same publication. 
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Figure 2. Kidney cell types present in the kidney sections based on histology and spatial 
transcriptomics 
 
(A) 4X image of kidney section A. The black line denotes medulla and cortex. The 

section shows signs interstitial fibrosis and inflammation, primarily in the cortex. (B) The 

location of the tubules spatial cluster. Identified using GPX3, PTH1R. (C) The location of 

the loop of Henle spatial cluster. Identified using UMOD, SLC12A1. (D) The location of 

the collecting duct spatial cluster. Identified using AQP2, AQP3. (E) 4X image of kidney 

section B. The black line denotes the cortex and medulla. This section shows sign of 

tubulointerstitial nephritis in the cortex and fibrotic regions in the medulla.  

(F)  The location of the proximal tubules spatial cluster. Identified using GPX3, 

SLC5A12, PTH1R. (G) The location of the loop of Henle spatial cluster. Identified using 

UMOD, SLC12A1. (H) The location of the spatial cluster containing endothelial cells and 

fibroblasts, representing vasculature in fibrotic background. Identified using endothelial 

cell and fibroblast markers: PECAM1, CD34, COL1A1, COL1A2.  

 
 
Figure 3. Human clusters 0 and 3 are orthologous to mouse cluster 4 
 
(A) Transcriptional profiles (~ 20 genes) and Top Marker Genes were identified from 

mouse KRMs pre and 1-day post-acute kidney injury.  The resulting genes were used to 

generate Module Scores for human KRMs isolated from acute kidney injury. The results 

were compared by the non-parametric Pairwise Wilcox Test. All p-values are available in 

Supplemental Tables 1 - 4. Generated using BioRender. (B) Violin Plot of Human KRM 

expression of a transcriptional profile of mouse KRM cluster 4 prior to acute kidney 

injury (Day 0). Boxplot represents the median and one standard deviation. All values are 
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significant compared to the colored subpopulations. # p < 0.0001. (C) Violin Plot of 

Human KRM expression of a transcriptional profile of mouse KRM cluster 4 following 

acute kidney injury (Day 1). Boxplot represents the median and one standard deviation. 

All values are significant compared to the colored subpopulations. # p < 0.0001. (D) 

Violin plot of human KRM expression of marker genes (LYZ, PF4, F13A1, STAB1, 

SLC40A1). Boxplot represents the median and one standard deviation. All values are 

significant compared to the colored subpopulations. # p < 0.0001. (E) Violin plot of 

mouse KRMs at day 0 expression of marker genes (Lyz, Pf4, F13a1, Stab1, Slc40a1). 

Boxplot represents the median and one standard deviation. All values are significant 

compared to the colored subpopulations. # p < 0.0001. (F) Violin plot of mouse KRMs at 

day 1 expression of marker genes (Lyz, Pf4, F13a1, Stab1, Slc40a1). Boxplot represents 

the median and one standard deviation. All values are significant compared to the colored 

subpopulations. # p < 0.0001.  

 
 
Figure 4. The spatial location of human KRM 1 and 3 is orthologous to murine KRM 4 
 
(A) The location of the tubule cells cluster and Human KRM 0 and 3 on kidney section 

A. (B) The location of proximal tubule cells cluster and Human KRM 0 and 3 on kidney 

section B. (C) The location of murine KRM 4 pre and 1-day post-acute kidney injury. (D) 

The location of murine KRM 2 pre and 1-day post-acute kidney injury. 

 
 
Figure 5. Human KRM 1 is orthologous to murine KRM 3 
 
(A) Violin Plot of Human KRM expression of a transcriptional profile of mouse KRM 

cluster 4 prior to acute kidney injury (Day 0). Boxplot represents the median and one 
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standard deviation. All values are significant compared to the colored subpopulation. * = 

p<0.05 ** = p<0.01 † = p<0.001 # = p<0.0001. (B) Violin Plot of Human KRM 

expression of a transcriptional profile of mouse KRM cluster 4 following acute kidney 

injury (Day 1). Boxplot represents the median and one standard deviation. All values are 

significant compared to the colored subpopulation. * = p<0.05 ** = p<0.01 † = p<0.001 # 

= p<0.0001. (C) Violin plot of human KRM expression of marker genes (CXCL2, EGR1, 

FOS, IL1B). Boxplot represents the median and one standard deviation. All values are 

significant compared to the colored subpopulation. * = p<0.05 ** = p<0.01 † = p<0.001 # 

= p<0.0001. (D) Violin plot of mouse KRMs at day 0 expression of marker genes (Cxcl2, 

Egr1, Fos, Il1b). Boxplot represents the median and one standard deviation. All values 

are significant compared to the colored subpopulation. # p < 0.0001. (E) Violin plot of 

mouse KRMs at day 1 expression of marker genes (Cxcl2, Egr1, Fos, Il1b). Boxplot 

represents the median and one standard deviation. All values are significant compared to 

the colored subpopulation. # p < 0.0001. (F)  The location of collecting duct cells and 

Human KRM 1 on kidney section A. (G) The location of loop of Henle cells and Human 

KRM 1 on kidney section B. (H) The location of murine KRM 3 pre and 1-day post-

acute kidney injury. 

 
 
Figure 6. Human KRM 2 is orthologous to murine KRM 6 
 
(A) Violin Plot of Human KRM expression of a transcriptional profile of mouse KRM 

cluster 4 prior to acute kidney injury (Day 0). Boxplot represents the median and one 

standard deviation. All values are significant compared to the colored subpopulation. * = 

p<0.05 ** = p<0.01 † = p<0.001 # = p<0.0001. (B) Violin Plot of Human KRM 
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expression of a transcriptional profile of mouse KRM cluster 4 following acute kidney 

injury (Day 1). Boxplot represents the median and one standard deviation. All values are 

significant compared to the colored subpopulation. * = p<0.05 ** = p<0.01 † = p<0.001 # 

= p<0.0001. All p-values are available in Supplemental Table 3. (C) Violin plot of human 

KRM expression of marker genes (ISG15, IRF7, IFITM3, IFITM2). Boxplot represents 

the median and one standard deviation. All values are significant compared to the colored 

subpopulation. * = p<0.05 ** = p<0.01 † = p<0.001 # = p<0.0001. (D) Violin plot of 

mouse KRMs at day 0 expression of marker genes (Isg15, Irf7, Ifitm3, Ifitm2). Boxplot 

represents the median and one standard deviation. All values are significant compared to 

the colored subpopulation. # p < 0.0001. (E) Violin plot of mouse KRMs at day 1 

expression of marker genes (Isg15, Irf7, Ifitm3, Ifitm2). Boxplot represents the median 

and one standard deviation. All values are significant compared to the colored 

subpopulation. # p < 0.0001. (F)  The location of collecting duct cells and Human KRM 

2 on kidney section A. (G) The location of vasculature on a fibrotic background cells and 

Human KRM 2 on kidney section B. (H) The location of murine KRM 6 pre and 1-day 

post-acute kidney injury. 

 
 
Figure 7: Human KRM 4 does not have a murine ortholog and expresses a microglia 
transcriptional profile  
 
(A) DotPlot of activated microglia markers showing predominate expression by human 

KRM 4. (B) DotPlot of activated microglia markers showing similar expression amongst 

all murine KRM subpopulations prior to AKI. (C) DotPlot of activated microglia markers 

showing similar expression amongst all murine KRM subpopulations post-AKI. (D) 

Violin plot of human KRM expression of marker genes (TREM2, APOE, CX3CR1, CD9, 
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CLEC7A). Boxplot represents the median and one standard deviation. All values are 

significant compared to the colored subpopulation. * = p<0.05 ** = p<0.01 † = p<0.001 # 

= p<0.0001. (E) Violin Plot of Human KRM expression of a transcriptional profile of a 

transcriptional profile associated with pruning microglia (Table 1). Boxplot represents the 

median and one standard deviation. All values are significant compared to the colored 

subpopulation. * = p<0.05 ** = p<0.01 † = p<0.001 # = p<0.0001. (F)  The location of 

proximal tubule cells and Human KRM 4 on kidney section A. (G) The location of 

proximal tubule cells and Human KRM 4 on kidney section B. 
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Figures 

Figure 1. 

 
 

 

 
 



106 
 

Figure 2. 
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Figure 3.  
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Figure 4. 
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Figure 5. 
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Figure 6. 
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Figure 7. 

 

 

 

 



112 
 

 

 

 
AN EVOLUTIONARILY CONSERVED KIDNEY RESIDENT MACROPHAGE 

PHENOTYPE WITH REDUCED MHC II EXPRESSION APPEARS AFTER KIDNEY 
INJURY 

 

 

 

by 

ELISE N. ERMAN 

 KYLE H. MOORE, MATTHEW D. CHEUNG, JENNIFER LA FONTAINE, 
ZHENGQIN YANG, REHAM H. SOLIMAN, ANUPAM AGARWAL, JAMES F. 

GEORGE 
 

 

 

 

 

 

 

 

 

 

 

Submitted to Journal of the American Society of Nephrology 

Format adapted for dissertation 



113 
 

 

 

 

Significance Statement 

Unlike peripheral populations, kidney resident macrophages (KRMs) represent 

the first and persistent responders to kidney damage given their residency in the tissue. 

Little is known about the specific response of KRMs following injury. This work 

identifies a subset of KRMs that downregulate MHC II following multiple models of 

acute and chronic injury. This kidney injury associated (KIA) phenotype is evolutionarily 

conserved between mice and humans and presents concurrently with a wound healing 

transcriptional profile at the site of damage in acute injury. Therefore, KIA cells are an 

excellent potential therapeutic target, and their function could be amplified in AKI to 

facilitate recovery. 

 

Abstract 

Background  

Kidney resident macrophages (KRMs) are involved in amelioration and 

propagation of acute kidney injury and chronic kidney disease. They express high levels 

of surface MHC II during homeostasis. Here, we describe downregulation of MHC II by 

a subset of KRMs, termed kidney injury-associated (KIA) cells, that appear across injury 

models and are conserved between mice and humans.   
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Methods 

 KIA cells were identified in mice following AKI and CKD using flow cytometry. 

