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ABSTRACT
Cell-Specific Responses Redefine Acute Kidney Injury
Katherine Xu

The critical function of the kidney is to regulate the body’s extracellular fluid volume
to maintain homeostasis. When insults to the kidney occur, as in the case of kidney
ischemia, the function of the kidney to filter metabolic wastes and reabsorb essential
solutes is compromised, leading to a variety of clinical manifestations. Current metrics of
kidney function are measured by the rise of a single analyte, the serum creatinine, which
implies injury of the kidney tubule and its epithelial cells and is encapsulated by the term
Acute Kidney Injury (AKI). Yet, creatinine does not specify the etiology, the cell type, or the
molecular pathways that are affected by the acute decreases in kidney excretory function.
During my thesis work, I hypothesized that there is a pathogenetic heterogeneity of kidney
injury and a specificity of location, timing, and molecular mechanisms, unique to each of
these three injury models: kidney ischemia, volume depletion, and urinary tract infection.
Using genetic mouse models, RNA-sequencing, and a range of molecular biology
techniques, I have found (1) kidney ischemia activates inflammatory responses, signal
transduction pathways, and epithelial repair and reprogramming, that are not activated in
volume depletion, (2) which in contrast, is a transient metabolic condition, inducing genes
regulating energy metabolism that were reversible upon rehydration. Lastly, (3) I have
found that urinary tract infection, particularly one that invades the kidney, involves a novel
heme transport system in the collecting duct of the kidney, that may contribute to

nutritional defenses against bacterial pathogens. Each of these findings is explored in
specific aims and experiments, which I detail here in my thesis.
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Chapter 1: What is kidney injury and how do we measure it?

SECTION 1.1: What is kidney injury?
Tissue injury
A stroke occurs when a blood clot blocks blood supply to a specific area of the brain
creating specific neurological defects that depend on which areas of the brain are affected.
“Injury to the brain,” connotes death of certain neurons when they no longer receive
oxygen and nutrients from the blood or when there is sudden bleeding into or around
those particular cells. Like a stroke, “injury to the heart,” results from loss of blood supply
to a specific area of the heart and cardiomyocytes localized to a specific area, whether in
the inferior wall or near the His-Purkinje system, undergo cell death. In the liver, there are
certain agents that damage bile ducts (e.g., antibiotics such as amoxicillin/clavulanic acid,
antisiezure medication carbamazepine)1 as opposed to hepatocytes (acetaminophen and
rifampin)2, In fact some medications target large biliary ducts and some medications target
the smaller ducts. Injury to these various tissues localize to specific cell types and
anatomical regions, creating specific defects. In sum, it appears that for each organ system,
each type of injury is unique to a given tissue and no doubt triggers specific molecular
pathways. However, when it comes to the kidney, this type of specificity has not been
established. Dysfunction of the kidney results from any number of stimuli. As I helped
document in a recent review article3, a myriad of clinically important stimuli have all been
shown to block the excretory function of the kidney. Yet every type of injury to the kidney
has been grouped under the umbrella term of “acute kidney injury (AKI),” which is
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measured by a single analyte called creatinine, a waste product of muscle breakdown. My
experimental findings demonstrate that clinical characterization and grouping of diseases
together has been a barrier to patient care and research.
Kidney structure and function
In order to understand the specific pathways that injure the kidney AKI, the complex
structure and function of the kidney must be appreciated. The critical function of the
kidney is to maintain extracellular homeostasis via the preservation of water and
electrolytes. These functions are conserved throughout the animal kingdom from planaria
to mammals. The kidneys are responsible for filtering the entirety of bodily fluids
containing metabolic wastes water, salts and nutrients from the bloodstream, and
delivering this filtrate to tubules for tubular reabsorption (Na+, K+, bicarbonate, water) or
secretion (K+, H+). The structural and functional unit of the kidney that carries out these
complex functions is called the nephron (Figure 1.1). It begins with the glomerulus, the site
of filtration. The filtrate passes through a series of tubules, namely, the proximal
convoluted tubule, the loop of Henle, the distal convoluted tubule, and the collecting duct
before traveling through the ureters to the bladder for excretion. These segments are
responsible for reabsorption or secretion of molecules into the filtrate. What is special
about the kidney is that it is composed of at least 22 different epithelial cell types, each one
equipped with specific transporters that manipulate the chemical constituents of the
filtrate.
As I discuss in detail below while current focus in AKI research is focused on the
proximal tubule, I found that a number of segments of the nephron respond to common
stimuli that damage the kidney. The results of my studies demonstrate that segments not
2

previous thought to respond to acute injury are actually major sites of gene responses,
particularly the collecting ducts.

Distal tubule
Glomerulus

Proximal tubule

Thin descending
loop of Henle

Thick ascending
loop of Henle

Figure 1.1 The anatomy of the nephron.
Broad domains of the kidney are divided into the cortex, the outer medulla (outer stripe
and inner stripe), and the inner medulla. Segments of the nephron consist of the
glomerulus, proximal tubule, thin descending and thick ascending loops of Henle, distal
tubule, and collecting duct. Note the collecting duct (which can be labeled by Hoxb7-Cre)
has two major cell types, principal cells and intercalated cells, the latter of which can be
labeled with vATPase-Cre.
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Current definition and epidemiology of Acute Kidney Injury
Acute kidney injury (AKI), formerly known as “acute renal failure,” is an abrupt loss
of kidney function due to one or more damaging stimuli including ischemia, sepsis,
infection, crush injury and myoglobinuria, pancreatitis and enzymuria, radiographic
contrast agents, antibiotics/medications, ureteral obstruction and bladder obstruction,
post-surgical obstruction, among many others. Acute kidney injury occupies much of the
work of the hospital-based nephrologist and carries the certainty of enhanced morbidity
and accelerated mortality. It is a common entity affecting 5% of patients entering
emergency rooms and it constitutes a risk for post-operative death in 50% of patients4. AKI
results in dysregulation of extracellular volume and solutes, and thus a failure to maintain
homeostasis. This manifests as sodium overload (edema or hypertension), water overload
(neuronal dysfunction, coma), potassium overload (arrhythmias), nitrogen waste overload
(uremia, cognitive defects), acid overload (acidosis, respiratory alkalosis), and endocrine
deficiencies (anemia, hypoglycemia, insulin overdose, etc.).
Yet it is remarkable that the diagnosis of this potentially fatal disorder depends on
the measurement of a single analyte, the serum creatinine (sCr). The consequences of using
a single marker are non-trivial, because both diagnostic accuracy and a molecular
understanding of kidney disease have been sacrificed. sCr was initially established for the
diagnosis of renal function at the point of steady state, not for conditions that are
characterized as non-steady state. Steady state has two requirements (1) the constant
production of creatinine by the metabolism of creatinine phosphate in muscle and (2)
unchanging glomerular filtration rate (GFR) and urinary flow to excrete creatinine at a
constant rate. The requirement for steady state is intrinsic to the current of application of
4

sCr to renal function. Yet, creatinine alone is used to measure acute changes in the GFR
outside of steady state.
The measurement of sCr in AKI has been codified by the Acute Dialysis Quality
Initiative (RIFLE - Risk, Injury, Failure, Loss of kidney function, End-stage kidney disease),5
by the Acute Kidney Injury Network (AKIN),6 and by the Kidney Disease Improving Global
Outcomes (KDIGO)7 in order to determine a so-called “stage” of AKI for a wide range of
clinical settings8. These groups all recommended that patients with acute decreases in
kidney excretory function be diagnosed solely on the basis of the sCr level and urine
output. For example, AKIN scales6 classify AKI into the following three different stages:
AKIN 1: elevation of sCr 1.5-1.9 times baseline or ≥ 0.3mg/dL increase; AKIN 2: elevation of
sCr 2.0-2.9 times baseline; AKIN 3: elevation of sCr 3.0 times baseline or ≥ 4.0mg/dL
increase or initiation of renal replacement therapy. These guidelines are also unclear on
how to classify transient or reversible changes in sCr, since the diagnosis of reversibility is
obviously made retrospectively. I believe these current diagnostic guidelines and scales do
not take into account the complexity of the kidney’s functions.
The problem with serum creatinine (sCr)
The problem with serum creatinine as a diagnostic measure for kidney injury is that
it is insensitive, delayed, and nonspecific. As much as 50% of renal mass must be damaged
before sCr rises9, rendering it an insensitive test. In addition, milligrams of Cr must be
added to serum over a period of days in order to reach a diagnostic threshold, delaying its
utility. sCr derives from muscle mass and hence renal damage in malnourished or non
muscular patients will not be so evident. Consequently, a normal creatinine may also
represent acute kidney injury because the test is inherently insensitive. The other problem
5

is that the rise in creatinine occurs for many different reasons. Xu et al. showed in a review
of 3.8 million patients from the NYP Hospital system, that 33% of elevated creatinine
resolved by 24 hours, 50% resolved by 48 hours, and 75% resolved by 72 hours10.
Consequently, an elevated sCr might reflect simple volume depletion (“dehydration”),
which is a physiological adaptation, and not necessarily an injury to the tubule (although
modern classifications lumps volume depletion and acute tubule necrosis together). In
sum, while sCr might reflect the terminal event of organ failure, it cannot by virtue of its
intrinsic characteristics, reflect the lengthy process of tissue stress and damage that
precedes organ demise.
Aims and Hypotheses
Because sCr provides a delayed and insensitive appreciation of kidney injury, and
does not identify the etiology, location, or the molecular mechanisms of injury, I propose to
locate the molecular pathways associated with three different types of acute kidney injury:
ischemia reperfusion (iAKI), volume depletion (vAKI), and urinary tract infection (UTI).
Table 1.1 describes the aims and hypotheses I tested, which are detailed in the respective
sections of this thesis.
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SECTION
AIM
2.1
Does ischemic kidney injury (iAKI)
and volume depletion (vAKI)
activate different transcriptional
pathways or is there a common
molecular pathway?
2.2
What are possible biomarkers or
secreted proteins of iAKI and vAKI
for diagnostic utility?
3.1
How does the collecting duct
respond to UTI?
3.2

3.3

3.4

HYPOTHESIS
I hypothesize that there is a unique
profile of injury that describes each
clinical event.

I hypothesize that secreted proteins can
prospectively identify patients of iAKI or
of vAKI.
I hypothesize that the kidney has defense
mechanisms in the nephron to limit iron
transfer to bacteria.
Is the heme pathway functional in I hypothesize that the intercalated cells
the kidney and specifically in the are
actively
transporting
and
collecting duct?
metabolizing heme in response to
environmental stimuli.
Do bacteria prefer heme?
I hypothesize that altering heme (or iron)
capture
would
affect
bacterial
proliferation as well as their virulence in
host colonization.
The tug of war for heme: Do
bacteria and cells of the collecting
duct interact via a heme-signaling
pathway?

I hypothesize that there is competition
for heme between bacteria and collecting
duct cells via capture and sequestration
as well as via signaling by the heme
byproduct, carbon monoxide.

Table 1.1 Aims and Hypotheses.
The aims and hypotheses that define the experiments detailed in Chapters 2 and 3.
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SECTION 1.2: How do we measure injury?
Current issues of injury assessment and diagnosis
The ideal measurement of injury should encapsulate both the specific location of
injury (i.e., which region or segment of the nephron) and the severity or “stage” of damage.
The measurement of sCr represents decreased organ function. Yet kidney injury must
occur in stages that precede organ dysfunction. Individual or groups of cells must first be
damaged by an agent, leading to localized cell dysfunction (such as the simplification of the
apical membrane of the proximal tubule), and if severe enough then cell death. Cell death
in a specific area would induce segment-specific damage and when widespread enough
could ultimately lead to organ failure. This stage-dependent concept of injury has been
universally recognized in every field of biomedical science and medical practice except for
Nephrology. For example, the release of troponin may constitute “troponin leak” which is
evidence of ishemic disease, but it usually does not lead to widespread myocardial infarct.
A more significant myocardial infarct, measured by higher troponin levels, may occur but
yet significant electrical disturbances seen in EKG may still be lacking. A myocardial
infarction with EKG changes can occur without wall motion abnormalities. Finally, a serve
myocardial infarction with EKG changes and wall motion abnormalities may result in
congestive heart failure or even end stage heart disease. Currently, no such pathway is
recognized in Nephrology. The damaging stimuli (e.g. sepsis, obstruction, nephrotoxins)
are not considered to induce a process that may include stages of cellular responses,
cellular damage, organ damage and only then organ dysfunction (a rise in sCr). Rather the
literature focuses solely on the coupling of the stimulus to organ dysfunction (measured by
serum creatinine).
8