AKI and CKD were confirmed using GFR and serum creatinine. Single cell RNA 

sequencing and spatial transcriptomics were performed on kidney from mouse and 

human AKI and mouse CKD samples to investigate the location and transcriptional 

profile of KIA cells. A 2/3 ligation model was used to confirm the localization of KIA 

cells to damaged tissue. Human samples came from donors with mild to moderate AKI. 

 

Results 

KIA cells were identified in every model of injury tested, although KIA cells 

appear among different KRM subsets depending on the injury model. KIA cells resolve 

in AKI and persist in CKD. Human and mouse AKI-generated KIA cells localize to the 

site of damage and present a wound-healing transcriptional profile.   

 

Conclusions 

The presentation of MHC II negative KIA cells is evolutionarily conserved 

following AKI and CKD. AKI-generated KIA cells localize to the site of injury and may 

be involved in would response or repair.   

 
 
 

Introduction 

The incidence of acute kidney injury (AKI) and chronic kidney disease (CKD) 

rates continue to increase globally and specifically in the United States.1,2 Numerous 

epidemiological studies show that AKI is a risk factor for subsequent development of 
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CKD and patients with CKD are more susceptible to developing AKI.3-7 While the 

immune system has been implicated, the mechanisms within AKI and CKD remain 

relatively undefined.8  

Macrophages are an important component of the pathogenesis of AKI and the 

subsequent recovery response. Depletion of mononuclear phagocytes protects against 

injury or prevents recovery depending on the time and completeness of depletion.9 

Macrophages have been implicated in kidney disease propagation and mitigation; 

however, most studies did not delineate between peripheral and resident macrophage 

populations and therefore their role in injury responses has been difficult to discern.10-13 

Thus, there is a need to understand the specific roles of resident macrophages in kidney 

injury and in the normal uninjured state. Recently, we discovered that there is significant 

underlying complexity in kidney resident macrophages (KRM) populations, with a 

number of functionally distinct subpopulations that reside within specific zones in the 

kidney.14 

In homeostasis, KRM subpopulations express high levels of major 

histocompatibility complex class II (MHC II).15,16 Macrophages are canonically thought 

to exist as expressing low MHC II in homeostasis and increase expression following 

activation, however resident macrophage populations are known to express the molecule, 

though expression patterns differ by tissue.17-19 Antigen endocytosed from the 

extracellular environment is processed and presented on MHC II molecules to CD4+ T 

cells to coordinate T cell activation and B cell differentiation.20  

Here, we show that KRMs down regulate MHC II in multiple models of kidney 

injury in a subpopulation specific manner that varies as a function of the injury model. 
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We further show that the appearance of this phenotype is evolutionarily conserved in 

mice and humans. We have termed these MHC II negative KRMs kidney injury 

associated (KIA) cells. In AKI, these cells maintain a wound healing profile and may be 

integral to tissue repair.  

 

Methods 

Animals. 

 Male C57BL/6J mice, 8–16 weeks of age, were obtained from The Jackson 

Laboratory. For supplemental figures the additional mouse strains, on a C57BL/6J 

background, were obtained from The Jackson Laboratory:IL-6 KO (B6.129S2-IL6tm1kopf 

/J, TLR2 KO (B6.129-Tlr2tm1kir/J, IL-10 receptor KO (B6.129S2-IL10rbtm1Agt/J). 

PKDRc/Rc mice were generously provided by collaborator Dr. Michal Mrug.  Mice were 

housed at the University of Alabama at Birmingham (UAB) animal facilities in 

compliance with the NIH guidelines regarding the care and use of live animals. All 

animal work performed was reviewed and approved by the Institutional Animal Care and 

Use Committee at UAB (IACUC).  

 

Human Sample.s 

Human kidney samples were obtained from kidneys deemed unsuitable for 

transplantation. Donor A was a 68-year-old White man, as determined from health 

records. The serum creatinine of the donor of sample A was 1.8 mg/dL two days prior to 

tissue acquisition at which time the serum creatinine had dropped to 0.6 mg/dL. The 

histological section shows extensive tubular atrophy and extensive fibrosis. The 
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glomeruli appear atrophied with damaged glomerular capillaries (Fig S4).  Donor B was a 

57-year-old White man, 5 days post brain death, as determined from health records. The 

serum creatinine of the donor of sample B at the time of acquisition was 2.5 mg/dL and 

presented with mild to moderate AKI. The histological section also presents with tubular 

atrophy but less severe glomeruli damage (Fig S4). Samples were taken for single-cell 

RNA sequencing and spatial transcriptomics in accordance with IRB-300004648.   

 

Bilateral ischemia/reperfusion injury (BIRI AKI). 

 Mice were subjected to bilateral ischemia/reperfusion injury, as previously 

described.21,22 Surgeries were performed in the morning. Mice were anesthetized using 

ketamine and xylazine (i.p.). Under aseptic precautions, both kidneys were clamped at 

the renal pedicle using a microserrefine vascular clamp (Fine Science Tools, 18055-

05). After 19 minutes, the clamps were removed to allow reperfusion. Reperfusion 

was visually confirmed within 1 minute. Body temperature, measured by a rectal 

thermometer, was carefully maintained at 37°C ± 1°C. 

 

Aristolochic Acid Nephropathy (AAN CKD). 

 10-week-old mice (Jackson Laboratory) were randomly assigned to either the AA 

group or the control group and were subjected to 5 consecutive days of AA (A9451, 

Sigma-Aldrich) i.p. 3 mg/kg body weight to induce CKD or equal volume of saline 

vehicle as a control. Mice were sacrificed two and six weeks, as well as six months, after 

their first injection for evaluation of kidney injury and downstream analysis.  
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2/3 Kidney Ligation. 

10-week-old mice C57BL/6J mice (Jackson Laboratory) were subjected to 

unilateral ligation of both poles of a single kidney. Surgeries were performed in the 

morning. Mice were anesthetized using ketamine and xylazine (i.p.). Body temperature, 

measured by a rectal thermometer, was carefully maintained at 37°C ± 1°C throughout 

the surgery. Ligatures were applied to prevent slicing the kidney tissue but reduce blood 

flow to both renal poles. Kidneys were harvested 24 hours post injury. The contralateral 

kidney served as a control. At the time of harvest, the ligated kidney was separated into 

the upper pole, center, and lower pole, and the resulting sections were processed in 

conjunction with the control contralateral kidney. 

 

LPS. 

10-week-old mice (Jackson Laboratory) were randomly assigned to either the LPS 

group or the control group and were subjected to a single injection of lipopolysaccharide 

(Millipore Core, LPS25 Lot. 3795228) i.p. 2 mg/kg body weight or equal volume of 

saline vehicle as a control. Mice were sacrificed at 24 hours for evaluation of kidney 

injury and downstream analysis.  

 

Flow cytometry/FACS. 

 Murine KRMs were obtained as previously described.14 Briefly, we isolated 

KRMs using flow cytometric sorting. Leukocytes were isolated as previously described. 

21,22 Mice were anesthetized under isoflurane and perfused through the left ventricle with 

10 mL cold PBS. Kidneys were removed, stripped of the capsule, minced with a razor 
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blade on a glass slide, and placed into Liberase (MilliporeSigma) at 37°C for 30 minutes. 

The digestion was stopped by adding cold PBS containing 1% BSA, and tissue was 

further disaggregated through an 18-gauge syringe. Red blood cells were lysed using 

ACK lysis buffer for 2 minutes at room temperature, and the remaining leukocytes were 

then washed with ice-cold PBS. Cells were then stained with violet fixable viability dye 

(Invitrogen L34955) and treated with unlabeled anti-CD16/32 antibody to block Fcγ3 

receptors. Cells were subsequently stained using anti–Gr-1 Alexa Fluor 700 (Ly6G, clone 

1A8, BioLegend), anti-CD11b super bright 600 (M1/70, Invitrogen), anti-F4/80 APC-

eFluor-780 (BM8, Invitrogen), anti-NK1.1 PE-C7 (PK136, Invitrogen), anti-CD45.2 BV-

650 (104, BioLegend), anti-MHC II (I-A/I-E) PerCP (M5/114.15.2, BD Biosciences), 

anti-CD19 super bright 702 (6D5, BioLegend), anti-TCRβ Pe-Cy5 (H57-597, BD 

Biosciences). 

Murine and human single cell suspensions were generated identically. Briefly, 

human kidney cross sections were cut and minced with a razor blade and placed into 

Liberase (MilliporeSigma) at 37°C for 30 minutes. The digestion was stopped by adding 

cold PBS containing 1% BSA, and tissue was further disaggregated through an 18-gauge 

syringe. Red blood cells were lysed using ACK lysis buffer for 2 minutes at room 

temperature, and the remaining leukocytes were then washed with ice-cold PBS. Cells 

were then stained with violet fixable viability dye (Invitrogen L34955) and treated with 

unlabeled anti-CD16/32 antibody to block Fcγ3 receptors. Cells were subsequently 

stained using anti–CD45 FITC (YTH24.5, BioRad). Human macrophages do not express 

an ortholog of F4/80 and therefore require a different FACS sorting protocol. Staining for 

C1q, a conserved marker for KRMs, requires fixation, and is therefore incompatible for 
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single cell RNA sequencing. Transcription of C1qa/C1QA was found to accurately 

identify KRMs in mice and humans. For these reasons, we elected to identify human 

KRMs at the transcriptional level from CD45+ sorted cells. 

 

scRNA-Seq. 

 Purified cells were transferred on ice to the UAB Flow Cytometry and Single 

Cell Core and immediately processed using the Chromium 3′ Single Cell RNA 

sequencing kit (10× Genomics) according to the manufacturer’s instructions. The cell 

suspension was counted and combined with a 10× Chromium reagent mixture and 

loaded into a microfluidic single-cell partitioning device in which lysis and reverse 

transcriptions occur in microdroplets. The resulting cDNA was amplified by 

polymerase chain reaction and subsequently processed to yield bar-coded sequencing 

libraries. Paired-end sequencing was carried out on an Illumina NovaSeq6000 

sequencing platform (Illumina). Reads were processed using the 10× Genomics Cell 

Ranger Single-Cell Software Suite (version 6.0) on the UAB Cheaha High-

Performance Computing Cluster. BCL files were converted to FASTQ files using the 

CellRanger mkfastq function. CellRanger count was used to align the FASTQ files to 

the mouse genome (mm10) or human GRCh38 (GCA_000001405.28). The gene table, 

barcode table, and transcriptional expression matrices were created for the analysis 

indicated below. 
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Spatial transcriptomics. 