A second problem arises because sCr does not reflect damage to a particular
segment or cell type in the kidney. In contrast, many tools in medicine such as the EKG, the
Echocardiogram, the Neurological Physical Exam, the Angiogram, Liver Function tests are
tools that localize sites of tissue damage. In the kidney, segment specific events are difficult
to diagnose even when a renal biopsy is available. First, obtaining a biopsy for every rise in
sCr is an excessive and unnecessarily invasive procedure. Second, biopsies are mostly
obtained from the kidney cortex, as opposed to the medulla, where damage may also be
present or even specifically located. Finally, the degree of injury or fibrosis on a biopsy has
not been found to correlate with GFR (calculated from sCr), or proteinuria11. It is known
that acute kidney injury can be subtle, and thus we need to understand segment- or
domain-specific responses of the kidney to injury in order to develop more precise
diagnostic tools.
Novel tools to study the kidney’s response to injury
Mouse models of kidney injury
While studies of human AKI are limiting, due to imprecise diagnostic tools and lack
of available biopsies, mouse models of kidney injury have been developed by my lab to
identify and locate the molecular pathways in three different injuries: ischemic injury and
volume depletion, which I explore in Chapter 2, and urinary tract infection, which I explore
in Chapter 3. Molecular findings in each settings can then be tested in human samples for
clinical utility.
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Laser capture microdissection (LCM)
I have used a microscopic laser technique called laser capture microdissection
(LCM) to isolate subpopulations of tissue cells after an injury. Because of the kidney’s
heterogeneity, isolating specific cell types or even segments is challenging, but isolating
broad domains, such as the cortex, glomeruli, the outer medulla, and inner medulla of the
kidney is feasible (see Figure 1.1). Kidneys from our mouse models of injury are flash
frozen, sectioned and subsequently stained with cresyl violet for contrast and visualization
of kidney anatomy. Specific domains of interest are then lasered into a tube using a PALM
MicroBeam microscope (Zeiss Microscopy, Thornwood, NY). The lasered microdissected
regions are then immediately processed for RNA isolation for downstream RNAsequencing. Therefore, LCM technology can provide location-specific information from
different types of injury.
RNA Labeling Transgenic Mouse (Thio-Uracil RNA tagging)
Because LCM can only provide molecular responses from broad domains of the
kidney, we have adapted and developed an RNA-labeling technique capable of isolating
RNA from specific segments or cell types in the kidney. The RNA-labeling technique was
pioneered in the model organism, Drosophila melanogaster by Miller et al.12, and
established in mice by Gay et al.13 The method used a gene from the Toxoplasma gondii
parasite encoding uracil phosphoribosyltransferase (UPRT). UPRT biosynthetically labels
newly synthesized RNA in vivo. Under normal conditions, UPRT couples ribose-5phosphate to the N1 nitrogen of uracil to yield uridine monophosphate (UMP). However,
when a modified uracil analog 4-thiouracil (4-TU) is provided to UPRT as a substrate,
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nascent RNA will contain a thio-substituted nucleotide. Thio-labeled RNA can then be
tagged with thiol-biotin and purified using commercially available reagents.
To produce segment specific labeling, my lab has made a conditionally activated
UPRT driven by the endogenous promoter ROSA2614 (Figure 1.2). The knockin cassette
contains a loxP-flanked DNA STOP sequence preventing expression of the downstream
UPRT gene in the absence of a cell specific Cre-recombinase driver. When crossed with a
Cre transgenic strain the STOP sequence is removed, and UPRT is expressed in segments
where Cre is expressed. Many Cre lines specific to segments of the nephron are available,
including Hoxb7-Cre, Atp6v1b1-Cre (see Figure 1.2), and Megalin-CreERT2 which we
created in our lab. Moreover, injecting the 4-TU at any time of our choosing will allow us to
purify RNA not only from different segments, but also at different times after an insult.
Using the RNA-labeling ROSA26-UPRT mouse we will therefore be able to tag RNA from
different kidney segments and thus genetically dissect the kidney both spatially and
temporally after injury.
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✕
Rosa26; UPRT f/f
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Atp6v1b1-Cre
Hoxb7-Cre

✕
UPRT

v

Induce kidney injury:
ischemic injury,
volume depletion,
urinary tract infection

At time point of choosing:
Inject 4-thiouracil (4-TU)
UPRT enzyme

4-thiouridine-monophosphate
Rosa26; UPRT

f/+;

Atp6v1b1-Cre
Hoxb7-Cre

(4-TUMP) incorporated into
newly synthesized RNA

UPRT
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Only intercalated cells / collecting duct will
express UPRT and will incorporate the
injected 4-TU into newly synthesized RNA

w

Intercalated cell / collecting duct-specific
thio-labeled RNA is purified and sequenced

Figure 1.2 RNA-labeling transgenic mouse design.
Rosa26; UPRTf/f transgenic mouse is bred with a specific Cre driver mouse to generate
Rosa26; UPRTf/+; Cre+ (Atp6v1b1-Cre and Hoxb7-Cre are given here as an example). UPRT
will be expressed in any Cre-driven cell. (1) After kidney injury is induced, (2) at a time
point of our choosing, 4-thiouracil is injected and incorporated into newly synthesized RNA
by any cell that expresses UPRT. (3) Thio-labeled RNA is biotinylated, pulled down,
purified, and prepared for RNA-sequencing.
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Chapter 2: The Kidney’s Response to Subtypes of AKI
SECTION 2.1: Does ischemic kidney injury (iAKI) and volume
depletion (vAKI) activate different transcriptional pathways or is
there a common molecular pathway?
2.1

INTRODUCTION

Ischemic kidney injury
Ischemic kidney injury (iAKI), a common cause of AKI, typically occurs in the setting
of sepsis or multiple organ failure, when there is a lack of oxygen and nutrient delivery to
the cells.

This sets off a cellular pathophysiological process involving inflammation,

endothelial and epithelial cell apoptosis and necrosis, followed by repair and regeneration
mechanisms15. Components of innate immunity are activated, involving the recruitment of
neutrophils, monocytes/macrophages, dendritic cells, and natural killer cells to the site of
injury. These immune cells produce cytokines and chemokines, proteases, and reactive
oxygen species, which all affect cytoskeletal integrity and epithelial cell polarity. iAKI also
causes swelling of endothelial cells, deterioration of the endothelial monolayer, and
upregulation of adhesion molecules such as ICAMs, VCAMs, and selectins, which increase
leukocyte-endothelium interactions.
After an ischemic episode, epithelial cells can eventually start the repair and
regeneration process, during which cells actively proliferate and differentiate to reestablish normal polarity of the epithelium. If however with increasing time and severity,
the kidney cells are not able to restore epithelial integrity, ischemic injury may lead to
chronic kidney disease.
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While ischemia-induced epithelial cell injury (iAKI) is most evident in the S3
(straight) segment of the proximal tubule by histology, lack of segment-specific studies
limit our understanding, particularly when dynamic cellular pathophysiological and
inflammatory processes are implicated. However, recent advances in AKI biomarker
discovery4,16–18 have demonstrated a handful of urinary proteins whose appearance in the
urine is found soon after the onset of ischemia , including NGAL (neutrophil gelatinase–
associated lipocalin), KIM1 (kidney injury molecule-1), OPN (Osteopontin), L-FABP (livertype fatty acid–binding protein), and NAG (n-acetyl-β-d-glucosaminidase). However, none
of these are yet in clinical use in the United States; NGAL was approved for use in Europe,
Australia, Japan, China and S. Korea and is in active clinical use at Cincinnati Children’s
Hospital19. Further research in this field, including my work detailed in Chapter 2.2, with
support from industry and hospital administration, will provide precision to AKI diagnoses
to reflect the cellular and molecular processes of injury.
Volume depletion
Traditionally, volume depletion (vAKI) or hypovolemia, a deficit in extracellular
fluid volume20, is used to describe a clinical situation of renal adaptation aimed to preserve
salt balance during under-filling of arterial circulation21,22. Clinical conditions, such as
congestive heart failure, cirrhosis, renal losses via diuretics, and decreases in effective
blood volume due to hemorrhage and gastrointestinal fluid loss, can all lead to an arterial
under-filling, either through decreases in cardiac output or peripheral arterial
vasodilatation20,22–24. These hemodynamic changes are detected by volume sensors in the
intrathoracic vascular bed, the kidney (baroreceptor system in the juxtaglomerular
apparatus), and other organs25, triggering neurohormonal activation of the sympathetic
14