The Visium system relies on a 2-dimensional matrix of 5000 spots distributed 

on a microscope slide in a 6.5 by 6.5 mm square. Each spot, which contains a poly-dT 

oligonucleotide with a unique sequence (bar code), is 50 μm in diameter at a distance 

from the other spots of 100 μm from center to center. Kidneys were embedded in the 

Optimal Cutting Temperature matrix (Fisher Scientific) and stored at –80°C. Before 

sectioning, blocks were equilibrated to –10°C for 30 minutes. A 10 μm section was 

placed onto specialized Spatial Gene Expression slides (10× Genomics) and processed 

according to the manufacturer’s protocols. Briefly, slides were stained with H&E, and 

bright-field images were acquired using a Keyence BZ-X700 microscope. Tissues 

were permeabilized for 12 minutes (human) or 18 minutes (mouse) and cDNA was 

generated and used to create second-strand DNA. The resulting cDNA was subject to 

downstream amplification and library processing for scRNA-Seq. Reads were 

processed using the 10× Genomics Space Ranger Single-Cell Software Suite (version 

1.2) on the UAB Cheaha High-Performance Computing Cluster. BCL files were 

converted to FASTQ files using the SpaceRanger mkfastq function. SpaceRanger 

count was used to align the FASTQ files to the mouse genome (mm10). 

 

Sequencing Data Analysis. 

 Both scRNA-Seq and spatial transcriptomics analyses were carried out using 

packages created for the R statistical analysis environment (version 4.2.1). Data were 

primarily analyzed using Seurat (version 4.3.0) and its associated dependencies.23,24 Data 

from each sample were imported using the Read10X function and then structured into a 
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Seurat object using CreateSeuratObject. For quality control, cells with unique feature 

counts over 2500 or under 200 were excluded. Data were normalized and scaled using 

either log normalization or SCTransform.25 Objects from each time point were labeled 

with unique group IDs and then merged into a single object using the Seurat merge 

function. Data objects were integrated using the Harmony R package.26 Principal 

component analysis was performed based on 30 principal components, and then cells 

were clustered using FindAllMarkers. The dimensional reduction was done using 

UMAP.  

 

Integration of scRNA-Seq and spatial transcriptomics to resolve cell location. 

 The spatial matrix was integrated with the scRNA-Seq data set using the 

anchor-based workflow built into the Seurat package. FindTransferAnchors was used. 

Using the generated anchor set, the TransferData function created predictions from the 

KRM reference clusters and applied that to the spatial data sets. Using the predictions, 

each subpopulation could be visualized using SpatialFeaturePlots. 

 

AddModuleScore. 

The AddModuleScore function in Seurat was used to determine the expression 

of provided gene lists (Tables 1 and 2) and control genes were set to 500. The 

resulting meta data of the Seurat object was moved to a dataframe for statistical 

analysis.  
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Statistics. 

For Figures 1 and 4, statistics were calculated using Prism version 8. One-way 

ANOVAs with multiple comparisons were used to determine significance. For Figures 

2,3, and 5, statistics were performed in R and plotted using ggplot. Boxplots report the 

median and standard deviation of a dataset. Kruskal Wallis test was used to determine a 

difference within a dataset and the Pairwise Wilcox test for nonparametric data was used 

to compare individual groups to each other.  

 

Results 

The presence and persistence of KIA cells correlates with the type of injury. 

We investigated the dynamics of MHC II expression by KRMs in mouse models 

of BIRI AKI and AAN CKD (Fig 1A). KRMs are identifiable within the tissue by their 

high expression of F4/80 and intermediate expression of CD11b and transcriptionally by 

C1qa.22,27,28  The downregulation of MHC II was initially identified using flow cytometry 

and the appearance of an MHC II-negative population following injury (Fig 1B). KRMs 

lacking MHC II following injury were termed kidney injury associated (KIA) cells.  

Kidney function following AKI was determined using glomerular filtration rate 

(GFR). A significant decrease in GFR was observed on day 1 following injury compared 

to quiescence (131.1 ± 12.72 vs 210.4 ± 13.87 mL/min; p=0.025) (Fig 1C). Following 

injury, approximately 28.23% of KRMs become KIA cells by downregulating MHC II in 

comparison to approximately 1.69% of KRMs in the controls (28.23 ± 2.34 vs 1.69 ± 

0.20 %; p<0.0001)(Fig 1D). There was a significant reduction in the percentage of KIA 

cells from day 1 post injury to day 6 (14.98 ± 5.08 %KIA of KRMs; p=0.02) correlating 

with the restoration of kidney function (Fig 1C and D). The percentage of KIA cells 
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returned to quiescent levels two weeks following injury (2.952 ± 1.55%; p=0.98 

compared to controls). To confirm that the appearance of KIA cells was a result of the 

induction of AKI, we performed sham surgeries and confirmed that there was no increase 

in KIA cells in sham mice at day 1 (2.50 ± 0.16 %; p<0.0001) or day 6 (0.39 ± 0.05; 

p=0.004)(Fig 1E).  

There was a significant reduction in GFR of aristolochic acid treated (CKD) mice 

at 2 weeks compared to quiescent mice (23.47 ± 3.47 vs 224.8 ± 22.13 mL/min; 

p<0.0001)(Fig 1F). While GFR appeared to remain reduced at six-week time points, the 

sample size was limited because of injection site stress and reduced health of CKD mice. 

Therefore, kidney injury was confirmed by serum creatinine measurements from the 

CKD mice, which identified significant increases in serum creatinine at 2 weeks (0.084 ± 

0.004 in control mice vs 0.588 ± 0.0819 mg/dL; p=0.0104) and 6 weeks (0.076 ± 0.0114 

vs 0.4683 ± 0.0482 mg/dL; p=0.0013), compared to vehicle treated controls.  Serum 

creatinine showed a trend towards elevation 6 months after CKD induction (0.1133 ± 

0.01202 vs 0.3050 ± 0.05362; p=0.0995) (Fig 1G). KIA cells were significantly increased 

2 weeks post-CKD induction compared to vehicle controls (0.9733 ± 0.1561% vs 22.02 ± 

5.757%; p=0.0433) (Fig 1 H). There was no significant difference between vehicle 

treated mice and CKD mice at 6 weeks, but significance had returned at 6 months (1.783 

± 0.200 vs 3.277 ± 0.923; p=0.0032) (Fig 1H).  

KIA cells were also identified in LPS-induced sepsis and a genetic model of PKD 

(Fig S1). Interleukin (IL-) 6, IL-10, and TLR2 have all been shown to be involved in 

MHC II downregulation on other macrophage populations.19,29,30 However, we repeated 

small cohort studies utilizing global knockout mice and our CKD model outlined in 
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Figure 1 which suggested that IL-10, IL-6 or TLR2 are not necessary for the 

downregulation of MHC II by KRMs (Fig S2). 

KIA cells in AKI express a wound healing profile and localize to the site of injury. 

 We performed single cell RNA sequencing on kidneys isolated from mice at 

quiescence, 12 hours, and 1-day post AKI. In uninjured mice, the majority of KRMs have 

moderate to high expression of MHC II gene H2-Aa (Fig 2A). A small proportion of 

KRMs lack MHC II prior to injury, as identified in Figure 1D and are likely represented 

by cluster 5, which is rare in quiescence with low H2-Aa expression (Figure 2A). 

However, by day 1 cluster 5 expanded and upregulated MHC II expression compared to 

quiescence, whereas cluster 3 significantly and uniquely downregulated MHC II 

expression, identifying it as KIA cells (Fig 2B). To confirm that this is not an artifact of 

using a single gene (H2-Aa), we used the AddModuleScore feature to determine the 

expression level of an MHC II transcriptional profile (Table 1).31 Although cluster 5 has 

the lowest expression of an MHC II transcriptional profile at quiescence, it displays a 

clear upregulation following injury (Table S1) (Fig 2C). In contrast, KIA cells (cluster 3), 

delineated in orange, show a significant downregulation of MHC II transcriptional at Day 

1 compared to all other KRM subpopulations (Table S1)(Fig 2C).  

We used gene ontology terms and AddModuleScore to determine a potential 

function for KIA cells. Prior to insult, cluster 5 cells show significant upregulated 

expression of gene ontology set Wound Healing (GO:009303)(Table 1)(Table S2)(Fig 

2D).32 Following AKI, cluster 5, in conjunction with an increase in MHC II expression, 

downregulates the wound healing profile in a possible inverse relationship. In contrast, 
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KIA cells have the highest expression of the wound healing profile day 1 post AKI in 

conjunction with the lowest MHC II transcriptional profile (Fig 2D)(Table S2).  

Next, we used spatial transcriptomics to localize KIA cells in the kidney tissue. At 

quiescence prior to the appearance of the KIA phenotype, pre-KIA cells (MHC II 

expressing) are localized throughout the kidney, but are spatially distinct from the 

expression of Napsa, a marker gene for S3 proximal tubules in the cortico-medullary 

region (Fig 2E).14 Twelve hours and 1-day post injury, the KIA cells are localized to the 

cortico-medullary region, the area most sensitive to injury in ischemic AKI (Fig 2E).33 

 

KIA cells do not uniquely express a wound healing profile or localize to the site of injury 
in CKD  

As with AKI, we performed scRNAseq on mice at quiescence and two weeks post 

CKD. We were unable to integrate the KRMs identified prior to injury with those 

identified post-injury indicating highly disparate transcriptomic profiles (Fig S3). For this 

reason, we were not able to identify changes in KIA cells over time in CKD. However, 

KIA cells were identified in the 2-week CKD dataset, both by low expression of the 

single gene H2-Aa and the entire MHC II transcriptional profile (Fig 3A-B)(Table 

1)(Table S3). In CKD, there was no difference in expression of a wound healing profile 

by KIA cells (Fig 3C)(Table S4). Figure 3D shows that KIA cells are found throughout 

the tissue, but preferentially localize from the cortico-medullary region (Napsa) to the 

inner medulla (Umod, loop of Henle).14,34  
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KIA cells are specific to the site of ischemic injury. 

We utilized a model of ⅔ kidney ligation without contralateral nephrectomy to 

generate localized ischemia in the kidney poles while leaving the center of the kidney 

relatively unharmed in order to determine if KIA cells are specific to the region of injury 

in ischemic injury (Fig 4A). The percentage of KIA cells was significantly increased in 

the ischemic poles compared to both the center (33.56 ± 4.105 vs 10.12 ± 1.347%; 

p=0.0001) and uninjured unilateral kidney (2.887 ± 0.4435%; p<0.0001). There was no 

significant difference between the center and the uninjured contralateral kidney (Fig 4B). 

To further confirm that KIA cells localize to the site of injury, we expressed the 

difference in percent of KRMs that were KIA cells between 1) the poles compared to the 

uninjured unilateral kidney, 2) the poles compared to the center, and 3) the center to the 

uninjured contralateral kidney. This revealed no statistical significance in the difference 

in KIA cells within injured poles when comparing them to uninjured contralateral kidney 

vs center. There is a statistical difference comparing the poles to the center when both are 

normalized to the uninjured unilateral kidney (30.59 ± 4.124 vs 7.728 ± 1.450%; 

p=0.0009)(Fig 4C). The difference in %KIA cells were significantly increased in the 

poles-minus-uninjured contralateral kidney (30.59 ± 4.124) vs the center compared to 

uninjured unilateral kidney (7.728 ± 1.450; p=0.0009). 

Next, we used the top ten differentially expressed genes (DEGs) from AKI and 

CKD KIA cells to compare the transcriptional profile of KIA cells across models. The 

resulting heatmaps showed that the transcriptome of KIA cells differs across models (Fig 

4D and E). When generating a heatmap with the DEGs of CKD KIA cells onto the AKI 

dataset, AKI cluster 6 appears to have a uniquely high pattern of expression.  When 
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generating a heatmap with the DEGs of the AKI KIA cells onto the CKD dataset, cluster 

2 has the higher pattern of expression. It appears that while comparative subpopulations 

exist across both injury models, different subpopulations downregulate MHC II 

expression in AKI compared to CKD. 

 

Human AKI kidneys contain KIA cells that express a wound healing profile and localize 
with glomeruli.  

Non-cancerous human kidneys that did not meet the criteria for transplantation 

were used for scRNAseq of CD45+ cells and spatial transcriptomics. As in mice, we 

identified human KIA cells by a lack of HLA-DRA transcripts, a human MHC II gene 

(Fig 5A). We confirmed a reduced expression of the MHC II transcriptional profile by 

KIA cells with appropriate correction for human orthologous genes (Table 1)(Fig 

5B)(Table S5). We observed significantly increased expression of the wound healing 

transcriptional profile in human KIA cells in comparison to all other clusters except 

cluster 2 (Fig 5B)(Table S6)(Table 1).  

To identify the location of the cells within the tissue, we performed spatial 

transcriptomics on samples proximal to those used for scRNAseq. Glomeruli are 

identifiable on section A (mild AKI) both by histology and the localization of podocytes, 

confirmed by expression of the gene for podocin. identified on the spatial section (Fig 

S4)(Fig 5C). A region of the tissue is marked with a black box to aid in the identification 

of colocalized cell types. KIA cells are identified in the same section and are most 

predominate in the glomeruli and around the thickened blood vessels and atrophic tubules 

(Fig 5D)(Fig S4). CD4+ T cells appeared throughout the section (Fig 5E). Section B has 

glomeruli throughout the tissue (Fig S4)(Fig 5F). In moderate AKI, KIA cells were 
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distinctly co-localized in glomeruli (Figure 5G). Additionally, KIA cells were spatially 

distinct from CD4+ T cells, which were present in the section but did not appear around 

or within glomeruli.  

 

Discussion 

Macrophages amplify initial inflammation following AKI via expression of TNFα 

and are involved in recruitment of additional leukocytes.35-37 The shift to an anti-

inflammatory profile is not thought to occur until multiple days post-injury.38  MHC II is 

considered a marker of pro-inflammatory macrophages, and its downregulation was 

unexpected in AKI and CKD.39 KIA cells specifically downregulate MHC II after injury 

and do so in both acute and chronic injury models. They are found at the site of injury 

and their induction appears to be a conserved and universal response following injury. 

AKI and CKD encompass many etiologies and pathological processes, yet we identified 

KIA cells in mice bearing a PKD mutation and following ischemic, nephrotoxic, and 

septic injury.40-44 KIA cells are conserved across species as they are observed in both 

mice and humans.  

In AKI, the appearance of a KIA phenotype appears to be biased towards the 

region of injury. The S3 portion of the proximal tubule is most sensitive to ischemic 

injury.33 In the mouse, the corticomedullary region is highly enriched for the S3 segment, 

which can be visualized on a spatial transcriptomic section with the S3 proximal tubule 

gene Napsa.14,33 We found that within 12 hours, murine KIA cells localize to the cortico-

medullary region. To confirm that KIA cells localize to injured tissue, we used a ligation 

injury model to selectively injure the poles of the kidney and found that KIA cells were 
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subsequently found there. In the human donor samples, the kidney sections presented 

with colocalization of KIA cells and glomeruli, a component of the nephron. that is 

susceptible to damage as the result of a variety of AKI pathologies.45-49  

In AAN CKD, the site of injury is primarily cortical, yet the KIA cells were 

predominately localized in the cortico-medullary region and medulla two weeks post 

injury.50,51 Whether the KIA cells were initially in the cortex is unknown and will require 

additional studies. Additionally, the model of CKD utilized here is known for rapid 

fibrosis of the cortex.12,52 We speculate that KIA cells preferentially localize with kidney 

cells and not within fibrotic tissue, which would restrict them to the medulla away from 

greatest damage. Another possibility is that different subpopulations downregulate MHC 

II depending on the type of injury. DEGs from AKI and CKD KIA cells differ 

significantly. DEGs associated with AKI KIA cells do not identify CKD KIA cells, but 

instead an MHC II expressing subpopulation. The same is true for CKD KIA cells, where 

the DEGs again match an MHC II expressing subpopulation and not the AKI KIA cells. 

Therefore, it is possible that in AKI the subpopulation that becomes KIA cells may be 

restricted to the cortico-medullary region, whereas in CKD a different subpopulation 

becomes KIA cells and is restricted to the medulla. Finally, KIA cells may initially 

colocalize with the site of greatest injury in our model of CKD but could alter location as 

the disease progresses.  

In both the mice and human AKI samples KIA cells were identified as the KRM 

subpopulation with the highest expression of a wound healing profile, but not in CKD. 

Again, this could be because fibrosis has progressed in CKD and that this altered the 

transcriptional profile of all KRM subpopulations similarly. This is supported by the 
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smaller number of subpopulations identified in CKD compared to AKI (4 vs 9) and the 

inability to integrate an uninjured dataset with the two-week CKD timepoint, which 

suggests vast transcriptional changes compared to quiescence. Another possibility is that 

because KIA cells in CKD are not in the areas of greatest damage, they are not receiving 

the signal that is present in AKI which leads to the expression of a wound healing profile. 

Future research into the location of KIA cells across kidney injury models and any 

changes that occur therein will provide further insight into their function. 

KRMs that lack MHC II were initially described in Lever et al. and posited that 

this was a recapitulation of a developmental phenotype, as murine KRMs lack MHC II 

during kidney development.21 Wound healing compared to tissue growth and remodeling 

during development may require similar functions, so it remains possible that the 

upregulation of a wound healing profile in concert with a downregulation of MHC II is 

indeed a recapitulation of the MHC II negative developmental phenotype observed in 

mice. It is possible that the mechanisms of MHC II downregulation in KIA cells could be 

unique, as common inducers of MHCII downregulation (IL-10, IL-6, and TLR2) did not 

appear to be necessary for the presence of KIA cells.19,29,30  

A distinct or related function may be to dampen an adaptive immune response at 

the site of sterile injury. The MHC II molecule binds with CD4 to increase TCR 

stimulation on CD4+ T cells. The coreceptor CD28 binds to CD80/86 on MHC II+ cells 

to further strengthen this interaction. CD4+ T cells have been implicated in the 

pathogenesis of sterile kidney injury in a CD28 dependent manner.53 Therefore, it is 

possible that the downregulation of MHC II by KIA cells and the lack of interaction with 

CD4+ T cells in areas occupied by KIA cells may be a mechanism to prevent CD4+ T 
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cell activation and further damage. This concept is supported by the distinct lack of 

CD4+ T cells in the section of kidney from the human donor B. While we did not identify 

any spatial distinction in murine AKI between KIA cells and CD4+ T cells (data not 

shown), this could be because spatial transcriptomics on mouse kidney sections is 

currently unable to resolve glomeruli due to the reduced size of the structures and the 

limited resolution of the Visium spatial transcriptomics system. 

Ideal cellular therapeutic targets should be at the site of injury to effectively target 

pathological processes, reduce off-target effects, span multiple etiologies and be 

translatable from model organisms to human clinical trials. We have demonstrated that 

KIA cells are present in both AKI and CKD in mice and in AKI in humans. In AKI, KIA 

cells are specific to the region of the kidney where the greatest injury occurs and resolve 

when the injury resolves. In both murine and human AKI, KIA cells express a wound 

healing profile, being the only population to do so in mice and one of two in humans. For 

these reasons, KIA cells make an excellent potential therapeutic target, and their function 

should likely be amplified in AKI to facilitate recovery.  

Future work will be necessary to determine the role of MHC II, the function of 

KIA cells at the site of injury, and to further expand the recognition of KIA cells in a 

variety of human kidney diseases. 
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Tables 

Table 1. List of genes used to delineate a transcriptional profile for MHC II and wound 
healing. 
  