nervous system, the renin-angiotensin-aldosterone system, and nonosmotic vasopressin
secretion to initiate sodium and then water retention by the kidney22–24. This response to
intravascular volume changes, such as volume depletion, is paramount, because
extracellular fluid volume is strictly maintained in humans even with daily variations in
dietary salt intake25,26.
During the onset of volume depletion, rigorous defense of the extracellular fluid
osmolality is carried out by the kidney in three major compensatory mechanisms that
modulate the 1) fractional renal blood flow (cardiac output/renal blood flow); 2) filtration
fraction (glomerular filtration rate/glomerular plasma flow rate); and 3) fractional tubular
fluid reabsorption (tubular reabsorption/glomerular filtration rate)27. These are all
responsible for the renal functional reserve28, during which the kidney continues to uphold
its central homeostatic function (filtration of metabolic wastes and reabsorption of solutes)
despite an arterial under-filling. When the renal reserve is extinguished, renal perfusion is
diminished leading to a transiently decreased glomerular filtration in which both tubular
and glomerular structure and function remain intact8,29,30. This state is characterized by
rapid reversal of azotemia when renal perfusion is restored as well as a lack of structural
renal injury typical of intrinsic kidney damage29.
Classically, volume depletion is clinically associated with blood urea nitrogen
(BUN)/creatinine ratio > 20, fractional excretion of sodium (FENa) <1%, increased urine
osmolality, increased urinary to plasma creatinine ratio, absence of urinary casts, and
responsiveness to volume challenge, leading to reversal of the condition within 24-48
hours29,31.
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2.1

EXPERIMENTAL DESIGN AND METHODS

Aim and Hypothesis:
Do ischemic kidney injury (iAKI) and volume depletion (vAKI) activate different
transcriptional pathways or do they activate a common final pathway? If separate
pathways are activated by different stimuli, can they ever intersect?
Due to the dearth of kidney diagnostics, I proposed to elucidate the targeting and
molecular mechanisms in different segments of the nephron responding to iAKI and to
vAKI, the most forms of acute kidney failure. My hypothesis is that there is a unique profile
of injury that describes each clinical event. The alternative hypothesis is that all injuries
first induce a common pathway, a notion that is currently encapsulated by the KDIGO, AKIN
and RIFLE scales, but I think is untenable. A third hypothesis, that while molecular
pathways are distinct, they intersect in a common final pathway. Hence, both initial gene
expression and subsequent gene expression should be characterized for each different type
of stimulus.
To explore my hypotheses, I used a number of cutting edge molecular techniques
and bioinformatic tools to find genes encoding proteins that were specifically secreted
from the nephron in response to vAKI but not in response to iAKI (due to ischemic tubular
damage), despite the fact that sCr should rise to the same level in both experimental
settings. I realized that my findings could distinguish different forms of AKI because
distinct secreted protein could be found in the urine and as a result, I could test my
hypothesis not only in mice but also by assaying patient samples. In short, by
understanding gene expression I could develop a new type of clinical test.
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Our novel approach to kidney disease began in my group (Mori, Paragas, and
Barasch) with the protein NGAL, which we found was secreted in massive quantities into
the urine and serum within three hours of ischemic and septic kidney injury, but not in the
setting of volume depletion. NGAL was expressed considerably in advance of sCr elevation.
The data were also striking because NGAL originated from specialized kidney cells that
were not previously known to respond to ischemic AKI. The data has been reproduced in >
400 studies involving 21,000 patients (PubMed Database, May 2018).
I used a technique called laser capture microdissection, which isolates RNA in broad
domains of the kidney. Hence, subsequently, I used a higher resolution technique to
identify gene expression. I addressed these questions: 1) Does injury lead to damage in one
segment of the nephron or in multiple parts of the nephron? 2) Do different models of
injury cause stimulus-specific gene activation or a common response? 3) Are other types of
responses found in one or more segments of the nephron tubule? 4) And finally, are signals
transmitted from one part of the nephron to another by for example the secretion of an
induced gene.
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Materials and Methods:
Mouse husbandry
Female wild-type C57Bl/6 mice, aged 10-12 weeks (Jackson Labs, Bar Harbor, ME) were
used according to protocols approved by the Columbia Institutional Animal Care and Use
Committee.
Renal volume depletion model
We tested different durations of water deprivation32 which reduced food intake (6.2±0.3 vs
1.2±0.4g on day 3; p<0.001), until we found a significant rise in sCr at 72 hours.
Consequently, water was withheld from mice for 72 hours. Body weight and food intake
were measured daily. Food intake was determined by weighing chow pellets and spillage.
Kidneys were harvested and blood was collected at 72hrs or mice were rehydrated for an
additional 24hrs. A second model of volume depletion utilized furosemide in a single dose
of 50mg/kg followed by brief water and food deprivation (48hrs),

33,34

in order to create

volume depletion without severe osmotic derangement.
Renal ischemia reperfusion injury model.
To compare the vAKI model with acute renal vascular ischemia, we evaluated a range of
ischemic doses until we matched the level of elevated sCr in the volume depletion model.
We found that brief bilateral renal artery ischemia raised sCr at the 24hr point, to a level
similar to the volume depletion model.

Consequently, mice were anesthetized with

isoflurane and placed on a warming table to maintain a rectal temperature of 37°C. Left and
right renal pedicles were clamped using microvascular clamps (Fine Science Tools, Foster
City, CA) for 10 minutes. After the clamps were removed, reperfusion of the kidneys was
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visually confirmed. The kidneys and blood were harvested at 24hrs for serum creatinine
and other measurements.
Clinical Measurements
Serum creatinine, sodium and blood urea nitrogen, were measured using Creatinine and
EC8+ cartridges read by an i-STAT Handheld (Abbott Point of Care, Princeton, NJ),
consistently throughout the work.
Immunohistochemistry
Kidneys were fixed by perfusion or immersion in 4% PFA/0.1M PBS at 4⁰C overnight,
transferred to 30% sucrose/0.1M PB (4⁰C overnight), and embedded in O.C.T. Compound
(Tissue-Tek). Frozen sections of 20µm were used for immunofluorescence staining with
rabbit anti-CK20 (1:200; ab118574; Abcam), goat anti-AQP2 (1:400; sc-9880; Santa Cruz
Biotechnology), and Fluorescein-labeled Lotus Tetragonolobus Lectin (1:200; FL-1321;
Vector Laboratories). Fluorescent secondary antibodies, Alexa Fluor® 594-AffiniPure
F(ab')2 Fragment Donkey Anti-Rabbit IgG and Alexa Fluor® 647-AffiniPure F(ab')2
Fragment Donkey Anti-Goat IgG (1:1000; Jackson Immunoresearch Laboratories), were
used for CK20 and AQP2 identification, respectively. All slides were co-stained with 4′,6diamidino-2-phenylindole to identify nuclei.
Laser capture microdissection
Kidneys were embedded in O.C.T. Compound (Tissue-Tek) and immediately snap frozen in
dry ice and kept in -80⁰C until time of sectioning. Sections of 8-10µm (20µm for glomeruli)
were collected on nuclease-free glass slides covered with a thin membrane (Zeiss
Microscopy, Thornwood, NY), fixed in 70% ethanol for 30 seconds, stained with 1% cresyl
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violet acetate solution and dehydrated in 70% and 100% ethanol followed by air-drying for
30 minutes. Regions of interest were identified morphologically and 15-20 cross sections
(for Cortex, OSOM, ISOM) or ~1500 cross sections (glomerulus) were micro-dissected
(PALM MicroBeam, Zeiss Microscopy, Thornwood, NY).