Mouse MHC 
II Transcriptional Profile 
Genes 

Human MHC 
II Transcriptional Profile 
Genes 

Mouse Wound 
Healing Transcriptional 
Profile Genes 

Human Wound 
Healing 
Transcriptional 
Profile Genes 

H2-Aa, Cd74, H2-Ab1, Cd81, 
H2-DMa, H2-Eb1, H2-
Eb2, Ciita, Tap1, Tap2, Psmb9, 
Psmb8 

 

HLA-DQA1, CD74, HLA-
DQB1, CD81, HLA-DMA, HLA-
DRB1, CIITA, B2M, TAP1, 
TAP2, PSMB9, PSMB8 

Actg1, Adra2a, Ano6, Anxa1, 
Arfgef1, Ccl2, Ccn4, Cd36, 
Cldn1, Cldn3, Cldn4, Cxcr4, 
Ddr2, Dmtn, Emilin2, Enpp4, 
F2r, F3, F7, Fermt1, 
Fermt2, Hbegf, 
Hmgb1, Hpse, Hras, Itgb1, 
Kank1, Mtor, Mylk, Nfe2l2, Plat, 
Plau, Prdx2, Prkce, Ptger4, Ptk2, 
Rreb1, S100a9, 
Serpine1, Serpinf2, Smoc2, 
St3gal4, Tbxa2r, Thbs1, Vegfb, 
Xbp1 

 

ACTG1, ADRA2A, ANO6, 
ANXA1, APOH, ARFGEF1, 
CCL2, CCN4, CD36, 
CLDN1, CLDN3, CLDN4, 
CLDN13, CPB2, 
CXCR4, DDR2, DMTN, 
DUOX1, DUOX2, EMILIN2, 
ENPP4, F2, F2R, F3, F7, 
F12, FERMT1, FERMT2, 
FOXC2, HBEGF, 
HMGB1, HPSE, HRAS, 
HRG, INS13' 'TGB1, 
KANK1, KLRH1, 
MTOR, MYLK, NFE2L2, 
PLAT, PLAU, PLG, PRDX2, 
PRKCE, PTGER4, PTK2, 
REG3A, REG3G, RREB1, 
S100A9, SERPINE1, 
SERPINF2, SMOC2, 
ST3GAL4, TBXA2R, 
THBS1, VEGFB, XBP1 

 
 

 

Figure Legends 

Figure 1. The presence and persistence of KIA cells correlates with the type of injury. 
 
(A) Schematic showing the timepoints for injury induction and flow cytometry and single 

cell RNA sequencing studies for bilateral ischemia reperfusion injury (BIRI) induced 

AKI and aristolochic acid nephropathy (AAN) induced CKD. 

(B) Gating strategy for flow cytometry. Moving from left to right, the plots show the 

gating of single cells, live CD45+ cells, removal of Ly6G+ neutrophils, and the 

identification of F4/80+/CD11b intermediate KRMs. Expression of MHC II in a control 

mouse (blue) is shown in comparison to a mouse 2 weeks after administration of 

aristolochic acid (red). (C) Glomerular filtration rate (GFR) of B6 mice pre (black) and 
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post (red) AKI.  Day 1 is the only significant reduction in GFR (131.1 +/- 12.72 vs 210.4 

+/- 13.87; p=0.025) (D) KIA cells as a percentage of KRMs pre and post AKI. KIA cells 

significantly increase within one day of injury (28.23 +/- 2.34 vs 1.69 +/- 0.20; p<0.0001) 

and have returned to quiescent levels by day 14 (2.952 +/- 1.55; p=0.98).  

(E) KIA cells are significantly increased in AKI mice (red) compared to sham injured 

(blue) at both day 1 and day 6 post injury (2.50 +/- 0.16; p<0.0001)(0.39 +/- 0.05; 

p=0.004) (F) GFR 2 and 6 weeks post first injection for CKD. GFR is significantly 

reduced 2 weeks post CKD induction and remains visually reduced at 6 weeks (23.47 +/- 

3.47 vs 224.8 +/- 22.13; p<0.0001) (G) Serum creatinine of vehicle (blue) and AA (red) 

treated mice. There is a significant increase in serum creatinine at 2 and 6 weeks (0.084 

+/- 0.004 vs 0.588 +/- 0.0819; p=0.0104)(0.076 +/- 0.0114 vs 0.4683 +/- 0.0482; 

p=0.0013) and is visually elevated at 6 months. (H) KIA cells as a percentage of KRMS 

at 2 and 6 weeks and 6 months post CKD induction. The percentage of KIA cells is 

significantly increased at 2 weeks and 6 months (1.783 +/- 0.200 vs 3.277 +/- 0.923; 

p=0.0032) 

 

Figure 2. KIA cells in AKI express a wound healing profile and localize to the site of 
greatest injury.  

(A) Featureplot of H2-Aa expression at quiescence and day 1 from Single cell RNA 

sequencing of mice 0, 12 hours, and 1 day post bilateral ischemia reperfusion AKI. 

Uninjured mice have high expression of H2-Aa in all subpopulations other than Cluster 5, 

which is rare prior to injury. Cluster 3 will become KIA cells and are identified with a 

black box. (B) Featureplot of H2-Aa at day-1 post AKI. Cluster 3 has the lowest 

expression of H2-Aa and are KIA cells (black box). (C) Expression of an MHC II 
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transcriptional profile provided in Table 1 for the identified subpopulations in uninjured 

and 1 day post injury mice. Prior to injury, cluster 5 has uniquely low expression. 

Following injury, cluster 5 has upregulated MHC II profile and KIA cells (orange) are 

statistically significant for the downregulation of the MHC II profile (p<0.0001). All p 

values are presented in Supplemental Table 1. (D) Expression of a wound healing 

transcriptional profile provided in Table 1 for the identified subpopulations in uninjured 

and 1 day post injury mice. Prior to injury, cluster 5 has uniquely high expression. 

Following injury, KIA cells (orange) are statistically significant for increased expression 

of a wound healing profile (p<0.001). All p values are presented in Supplemental Table 

2.  * = p<0.05 ** = p<0.01 † = p<0.001 # = p<0.0001. (E) The location of KIA cells at 

day 0, 12 hours, and day 1 post injury. KIA cells localize to the cortico-medullary region 

of the kidney following injury, as identified by Napsa transcripts. 

 

Figure 3. KIA cells do not uniquely express a wound healing profile or localize to the site 
of injury in CKD. 

(A) Featureplot of H2-Aa at 2 weeks post Aristolochic acid induced CKD. Cluster 0 has 

the lowest expression of H2-Aa and are KIA cells (black box). (B) Expression of an 

MHC II transcriptional profile provided in Table 1. KIA cells (orange) are statistically 

significant for the downregulation of the MHC II profile (p<0.0001) All p values are 

presented in Supplemental Table 3. (C) Expression of a wound healing transcriptional 

profile provided in Table 1 for the identified subpopulations in CKD. There is no 

statistical difference for KIA cells compared to the other subpopulations. All p values are 

presented in Supplemental Table 4. (D) The location of KIA cells at the 2 week 



143 
 

timepoint. KIA cells localize to the cortico-medullary and medullary region of the kidney 

following injury, as identified by Napsa and Umod expression. 

 
Figure 4. KIA cells are specific to the site of ischemic injury. 
 
(A) Schematic of 2/3 ligation model with example images of uninjured unilateral kidney 

and ligated kidney. (B)  KIA cells as a percentage of KRMs in the manually isolated 

ischemic poles, center of ligated kidney, and uninjured unilateral kidney. KIA cells are 

significantly increased in the poles compared to both the center (33.56 +/- 4.105 vs 10.12 

+/1 1.347; p=0.0001) and unilateral kidney (2.887 +/- 0.4435; p<0.0001). (C) Percentage 

of KIA cells in the poles and center normalized to either the uninjured kidney or center. 

There is no statistical difference in the percentage of KIA cells in the pole when 

normalized to either the center or unilateral kidney. There is a statistical difference 

comparing the poles to the center when both are normalized to the uninjured unilateral 

kidney (30.59 +/- 4.124 vs 7.728 +/- 1.450; p=0.0009) (D) A heatmap from the AKI 

dataset of DEGs from AKI KIA cells and CKD KIA cells. AKI KIA cell DEGs represent 

the first 10 listed genes, followed by the CKD KIA cell DEGs.  KIA cells as identified in 

Figure 2 are cluster 3. (E) A heatmap from the CKD dataset of DEGs from AKI KIA 

cells and CKD KIA cells. AKI KIA cell DEGs represent the first 10 listed genes, 

followed by the CKD KIA cell DEGs.  KIA cells as identified in Figure 3 are cluster 0.  

 

Figure 5. Human AKI kidneys contain KIA cells that express a wound healing profile and 
localize with glomeruli.  

(A) Featureplot of HLA-DRA on human KRMs, cluster 1 has the lowest expression and 

are therefore KIA cells (back box). (B) KIA cells (orange) have significantly reduced 



144 
 

expression of the MHC II transcriptional profile compared to other KRM subpopulations 

and significantly express the wound healing transcriptional profile compared to KRM 

subpopulations 0, 3, and 4. All p values are presented in Supplemental Table 5 and 6. * = 

p<0.05 ** = p<0.01 † = p<0.001 # = p<0.0001 (C) The location of glomeruli on a kidney 

section from kidney section A. (D) The location of KIA cells on a kidney section from 

kidney section A. (E) The location of CD4+ T cells on a kidney section from kidney 

section A (F) The location of glomeruli on a kidney section from kidney section B 

G. The location of KIA cells on a kidney section from kidney section B. (H) The location 

of CD4+ T cells on a kidney section from kidney section B 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



145 
 

Figures 

Figure 1. 

 

 

 

 

 

 

 

 



146 
 

Figure 2. 
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Figure 3. 
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Figure 4. 
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Figure 5.  
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SUMMARY AND CONCLUSIONS 

Overall hypothesis 

The kidney resident macrophage niche is composed of transcriptionally and spatially 

distinct evolutionarily conserved subpopulations that modulate their MHC II expression 

at the injury location and for the duration of the injury.  