We collected RNA from vAKI

(n=5), iAKI (n=3), and control (n=3) (50 biologically independent samples in total).
RNA extraction and RNA sequencing
Total RNA was isolated using Ambion RNAqueous® Micro Kit (Life Technologies, Carlsbad,
CA). RNA concentration and integrity for each sample were assessed on RNA 6000 Chips
using an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA). Poly-A pulldown was used to enrich mRNAs (200ng-1ug per sample, sample RIN was above 8.0) and
then libraries were prepared using single-end 100bp reads for each sample with Illumina
TruSeq® RNA prep kits (Illumina, San Diego, CA). Libraries were sequenced using Illumina
HiSeq2000 at Columbia Genome Center. Batch effects were analyzed using PC analysis (see
Supplemental Methods; Figure 3)
Data analysis
Illumina RTA was used to perform base calling, and CASAVA (version 1.8.2) was used for
converting base call files (.BCL) to FASTQ format and for performing sequence adaptor
trimming. Reads were then mapped to the mouse reference genome (mm9) using Tophat35
(version 2.0.4) allowing 4 mismatches (--read-mismatches = 4) and a maximum of 10
multiple hits (--max-multihits = 10). The relative expression was calculated using
cufflinks36 (version 2.0.2) with default settings. Gene expression levels were normalized by
library size and gene length into FPKMs37 and log2 transformed. Counts tables were
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generated with HTSeq (http://www-huber.embl.de/users/anders/HTSeq) version 0.6.1.
Transcripts with 0 counts across all samples were removed and mathematical artifacts (e.g.
negative infinites) were replaced with “NA”. Statistical analysis was performed in R version
3.1.0 and additional Bioconductor packages were part of release 2.14.
Data Availability
The FASTQ dataset can be accessed from NCBI’s GEO Accession GSE81741
(http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?token=kdipmycyvhwpzgn&acc=GSE817
41).
Generation of heatmaps
Genes that were differentially expressed in iAKI vs. control and vAKI vs. control were
included. The expression data shown is the variance stabilized data generated using the
DESeq

package

from

Bioconductor

according

to

the

DESeq

vignette,(http://bioconductor.org/packages/release/bioc/html/DESeq.html,
http://bioconductor.org/packages/release/bioc/vignettes/DESeq/inst/doc/DESeq.pdf).
Hierarchical clustering used Pearson Correlation distance plus single linkage. The variance
stabilized expression values were visualized with heatmap.2 (gplots package, http://cran.rproject.org/web/packages/gplots/index.html).
Identification of genes and pathways
Differentially expressed genes were identified using edgeR package38 version 3.6. We used
Benjamini & Hochberg39 procedure for controlling false discovery rate (FDR) of the
multiple tests and accepted as significant a q-value < 0.01. Pathway enrichment analysis
was performed using the commercially available version of SPIA, PathwayGuide (Advaita
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Corporation http://www.advaitabio.com/)40 against KEGG41 and Reactome,42 while GSEA43
against MSigDB canonical pathways (CP) from the curated gene sets (C2) v4.0.
RNA-sequencing batch effect analysis
The effect of technical variables (batch effects) were examined by inspecting PCA plots
versus biological and batch surrogates44, which did not demonstrate any batch driven data
structure, but rather biologically driven separation (Figure 3). Additionally, a surrogate
variable analysis was performed with the “sva” bioconductor package45,46, which did not
identify any significant association with the tested covariates (RNA extraction and library
preparation). Unsupervised cluster analysis was performed on log2 transformed FPKM
values using Spearman correlation as distance and complete linkage as similarity method.
No significant differences were seen in mRNA integrity (RIN Agilent 2100 Bioanalyzer)
from different samplings and all samples passed the quality controls on post sequencing
analysis.
Real-time PCR analysis
Total RNA was isolated and first-strand cDNA was synthesized with Superscript III
(Invitrogen). Real-time PCR was performed using LightCycler®96 (Roche) with a SYBR
green Supermix reagent (Bio-Rad) and specific primers (Table 1). β-actin was quantified as
an internal control. ΔΔCt was used to calculate fold amplification of transcripts.
Probe synthesis for in situ hybridization
Mouse kidney mRNA was reverse transcribed using SuperScript® III First-Strand Synthesis
SuperMix for qRT-PCR (Invitrogen), and target genes were amplified using the following
primers: Timp2, Forward: 5′-gatcagagccaaagcagtgag-3′ and T7 embedded Reverse: 5′22

ggattaccTAATACGACTCACTATAGGGttctctgtgacccagtccatc-3′;

IGFBP7,

Forward:

5′-

ctctcctcttcctcctcttcg-3′ and T7 embedded Reverse: 5′-ggattaccTAATACGACTCACTATAGGG
tgacctcacagctcaagaaca-3′; Ngal, Forward: 5′- aaaaacagaaggcagctttacg -3′ and T7 embedded
Reverse:
Forward:

5′-ggattaccTAATACGACTCACTATAGGGaaagatggagtggcagacaga-3′;
5’-GCAATGGGCTCACAGGTATT-3′,

and

T7-embedded

Trop2,

Reverse:

5’-

GGCCAGTGAATTGTAATACGACTCACTATAGGGAGGCGG TTTGTATTTGCCCGACTTCC-3′. The
PCR products were used as templates for in vitro transcription. Probes were synthesized
by T7 RNA polymerase (Roche) and Digoxigenin (DIG)-labeled RNAs were subsequently
purified by PureLink RNA Mini Kit (Life tech).
In situ hybridization for frozen sections
Kidneys fixed in 4% PFA, were sectioned (8μm), air-dried for 1-3 hours, then refixed in 4%
PFA for 10 minutes and treated with proteinase K (1μg/ml), acetylated and prehybridized
and hybridizations at 68-72°C overnight in 50% formamide, 5×SSC, 5×Denhardts,
250μg/ml baker’s yeast RNA (Sigma), 500μg/ml herring sperm DNA(Sigma). Washes were
at 72°C in 5×SSC for 5-10 minutes, then at72°C in 0.2×SSC for 1 hour. Sections were stained
overnight with anti-digoxigenin antibody (Boehringer-Mannheim, 1:5000 dilution) and
alkaline phosphatase activity detected with BCIP, NBT (Boehringer-Mannheim) and 0.25
mg/ml levamisole. Sections were dehydrated and mounted in Permount (Fisher Scientific).
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Table 2.1 qPCR primer sequences.
qPCR primer sequences of nephron segment-specific genes and iAKI- and vAKI-specific
genes.
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2.1