 

As a result of testing the above hypothesis, I have reached the following conclusions: 

 

Summary 

KRMs are a heterogeneous population with transcriptionally and spatially distinct 

subpopulations. Until recently, the identity of the resident mononuclear phagocytes was 

contested as they present canonical markers of both dendritic cells and macrophages. The 

perceived uniformity of surface protein expression has obscured the recognition of 

subpopulations. Advancements in DNA and RNA sequencing have greatly increased the 

ability to investigate differences between cells. Using the techniques of single-cell RNA 

sequencing and spatial transcriptomics, the transcriptional differences within the KRMs 

became clear and allowed for the identification of protein markers of subpopulations, 

such as CD14 and CD206. The kidney itself is a heterogenous tissue with areas of strong 

ion, proton, and oxygen gradients (229). Likely as a result, KRM subpopulations are 

distinct to particular regions of the kidney. Spatially, KRMs can be broadly divided into 
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medullary and cortical subpopulations. Medullary populations include the innermost 

portion of the kidney and the papilla. Cortical includes everything from the cortico-

medullary region outwards. Each location contains multiple transcriptionally distinct 

subpopulations. 

KRM subpopulations are not limited to mice and are identifiable in human 

samples (191). Within the human samples, five KRM subpopulations were identified in 

comparison to the seven in mice. Of the five human subpopulations, four have murine 

counterparts, although two are orthologous to the same mouse subpopulation. The 

remaining human KRM subpopulation was not orthologous to any known murine 

populations but does express a transcriptional profile similar to activated microglia, the 

resident macrophage population in the brain (230-232) (Figure 1). 

Following an injury in both mice and humans, a subset of the KRM population 

downregulates MHC II and presents with a kidney injury-associated (KIA) phenotype, 

both at the protein and transcriptional levels (Figure 1). KIA cells occur within 24 hours 

following AKI and are still significantly present in the tissue six months post the 

induction of CKD. Additionally, KIA cells are preferentially located at the site of injury 

in AKI, as identified across species. It appears that various KRM subpopulations have the 

capability to adopt a KIA phenotype which may be simply a consequence of the location 

of kidney damage, as the KIA presenting subpopulation is different between AKI and 

CKD. However, it is also possible that over the extended time period required for CKD, 

KIA cells have altered their transcriptional profile so as to appear as a different 

subpopulation when compared to quiescent profiles. Post AKI, KIA cells adopt a wound 

healing profile, however, this either does not occur in CKD or is no longer occurring at 
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the extended time points. Following human AKI, KIA cells are spatially distinct from 

CD4+ T cells, which have been implicated in the pathogenesis of AKI. 

 

KRM Subpopulation Functions in Kidney Homeostasis and Injury Along the Nephron 

Cortical 

Beginning from the outermost layer of the kidney, mKRM 2 is the most cortical 

population and is primarily localized to the outer cortex. This population is relatively rare 

in quiescence and expands following AKI. Murine KRM 2 appears to increase in number 

following injury and express genes associated with iron handling. Macrophages 

participate in the homeostatic recycling of iron in the reticuloendothelial system through 

the phagocytosis and degradation of erythrocytes and different regions of the kidney 

nephron participate in iron reabsorption (233-235). Additionally, macrophages are known 

to sequester iron in an anti-bacterial response and to regulate adipocyte metabolism (236, 

237). The presence of iron has been shown to increase the expression of ferroportin 

mRNA level, an iron exporter, by macrophages in vitro (238). Following BIRI, there is 

an increase in urinary free iron and treatment with iron chelators protects against injury 

(239, 240). In the skin, resident macrophages utilize ferroportin to export iron to damaged 

epithelial cells to promote cell replication and wound healing without a concurrent 

increase in inflammation (241). Therefore, mKRM 2 is potentially increasing ferroportin 

gene expression in response to an increase in extra-cellular iron to facilitate a wound 

healing response as seen in skin resident macrophages.  

A human ortholog subpopulation was not discovered for this subpopulation, 

questioning the essentiality of its function. However, the transcriptionally similar mKRM 
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4 does have human orthologs that expresses the gene for ferroportin.  Although mKRM 4 

is transcriptionally orthologous, it is only spatially orthologous following AKI. The 

human orthologs to mKRM 4 are localized to the cortex, at least in AKI, and appear 

spatially more similar to mKRM 2, suggesting any iron handling function may be cortex 

specific.   

The largest murine KRM subpopulation, mKRM 0, localizes deeper into the 

cortex within the cortico-medullary region. Given their location and increased expression 

of Cx3cr1, mKRM 0 may be the identified CX3CR1+ cortical immune sentinel 

population (198). If so, then it is possible that the seemingly undifferentiated nature of 

this population allows them to sample the environment without instigating a broader 

immune response unless necessary. Alternatively, should this subpopulation be sampling 

the microenvironment, the relatively clean conditions in which laboratory mice are raised 

and maintained might have prevented this subpopulation from pathogen interactions 

necessary to cause differentiation (242). Altering the housing of laboratory mice has 

shown to better recapitulate human immune populations (243). This could account for the 

lack of a human orthologous population. 

A mKRM 0 ortholog was not found in any of the human subpopulations and may 

be considered less valuable as a therapeutic target. Murine KRM 0 is the least 

transcriptionally distinct murine KRM subpopulation and the gene expression provides 

little evidence of a potential function. Therefore, it is possible this subpopulation is not 

essential to human kidney function or protection and as a result was not conserved 

between mice and humans. However, should mKRM 0 be an immune sentinel population 

that is undifferentiated in the mice due to a lack of pathogenic stimulation, in human 
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samples, this population would have interacted with a great number of pathogens and 

therefore be unrecognizable compared to the murine counterpart (198, 243). Studies have 

shown that increasing the pathogen exposure of laboratory mice better recapitulates 

human immune cell phenotypes (243). Future investigations into mice that have had 

repeated and diverse pathogen exposure should investigate the effects on the KRM niche. 

Any resulting changes would provide increased insight into the function of pathogen 

exposure in resident immune populations and tissue homeostasis.  

 

Medullary 

Murine KRM 4 localizes to the medulla as identified using spatial transcriptomics 

and protein expression of CD206. Murine KRM 4 expresses genes associated with 

extracellular matrix handling and scavenging receptors. Both Stab1 and CD206 are 

considered markers of anti-inflammatory macrophages but have disparate associations 

identified in the development of fibrosis (244, 245). Stab1 is generally considered a 

scavenger receptor for calcium and mediator of monocyte recruitment, it has also known 

to uptake LPS in a TLR4-independent manner (244, 246). Stab1 expressing macrophages 

reduce fibrosis following ischemia in the liver (245). However, CD206+ macrophages in 

the kidney are involved in the pathogenesis of acute tubular necrosis and acute interstitial 

nephritis (247). In polycystic kidney disease, CD206+ macrophages are found 

surrounding cysts and are believed to be involved in disease pathogenesis (248). 

Importantly, cysts can occur anywhere along the nephron, so it is unknown whether 

CD206+ macrophages migrate to the regions of damage or local cells upregulate CD206 

expression in response to cyst formation.  
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The human orthologs to mKRM 4 are hKRM 0 and 3, which are nearly identical 

except for a unique lack of any activation markers by hKRM 3. Additionally, unlike all 

other identified orthologs, which are spatially similar in both quiescence and AKI, 

mKRM 4 is only spatially orthologous to the cortical hKRM 0 and 3 following AKI. As 

both human samples come from donors with AKI, there is a potential function in the 

migration of this subpopulation to the cortex following injury. As it expresses both 

scavenger and fibrotic markers, perhaps the damage in the cortex induces a migration of 

this population to the region for repair. In the context of AKI and the transition to CKD, 

the function of mKRM 4, hKRM 0, and 3, and their role in either the propagation or 

amelioration of fibrosis requires further investigation.  

Murine KRM 1,3, and 6 compose the rest of the medullary subpopulations and are 

primed for an immune response based on their differential expression of anti-bacterial, 

anti-viral, and chemokine genes. These subpopulations localize to the hypoxic medulla 

prior to insult. Resident macrophages are known to exist in areas completely lacking 

blood vessels, such as the epidermis and cornea, where they are both the first line of 

defense and required for the homeostasis (249-251). Besides lacking oxygen, the medulla 

contains a high salt concentration, and macrophages have been shown to migrate towards 

increasing salt gradients (252). The work of Berry et al. discovered that CD14+ 

macrophages in the kidney, not specified as infiltrating or resident, utilize this gradient to 

form an immunologic barrier to pathogens invading the medulla from the ureter (253, 

254). Of the resident populations, mKRM 3 and hKRM 1 have the highest expression of 

CD14 and express genes associated with an anti-bacterial response and inflammatory 

immune signaling, as if primed against uropathogenic bacteria. Further research will be 
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needed to determine how subpopulations respond to bacterial and viral infections in the 

kidney. As the kidney is uniquely susceptible to sepsis, it is possible that modulation of 

these subpopulations could translate into better patient outcomes (255). In instances 

where inflammation in the kidney has resulted in massive immune infiltration, it is likely 

that these subpopulations are providing the chemokines, and specifically targeting them 

may reduce inflammation and improved recovery.  

The unique expression of type I IFN genes by mKRM 6 and hKRM 3, in both 

homeostasis and AKI suggests a specific function for these conserved subpopulations. 

While type I IFN producing resident macrophages have been identified in other tissues, a 

tissue maintenance function in the kidney has not yet been identified (256, 257). 

However, should this population be functioning as an immunological barrier to viruses, a 

high expression of type I IFNs in the medulla would be expected (258). In disorders 

characterized by increased type I IFN production, such as in lupus nephritis, a potential 

local source is these KRM subpopulations (259, 260). As type I IFN production is a 

positive feedback loop, and this subpopulation is identifiable in both mice and humans, 

KRMs represent a potential therapeutic target for the disease progression of lupus 

nephritis (261). 

 

Impact and Future Directions of Evolutionarily Conserved Subpopulations 

Orthologous populations will increase translatability and help focus research 

efforts in the future. Kidneys from two human patients with mild to moderate AKI were 

used to identify transcriptionally and spatially orthologous hKRM subpopulations to 

those described in the mouse. This represents a valuable increment in our understanding 
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of the human kidney and is a necessity for future therapeutic research using murine 

models. Future sequencing-based research, that will have the capability to identify the 

described subpopulations, should do its best to add to and amend the current knowledge 

base of KRMs as defined here. The provided framework will allow for shared knowledge 

and results across laboratories and should increase the pace at which our understanding of 

the human kidney can progress.  

The newly elucidated KRM subpopulations likely selectively participate in the 

instigation or propagation of kidney diseases. Macrophages have long been identified for 

their ability to promote tissue damage first through inflammation and second through 

fibrosis (69, 207, 262). The inflammatory response to glomerulonephritis compared to 

acute tubular necrosis or uropathogenic bacteria in the papilla is likely propagated by the 

different KRM subpopulations located in the damaged section. Additionally, other 

nephropathies have known immunologic causes or explanations, such as the case of C1q 

nephropathy or lupus nephritis (263-265). Continued work to identify protein markers of 

each subpopulation will serve to increase the accessibility of KRM research. Future steps 

should be taken to test the potential functions of KRMs specifically, and the identification 

of orthologous populations should aid in the translation of results from murine models to 

human samples and patients.  

 

Impact and Future Directions of Human-Specific Subpopulations 

 A murine ortholog for hKRM 4 could not be identified and this population 

appears uniquely like activated microglia. As mentioned previously, C1q is increasingly 

being considered a marker of resident macrophage populations (191, 266-268). However, 
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it is primarily in microglia research where the increased gene expression of C1q has been 

described as performing a specific function (269).  Activated microglia produce and 

secrete the complement protein C1q to persistently monitor synapses. Healthy synpases 

are able to deactivate membrane-bound C1q produced by microglia and prevent the 

activation of apoptotic pathways. Damaged or overactive synapses are thought to lose 

this ability and are therefore efferocytosed by microglia (232, 270-272). Beyond 

identifying a similar transcriptional profile, this function has yet to be identified in the 

human kidney. It is important to note that murine KRMs do express the genes associated 

with the transcriptional profile, however, they are not specific to any one population.  

 Human KRM 4 is localized to the cortex in the two human samples analyzed 

here. If this location is the homeostatic location, perhaps the same mechanism is 

occurring in the kidneys as in the brain, and hKRM 4 is monitoring tubule cells and 

clearing out those that are damaged or dying. However, since both samples came from 

patients diagnosed with mild to moderate AKI, perhaps this is a response to injury and 

the resident macrophages have changed their transcriptional profile in response to 

damaged tissue. It is additionally possible that the transcriptional similarities are only a 

coincidence and future research will need to mimic the studies done with microglia to 

confirm or deny this potential function. Should it be confirmed, this subpopulation could 

be targeted for therapies to either enhance or limit the ability of this population to clear 

damaged and dying tubules depending on the pathology of the specific disease.  
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Impact and Future Directions of MHC II Response Following Injury 

The appearance of KIA cells appears to occur universally following injury and be 

a conserved response. Following AKI, they significantly increase the transcriptional 

profile associated with wound healing. Generally, it is assumed that in cases of 

inflammation, macrophages will first increase MHC II expression and adopt a pro-

inflammatory phenotype (273, 274). This upregulation of MHC II expression has been 

documented in other tissue-resident macrophage populations in response to a variety of 

conditions (219, 275, 276). Indeed, very few instances where tissue macrophages will 

decrease MHC II expression in response to a stimulus are known (277-279). Therefore, 

the KIA cell response may be unique to the kidney, and its conservation from mice to 

humans implies a necessary function following injury.  

 One potential function is the prevention of an autoimmune response. MHC II 

molecules present exogenously acquired antigens to T cell receptors to coordinate the 

recognition of invading pathogens and stimulate an adaptive immune response (220). 

Following injury, normal sequestered molecules and proteins will be released into the 

microenvironment by necrotizing cells where they may be endocytosed by macrophages 

and other phagocytes. Should these molecules be presented on MHC II, there is the 

possibility that should a T cell express a receptor that incorrectly recognizes self-antigen 

will propagate an autoimmune response (280).  

 A second, but related possibility is that the downregulation of MHC II prevents 

the colocalization of CD4+ T cells to the site of damage (76). MHC II specifically 

interacts with CD4+ T cells, which have a known pathology in sterile ischemic 

reperfusion kidney injury. Mice that lack T cells are protected from IRI. The 
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reintroduction of CD4+ T cells, but not CD8+ T cells restores a control injury phenotype. 

To be precise, the CD4+ T cells must express CD28, a co-receptor for the CD4/MHC II 

interaction (76). The reduction of CD4+ T cells in areas of damage may be solely the 

result of downregulated MHC II by KIA cells or in concert with additional mechanisms 

still undescribed.  

 Still, a remaining possibility is that the downregulation of MHC II is simply an 

artifact of macrophages responding to stress and is not the result of any specific 

functional response to damage. This is relatively unconvincing given the upregulation of 

a wound healing profile by KIA cells in AKI. Regardless, KIA cells are still the KRM 

subpopulation present as the site of damage in AKI in mice and humans and are therefore 

worth further investigation as a valuable therapeutic option. Therapies that can utilize 

receptors present on KIA cells may be able to selectively target regions of damage. 

Additionally, therapies that can further enhance a wound healing response may be able to 

facilitate faster or more complete tissue recovery. 

 

Impact of KRM Research for Nephrology and Conclusions 

Prior to the work outlined here, most studies investigating the immune system's 

role in kidney injury failed to acknowledge the complexity of the resident immune niche 

and its use for future therapeutics. This in conjunction with confusion as to the identity of 

the resident F4/80+ population has stunted much-needed research into the role of the 

kidney resident macrophage population in homeostasis and injury. Resident macrophages 

perform vital homeostatic and immune functions in tissues throughout the body, and it is 

likely that functions identified in one tissue will apply to others (185, 281, 282). For 
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example, C1q, first identified as a marker of resident macrophage populations in the 

kidney and the brain, is now being used to delineate resident populations in many tissues 

(191, 266-268).   

AKI and CKD are increasing problems both in the United States and worldwide 

(10, 95). Kidney diseases have limited therapeutic options. Both active and passive 

immune-driven mechanisms play a pathogenic role in kidney disease. Leukocytes are 

increasingly targets of both pharmacological and cellular therapy given their plasticity 

and ability to reach and infiltrate areas of damage or stress and are therefore an important 

consideration in the future of kidney therapeutic options.  

Resident macrophage populations have increasingly identified homeostatic and 

immune functions, that are both tissue and subpopulation specific. Within the kidney, 

macrophages have known positive and deleterious roles following AKI and CKD, and the 

contrasting roles have caused confusion as to their therapeutic potential (73, 83, 133, 

283). Resident macrophages have extended lifespans compared to peripheral 

mononuclear phagocyte counterparts (201). As a result, they are more susceptible to 

long-term effects as a result of injury or immune-modulating therapeutics. This could 

both increase the effectiveness of therapies by increasing the effects or lead to long-term 

side effects. It is possible to have long-term effects on the adaptive immune system in 

tissue by targeting the resident innate immune system, which could reduce off-target 

effects of targeting peripheral APCs. As a resident population, KRMs would by default 

be the first responders to any trauma and potential instigators of various diseases. 

Additionally, the known plasticity of macrophages and their acknowledged role in both 
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propagating and ameliorating inflammation increases the interest in targeting the resident 

population for therapeutic studies.  

The work presented here identifies transcriptionally and spatially distinct 

subpopulations within the murine and human kidney and suggests the macrophage niche 

is far more complex than previously considered. Much of the confusion as to the roles of 

macrophages in kidney injury can likely be attributed to functional and spatially distinct 

subpopulations. Although further research will be needed to identify additional unique 

subpopulations and their specific functions, this work provides a necessary framework to 

identify KRM subpopulations across species and has begun the process of function 

identification.  

 

Figure Legend 

Figure 1. Summary of transcriptionally and spatially distinct orthologous KRM 
subpopulations and MHC II dynamics following kidney injury 
 
Mice and humans contain transcriptionally and spatially distinct KRM subpopulations 

that are evolutionarily conserved. Subpopulations have distinct locations within zones in 

the kidney. Following injury, a subset of KRMs downregulate MHC II expression. 

Following recovery, MHC II expression is restored. 
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Supplementary Tables and Figures 
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Resident Macrophage Subpopulations Occupy Distinct Microenvironments 
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Supplementary Table 1. Gene ontology analysis of KRM clusters 1 day after injury 
 

 
Supplementary Table 1. Gene ontology analysis of KRM clusters 1 day after injury. Gene 

ontology analysis of terms with an FDR < 0.05, with the exceptions of clusters 0 and 2 
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where no gene sets met this requirement. The top four and three terms were listed, 

respectively. 

Supplementary Table 2. Gene ontology analysis of KRM clusters 6 days after injury 

 
Supplementary Table 2. Gene ontology analysis of KRM clusters 6 days after injury. 

Gene ontology analysis of terms with an FDR < 0.05.  
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Supplementary Table 3. Gene ontology analysis of KRM clusters 28 days after injury 
  

 
Supplementary Table 3. Gene ontology analysis of KRM clusters 28 days after injury.  
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Gene ontology analysis of terms with an FDR < 0.05. 

Supplementary Figure 1. Flow cytometry gating scheme to isolate kidney resident 
macrophages 

 
Supplemental Figure 1: Flow cytometry gating scheme to isolate kidney resident 

macrophages. Gating strategy from kidney single-cell suspensions using pseudocolor 

defaults both A) pre-injury and B) post-injury 
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Supplementary Figure 2. Uniform manifold approximation and projection (UMAP) plot 
of sequenced kidney resident macrophages (KRMs) from all time points 

 
Supplemental Figure 2: Uniform manifold approximation and projection (UMAP) plot of 

sequenced kidney resident macrophages (KRMs) from all time points A) Uniform 

manifold approximation and projection (UMAP) plot of sequenced kidney resident 

macrophages (KRMs) from all time points (quiescence, 12 hours, day 1, day 6, and day 

28 postinjury) demonstrates thirteen unique clusters. Contaminating kidney parenchymal 

cells and clusters representing less than 1% of the population were included. B) UMAP 

plot of sequenced KRMs from all time points (quiescence, 12 hours, day 1, day 6, and 

day 28 post-injury) demonstrates seven unique clusters. Contaminating kidney 

parenchymal cells and clusters representing less than 1% of the population were omitted 

from the analysis. 
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Supplementary Figure 3. Dot plots of key differentially expressed genes from each cluster 

 
Supplemental Figure 3: Dot plots of key differentially expressed genes from each cluster 

Dot plots of key differentially expressed genes from A) cluster 2, B) cluster 3, C) cluster 

4, D) cluster 5 and E) cluster 6 
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Supplementary Figure 4. Uniform manifold approximation and projection (UMAP) and 
spatial plots derived from spatial sequencing data 

 
Supplemental Figure 4: Uniform manifold approximation and projection (UMAP) and 

spatial plots derived from spatial sequencing data. A) Uniform manifold approximation 

and projection (UMAP) plots derived from spatial sequencing data (left). Spatial plotting 

of kidney cell types onto spatial histological image (right). B) Spatial gene expression 

plots of Slc34a1 (left) and Umod (right). 