RESULTS

Patterning of the Transcriptional Responses to vAKI and iAKI.
The concentration of serum creatinine (sCr) increased to the same extent (no
significant differences) in the two models of AKI, volume depletion (vAKI; 1.9 fold increase
in sCr; p<0.01) and transient kidney ischemia (iAKI; 1.5 fold increase in sCr; p<0.03; Figure
2.1).
The isolation of micro-anatomical domains of the kidneys by laser capture was first
validated in kidneys by both RNA sequencing and quantitative real-time PCR, which
confirmed the appropriate enrichment of known nephron segment-specific markers
(Figure 2.2).
The effect of technical variables (batch effects) of our RNA-sequencing data were
examined by inspecting PCA plots versus biological and batch surrogates44, which did not
demonstrate any batch driven data structure, but rather biologically driven separation
(Figure 2.3). An unsupervised hierarchical clustering analysis (Figure 2.4) revealed that
transcriptional profiles were grouped by anatomic domains, and were separated according
to the etiology of the rise in sCr. iAKI induced 12-fold more differentially expressed genes
(DEGs) than vAKI (q-value < 0.01). Remarkably, the majority of expressed genes were
different and non-overlapping between vAKI and iAKI. In addition, these genes had distinct
expression patterns: iAKI DEGs localized predominately to the outer stripe of the outer
medulla (OSOM) whereas vAKI DEGs localized predominately to the inner stripe of the
outer medulla (ISOM; Figure 2.5). When we applied statistical cut offs, 92.3% (1158) of the
genes up-regulated in iAKI (>2-fold; p-value<10-5) were not expressed in the vAKI model
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(Table 2.2A). Similarly, 51.7% (103 genes) of the up-regulated genes in vAKI (>2-fold; pvalue<10-5) were not expressed in the iAKI model (Table 2.2B).
To examine whether the transcriptional profiles of the two types of AKI suggested
distinct functional responses, we performed gene-set enrichment analyses (GSEA;
FDR<25%).43 This type of GSEA analysis demonstrated the degree of change in a set of
genes. As shown in Figure 2.6A, this analysis indicated that iAKI yielded many more
significantly induced gene-sets than vAKI, including classical injury/repair (Hippo, ErbB,
MAPK) and inflammatory (JAK/STAT, NOD-Like, NFκB, TLR, and Chemokine) pathways. In
addition, the Signaling Pathway Impact Analysis40 (SPIA; q=0.01), which provides
directionality to gene interactions, identified Wnt and PPAR pathway activation in iAKI
(Figure 2.6B). SPIA analysis, which shows activation or inhibition was integrated into the
GSEA analysis to provide directionality of the degree of change in a gene set. In marked
contrast, none of these pathways were modulated by vAKI. Instead, vAKI induced metabolic
(TCA, Gluconeogenesis, Oxidative Phosphorylation, Respiratory Electron Transport),
transport (Metal Transport), and osmo-regulatory (Sulfur Amino Acid, Glycine-SerineThreonine pathways) gene sets.47
In sum, the patterning of gene expression (the number and location of DEGS)
differed sharply in vAKI and iAKI. To test whether cellular responses were also unrelated,
we examined kidney histology and performed TUNEL analyses (Figure 2.1). Ischemic
kidneys consistently demonstrated regions of coagulative necrosis at the outer edge of the
OSOM, a region known to be most sensitive to ischemic damage.48 In contrast, vAKI kidneys
had no detectable histologic cellular derangements in the cortex or in the medulla.
Moreover, the patterning and number of apoptotic cells differed. Consistent with the
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histological analysis, iAKI kidneys demonstrated focal clusters of TUNEL+ cells in the
kidney cortex and OSOM (104 Tunel+/630µm2 kidney region), while vAKI kidneys had
scant positive cells (1 TUNEL+ cell/630µm2 kidney region) and scattered TUNEL+ cells were
found in the papilla. Hence, two stimuli that induce equivalent reductions in kidney
excretory function displayed markedly different genetic and pathologic responses, one
demonstrating classically evidence of cell damage and the other not clearly defined.
Supplemental Figure 1
Control
Body weight loss
Crea (mg/dL)
BUN (mg/dL)
Na (mmol/L)
Hct (%PCV)
Hgb (g/dL)

0%
0.20 ± 0
17.3 ± 6.5
146.3 ± 0.6
37.7 ± 2.1
12.8 ± 0.7

iAKI: Bilateral
Ischemia (24Hr)
10%
0.30 ± 0.07 **
24.7 ± 10.5
147 ± 6.4
34.7 ± 4.1
11.8 ± 1.4

vAKI: Volume
Depletion (72Hr)
20%
0.38 ± 0.12 *
44.9 ± 13.7 *†
159.6 ± 3.5 *†
46 ± 4.3 *†
15.6 ± 1.5 *†

* p<0.01 vs. Control
** p<0.05 vs. Control
† p<0.01 vs. Ischemia

Figure 2.1 Basic metabolic profiles of AKI models.
iAKI (10min ischemia, 24hrs of reperfusion) versus vAKI (72hr volume depletion)
demonstrate similar RIFLE-R levels of sCr (control: n=3; ischemia: n=6; volume depletion:
n=7). Nonetheless, histopathology (H&E) demonstrates acute tubular injury particularly in
the outer stripe of the outer medulla (denoted by *pars recta (straight segment S3) of the
proximal tubule) in iAKI, but no evidence of acute kidney injury in vAKI or control (Black
bars=250µm). TUNEL assay demonstrated focal clusters of apoptotic cells in the cortex and
OSOM of iAKI kidneys, while vAKI and control kidneys had scant apoptotic cells (White
bars=100µm).
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Supplemental Figure 2

A. RNA-seq
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B. RT-qPCR

*
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*
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†
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B. RT-qPCR

*

*
*

*

Figure 2.2 Segment-specific gene expression49 analysis
Using (A) RNA-seq and (B) RT-qPCR which confirmed the enrichment of segment specific
genes from podocytes, proximal, and distal tubules49,50 in the appropriate captured RNA
pool. Note the segment specific enrichment or de-enrichment in each anatomic
compartment compared to whole kidney extracts (n=3 for cortex, OSOM, ISOM, Whole
Kidney; n=2 for Glom; * p<0.05 compared to every other region, † p<0.05 compared to
cortex). For example, OSOM was accurately isolated based on the absence of Slc5a251 and
Alpl52 (markers which are found predominantly in the S1 segment). Moreover, whole
kidney extracts mirrored cortical genes and recapitulated prior studies53
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RNA Preparation

Domain
Cortex
Glomerulus
ISOM
OSOM
Whole

Figure 2.3 Principal component analysis (PC1 vs PC2) of RNA extraction.
RNA extraction on different days from different regions of the kidney. Note that the data
clustered according to kidney domain.
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Control
iAKI
vAKI

Glomerulus

ISOM
OSOM

Cortex/
Whole

OSOM

Cortex

Whole

Figure 2.4 Transcriptional profiles of iAKI and vAKI.
iAKI and vAKI models demonstrated unique and regional specific transcriptional profiles in
an unsupervised hierarchical clustering analysis of mRNA sequencing of glomerulus,
cortex, outer stripe of outer medulla, inner stripe of outer medulla, and whole kidney. The
whole transcriptome was clustered using counts, and distance is expressed as 1 –
Spearman correlation (ρ). Note that genes stratified by the specific stimulus in different
microanatomical regions (glomerulus and ISOM). iAKI agglomerated both the cortex and
OSOM. vAKI (n=5), iAKI (n=3) and control (n=3) kidneys (i.e. 50 independent samples).
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Figure 2.5 Limited overlap of gene expression between iAKI and vAKI.
Differential gene expression was most prominent in the OSOM in the iAKI model and in the
ISOM in vAKI model. The heatmaps portray only the significant differentially expressed
genes (q-value < 0.01). Gene expression was z-score transformed on a per-gene basis and
then hierarchically clustered.
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Top most differentially expressed iAKI genes
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Table 2.2 A: Top most differentially expressed iAKI genes.
Top most differentially expressed iAKI genes out of 1158 (≥2-fold change, p<10-5) were not
significantly expressed in vAKI. Table shows fold change from control; genes were ranked
by q-value. Only FPKM values with significant fold change (q < 0.01) from control are
reported. NS: non-significant. Expression pattern displays relative FPKM expression values,
row normalized to the highest FPKM across all regions and conditions.
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Top most differentially expressed vAKI genes
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Table 2.2 B: Top most differentially expressed vAKI genes.
Top most differentially expressed vAKI genes out of 103 (≥2-fold change, p<10-5) were not
significantly expressed in iAKI. Table shows fold change from control genes were ranked by
q-value. Only FPKM values with significant fold change (q < 0.01) from control are
reported. NS: non-significant. Expression pattern displays relative FPKM expression
values, row normalized to the highest FPKM across all regions and conditions.
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Figure 2.6 Functional analysis using Gene Set Enrichment Analysis (GSEA).
A. Functional analysis using Gene Set Enrichment Analysis (GSEA) against KEGG, Reactome,
Biocarta, and PID Pathway databases show different patterning of iAKI and vAKI pathways.
Each row (thin lines) demonstrates a pathway found in one or more of the queried
databases. Significant pathway enrichment is represented in a binary manner
(enrichment=red; de-enrichment=blue; unchanged=white; FDR<25%). B. Functional
analysis using GSEA was supplemented with Signaling Pathway Impact Analysis (SPIA)
leveraging the topological information available from canonical signaling pathways. Each
horizontal division (boxes) contains an aggregate of gene sets ascribable to a known
signaling pathway analyzed by one or more of the queried databases (i.e. KEGG, Reactome,
Biocarta, PID). Each shaded row within the division represents an individual gene set
analyzed by a single database; most signaling pathways were analyzed by multiple gene
sets and databases. Pathway activation (red) or inhibition (green) was determined by SPIA;
the depth of shading of red or green reflects the degree of GSEA enrichment or deenrichment.
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Differential Expression of Specific Genes
In iAKI kidneys, we confirmed the up-regulation of genes known to be associated
with intrinsic injury, specifically: Spp1 (OPN), Cxcl1 (GRO-α), and Lcn2 (NGAL) with pvalues <10-21; Clu (Clusterin), Havcr (KIM-1), Timp1 (TIMP1) with p-values <10-10, and
S100a8/9 (Calprotectin) with p-values <10-7 to <10-9 (Table 2.3). They were upregulated on
average ~180 fold. As an example of a well-studied iAKI-specific gene, Lcn2 was intensely
expressed (214 fold, p-value<10-21) and like many other known iAKI genes, it localized to
the OSOM and ISOM (Table 2.3; Figure 2.7).

More interestingly, we found nearly 1000

novel genes that were markedly up-regulated in iAKI. Most localized in the OSOM and they
were up-regulated from 2-3067 fold (mean=29 fold). Particularly notable were Krt20
(CK20; 1643 fold, p<10-12), Tactstd2 (TROP2; 4.26 fold, p<10-9), and Gc (VDBP; 8.26 fold,
p<10-6) (Table 2.2A; Figure 2.7). Surprisingly, a separate group of genes previously
suggested as iAKI biomarkers (β2M, Timp2, Netrin, Igfbp7, Tnfsf10, Hgf) were unchanged or
even down-regulated, on average of 0.48 fold (see references54,55). Timp2, Igfbp7 have
been touted as a damage markers on the basis of limited clinical data, but are not
reproducible. Down-regulation of the expression of these genes was specific for iAKI
because these genes were not downregulated by vAKI (Figure 2.5). Some of these genes
were expressed by the glomerulus and by some tubules (Table 2.3; Figure 2.7), rather than
by the OSOM where iAKI changes in gene expression was generally found.
In vAKI kidneys, up-regulated genes were particularly localized to cortex and ISOM;
e.g. Pappa2 (6.35 fold, p<10-8) and Stc1 (10.72 fold, p<10-15). They were up-regulated from
2 fold to 128, with mean of 10.8 fold; see Table 2.2B). Because vAKI not only decreased
kidney excretory function, but also increased serum osmolality (see Supplemental
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Information), which is known to significantly alter kidney gene transcription,56 we also
examined a model of vAKI in the absence of hyper-osmolarity (see Methods). This model
elevated sCr 1.5 fold and induced the same genes as the standard vAKI model; e.g., Pappa2
(38 fold, p<10-3), Stc1 (3 fold, p<10-3), Ddit4l (2.8 fold, p<10-2), Tuba4a (2 fold, p=0.05), and
Impa1 (4.7 fold, p<10-2). In contrast, neither model of vAKI up-regulated iAKI genes, Lcn2
(NGAL) and Havcr (KIM1) (p=NS).
It has been proposed that vAKI is a forme fruste of iAKI and that vAKI can rapidly
progress to iAKI.30,57,58 On the other hand, it may be that vAKI is an appropriate kidney
homeostatic response to ECFV depletion, which does not cause tubular cell damage. In this
case, correction of the ECFV depletion should quickly reverse the activated genetic
program, whereas tubular damage would be expected to require a longer period of repair.
To test this, we restored ad-libitum water access to mice with vAKI (see Methods) and
found that differentially expressed vAKI genes normalized within 24 hours (Figure 2.8).
Hence, genes overexpressed in vAKI were sensitive to transient changes in ECFV. I would
like to point out that there are currently no recognized protein markers of volume
depletion. The importance of these discoveries can clarify the meaning of an elevated
creatinine in the patient presenting in the emergency room.
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Published iAKI biomarkers