 
 
 
 
 
 
 
 



197 
 

Supplementary Figure 5. Uniform manifold approximation and projection (UMAP) plots 
of kidney cell types derived from single nuclear RNA sequencing 

 
Supplemental Figure 5: Uniform manifold approximation and projection (UMAP) plots 

of kidney cell types derived from single nuclear RNA sequencing. Uniform manifold 

approximation and projection (UMAP) plots of kidney cell types derived from single 

nuclear RNA sequencing (right). Spatial plotting of kidney cell types from single nuclear 

RNA sequencing onto spatial histological image. The regions of the nephron were 

mapped using transcripts associated with specific cell types (e.g. Slc34a1 for the S1/S2 

region of the proximal tubule or Umod for the ascending loop of Henle). 
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Supplementary Figure 6. Zone-specific transcripts for spatial transcriptomics section 12  
hours after injury  

 

Supplemental Figure 6: Zone-specific transcripts for spatial transcriptomics section 12 

hours after injury. The spatial location of the nephron segments are shown by mapping 

segment-specific transcripts onto the histological image. Transcript markers are listed in 

the bottom right-hand corner of each section. Specific nephron segments are listed above 

each image. Colored bars correspond to the location of the segments from the nephron in 

the left panel from Figure 3. 
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Supplementary Figure 7. Zone-specific transcripts for spatial transcriptomics section 1 
day after injury. 

 
Supplemental Figure 7: Zone-specific transcripts for spatial transcriptomics section 1 day 

after injury. The spatial location of the nephron segments are shown by mapping 

segment-specific transcripts onto the histological image. Transcript markers are listed in 

the bottom right-hand corner of each section. Specific nephron segments are listed above 

each image. Colored bars correspond to the location of the segments from the nephron in 

the left panel Figure 3. 
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Supplementary Figure 8. Zone-specific transcripts for spatial transcriptomics section 6 
days after injury 

 
Supplemental Figure 8: Zone-specific transcripts for spatial transcriptomics section 6 

days after injury. The spatial location of the nephron segments are shown by mapping 

segment-specific transcripts onto the histological image. Transcript markers are listed in 

the bottom right-hand corner of each section. Specific nephron segments are listed above 

each image. Colored bars correspond to the location of the segments from the nephron in 

the left panel from Figure 3. 
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Supplementary Figure 9. Zone-specific transcripts for spatial transcriptomics section 28 
days after injury 

 
Supplemental Figure 9: Zone-specific transcripts for spatial transcriptomics section 28 

days after injury. The spatial location of the nephron segments are shown by mapping 

segment-specific transcripts onto the histological image. Transcript markers are listed in 

the bottom right-hand corner of each section. Specific nephron segments are listed above 

each image. Colored bars correspond to the location of the segments from the nephron in 

the left panel from Figure 3. 
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APPENDIX B 

 

Supplementary Tables and Figures 
for 

Human and murine kidneys contain transcriptionally orthologous resident 
macrophage subpopulations in acute kidney injury 
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Supplementary Table 1. 
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Supplementary Table 2. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



205 
 

Supplementary Table 3. 
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Supplementary Table 4. 
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Supplementary Figure 1. 

 
Supplemental Figure 1.  

(A) DotPlot of canonical immune markers on CD45+ sorted cells from Donor A. Cluster 

6 was identified as KRMs based on expression of C1QA, and the highest combined 



208 
 

expression of CD74 and CD81. These cells are confirmed as macrophages by expression 

of CD68 and CD14. Cluster 6 was used for all downstream analyses. Other identified 

populations are cluster 4 as neutrophils (highest expression of S100A8 and S100A9), 

clusters 2 and 3 as T cells (CD3E) and cluster 9 as CCR7 expressing dendritic cells 

(CD1C, CCR7, HLA-DRA). (B) DotPlot of canonical immune markers on CD45+ sorted 

cells from Donor B. Clusters 8 and 9 are identified as KRMs based on expression of 

C1QA, and the highest combined expression of CD74 and CD81. These cells are 

confirmed as macrophages by expression of CD68 and CD14. Clusters 8 and 9 were used 

for all downstream analyses. Other identified populations are cluster 3 as neutrophils 

(highest expression of S100A8 and S100A9), clusters 1 and 4 as T cells (CD3E) and 

cluster 11 as CCR7 expressing dendritic cells (CD1C, CCR7, HLA-DRA). (C) The 

resulting integration of KRMs from Donors A and B resulted in the UMAPs, split by 

sample. All clusters besides 6 are represented in both samples. The resulting Cluster 6 

was only present in sample 1 and was therefore excluded from the following analyses. 

(D) Violin plot of MKI67, identifying Cluster 5 as cycling cells. These cells were 

therefore excluded from the following analyses.  
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Supplementary Figure 2.  

 
Supplemental Figure 2. 
Cortex, 

Black arrow heads: Glomeruli 

Green arrow heads: Proximal tubules 

Yellow arrow heads: Distal tubules 

Red arrow heads: Tubules in extensive tubulointerstitial nephritis 

Blue lines: The architecture is distorted from inflammation and scarring, possible 

medullary rays  

AA: arcuate arteries, some are dilated  
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AV: arcuate veins 

Medulla, 

Purple triangles: vascular spaces within a background of fibrosis. 

Light blue arrow heads: loop of Henle (thin or thick).  
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Supplementary Figure 3. 

 
Supplemental Figure 3. 

Cortex, 

Interstitial fibrosis and inflammation 

AA: arcuate arteries 

AV: arcuate veins 

Medulla, 

Light blue arrow heads: loop of Henle (thin or thick)  

Dark blue arrow heads: collecting duct 
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Supplementary Figure 4. 

 
Supplemental Figure 4. (A) Spatial locations of hKRMs 0 – 4 on kidney section A (B) 

Spatial locations of hKRMs 0 – 4 on kidney section B 
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Supplementary Figure 5. 

 

Supplemental Figure 5. 

Activated microglia associated genes on unintegrated day-1 post injury murine KRM 

data, to ensure a potential injury specific association was not being lost in the integrated 

dataset. 
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APPENDIX C 

 

Supplementary Tables and Figures 
for 

An evolutionarily conserved kidney 
resident macrophage phenotype with reduced MHC II expression appears after kidney 

injury 
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Supplementary Table 1. 

 

Supplemental Table 1. 

P-value from the Pairwise Wilcox test for nonparametric data for AKI KRM clusters, at 

both timepoints, for the expression of the MHC II transcriptional profile from Table 1.  
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Supplementary Table 2. 

 

Supplemental Table 2. 

P-value from the Pairwise Wilcox test for nonparametric data for AKI KRM clusters, at 

both timepoints, for the expression of the wound healing transcriptional profile from 

Table 1.  
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Supplementary Table 3. 

 

Supplemental Table 3. P-value from the Pairwise Wilcox test for nonparametric data for 

CKD KRM clusters for the expression of the MHC II transcriptional profile from Table 

1.  

 

Supplementary Table 4. 

 

Supplemental Table 4. 

P-value from the Pairwise Wilcox test for nonparametric data for CKD KRM clusters for 

the expression of the wound healing transcriptional profile from Table 1.  
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Supplementary Table 5. 

 

Supplemental Table 5. 

P-value from the Pairwise Wilcox test for nonparametric data for human KRM 

clusters for the expression of the MHC II transcriptional profile from Table 1.  

 

Supplementary Table 6. 

 

Supplemental Table 6. 

P-value from the Pairwise Wilcox test for nonparametric data for human KRM clusters 

for the expression of the wound healing transcriptional profile from Table 1.  
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Supplementary Figure 1. 

 

Supplemental Figure 1.  

(A) No difference in the percentage of KIA cells between IL-6 global KO mice or TLR2 

KO mice compared to B6 controls 2 weeks post CKD induction. (B) No difference in the 

percentage of KIA cells between IL-10 global KO mice and B6 controls 2 weeks post 

CKD induction. Mice in this study received out of date aristolochic acid resulting in 

reduced injury. B6 controls shown here are from the same experiment and represent the 

appropriate controls.  
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Supplementary Figure 2. 

 

Supplemental Figure 2. 

(A) No difference in the percentage of KIA cells between IL-6 global KO mice or TLR2 

KO mice compared to B6 controls 2 weeks post CKD induction. (B) No difference in the 

percentage of KIA cells between IL-10 global KO mice and B6 controls 2 weeks post 

CKD induction. Mice in this study received out of date aristolochic acid resulting in 

reduced injury. B6 controls shown here are from the same experiment and represent the 

appropriate controls.  
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Supplementary Figure 3.  

 

Supplemental Figure 3. 

UMAP of attempted integration of quiescent and week 2 AAN-CKD showing failure of 

the two timepoint to integrate.  
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Supplementary Figure 4.  

 

Supplemental Figure 4.  

(A) Confirmation of podocin (NPHS2) expression in the spatial identified glomerular 

cluster for Donor A. (B) Section from Donor A presents with tubular atrophy, extensive 

fibrosis and interstitial inflammation. Glomeruli: reduced number of glomeruli in the 

section examined. At this low resolution micrograph, glomeruli show obliteration of 

glomerular capillaries. Boxed area: shows thickened blood vessels surrounded by 

fibrosis, atrophic tubules and interstitial inflammation. (C) Confirmation 

of podocin (NPHS2) expression in the spatial identified glomerular cluster for Donor A. 
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(D) The section from Donor B presents with moderately preserved renal architecture with 

extensive tubular atrophy and diffuse interstitial inflammation. Glomeruli: Adequate 

number of glomeruli, some showing atrophy and hyalinosis.  
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