Table 2.3 Published iAKI biomarkers are specific to the iAKI model59.
These biomarkers are not expressed in the vAKI model. The region with most significant
fold change was reported for each condition. Only FPKM values with significant fold change
(q < 0.01) from control are reported. The expression pattern displays relative FPKM
expression values, row normalized to the highest FPKM across regions and conditions. NS:
non-significant.
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Figure 2.7 Immunofluorescence and in situ hybridization of genes of interest.
Immunofluorescence (CK20) and in situ hybridization (Tacstd2, Lcn2) demonstrate
specificity for iAKI. Note that CK20 (red) was expressed in proximal tubules
(megalin=green) and in intercalated cells (inset: CK20=red; AQP2=white). Note that
Tacstd2 was expressed in distal nephron segments. Lcn2 RNA was expressed by Thick
Ascending Limbs of Henle (TALH) as well as Intercalated Cells (IC) of the Collecting Ducts
in iAKI. Timp2 and Igfbp7 RNA are shown for comparison. Note the expression of these
genes in scattered glomerular (G) and tubular cells.
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Supplemental Figure 4
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Figure 2.8 Rehydration reverses vAKI gene expression.
vAKI mice (n=5) were water/food deprived for 72 hours followed by ad-libitum access to
water for 24 hours. Differentially expressed vAKI genes (Stc1, Pappa2, Enpp2, Hpd) and sCr
and sNa measurements returned to baseline after resuscitation.
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Segment specific responses of the kidney to iAKI and vAKI
While laser capture microdissection revealed specific iAKI and vAKI responses from
broad domains of the kidney, I next used our genetic RNA labeling mouse to examine a
response to these stimuli in a single segment of the nephron. I have chosen to study the
collecting duct because it contains two different paradigmatic cell types, the intercalated
cell and the principal cell, that are responsive to homeostatic changes in the extracellular
environment, namely acid-base and water-salt, respectively. The collecting duct should also
be reasonably sensitive to iAKI and vAKI stimuli both because changes in extracellular fluid
volume occur in volume depletion and because the intercalated cells are also known to
respond during an injury stimulus (e.g., by secreting NGAL). I have examined this segment
to determine whether the different cell types demonstrate unique or shared responses to
specific stimuli and conversely to determine whether different stimuli activate unique or
shared gene responses in each of these cell types.
UPRTf/+ ; Atp6b1v1Cre (intercalated cells-labeling) mice and UPRTf/+ ; Hoxb7Cre
(collecting duct-labeling) mice were subjected to kidney ischemia reperfusion or to volume
depletion, and newly synthesized RNAs were purified and sequenced. We found that the
collecting duct cells responded more robustly to vAKI (1663 unique genes) than to iAKI
(106 unique genes), and the pattern was the same when examined only in intercalated
cells, 737 unique genes to vAKI and 59 to iAKI (Figure 2.9). Hence, the collecting duct was
more sensitive to volume dysregulation than to instrinsic kidney damage. Downregulated
genes in these different injury models also showed greater response of the collecting duct
to vAKI (Figure 2.9).
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iAKI and vAKI stimulated vastly different genes in the collecting duct with few genes
in common between the two models, confirming my previous work in different kidney
domains (Figure 2.5). Overrepresentation analysis of newly synthesized genes also
identified different and unique pathways in each of these models. While we found that both
HoxB7Cre and Atp6v1b1Cre pulldowns highlighted similar pathways, iAKI and vAKI
induced distinctive pathways. In the case of ischemia, iAKI most reproducibly activated
immune regulatory pathways (e.g. innate immunity, chemokine and cytokine signalling,
neutrophil degranulation) including complement cascades (Figure 2.10). iAKI also
activated coagulation pathways (e.g. platelet activation and degranulation, platelet clots,
fibrin clots, matrix degradation and collagen turnover). In contrast, in the case of vAKI,
HoxB7Cre and Atp6v1b1Cre pulldowns highlighted entirely different types of genes
including epigenetic regulation, Foxo signalling, clock genes and finally lipid metabolism
(Figure 2.10). In sum, ischemia generated an immune and clotting reaction while volume
depletion resets metabolic parameters. These data generated from a single segment of the
nephron further underscores the concept that iAKI and vAKI have different molecular
pathways, despite exhibiting elevations in sCr.
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Stimulus Specific Gene Expression

Figure 2.9 Limited overlap of gene expressions between iAKI and vAKI.
The Venn diagrams represent significant differentially expressed genes in iAKI and vAKI in
Atp6v1b1Cre and Hoxb7Cre (padj < 0.01) with log2 fold change > 1.
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Figure 2.10 Pathway overrepresentation analysis.
Enrichment of KEGG, Wikipathways, and Reactome terms in significant differentially
expressed genes (DEGs) (padj < 0.01; log2 fold>1). Blue and red color represents –log10 qvalue restricted to q < 0.1. Blue= pathways derived from downregulated genes;
Red=pathways derived from upregulated genes. Terms are hierarchically clustered based
on their members. Note the relatedness of pathways uniquely activated by iAKI or vAKI.
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2.1

DISCUSSION
The acute failure of the kidney to excrete salt, water, urea, creatinine and other

wastes results from a variety of processes including ECF volume depletion, extra-renal
diseases, and damage to cells of the nephron. It may be the case that all causes of defective
renal excretion activate a common molecular pathway. On the other hand, if genetic
readouts specific to different forms of defective renal excretion were evident at the time of
patient presentation, then a “Precision Medicine” approach to AKI could be implemented,
akin to the efforts currently underway in the study of chronic kidney disease.
By isolating different domains of the kidney, we demonstrated that thousands of
genes were unique to either iAKI or vAKI. While these data were obtained with laser microdissection, which analyzes RNA from a variety of cells within the captured domain, they
were in agreement with an emerging map of gene expression in specific kidney cells. For
example, we adapted the method of Gay et al.13 to isolate newly synthesized collecting duct
RNA and found 86.3% of iAKI genes (>2-fold; p-value<0.05) were not expressed in the vAKI
model, and 95.9% of vAKI genes (>2-fold; p-value<0.05) were not expressed in the iAKI
model (Unpublished Data) consistent with laser capture microscopy. Our findings were also
in agreement with transcriptomic analyses by Star and colleagues53 and with
measurements of tubular cell energetics (which were preserved in vAKI but not in iAKI
models).60 Hence, it is apparent that vAKI is not an attenuated form of iAKI; rather, each
activated a distinct genetic program despite similar levels of sCr.
iAKI induced changes in inflammatory, epithelial growth, and cell repair genes.
These include the Hippo-Signaling pathway,61,62 particularly Yap1, an anti-apoptotic
transcription cofactor which increased 1.7-fold (p<105), while its inactivator, Lats263
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demonstrated a 0.65-fold decrease (p<104), implicating the Hippo pathway in epithelial
regeneration.64 In addition, iAKI activated Wnt7a (80.5-fold p<104), a gene which is
essential for tubular repair and regeneration,65 but that can drive transformation to
chronic damage when its expression is sustained.66,67 Other classical inflammatory and
repair pathways, such as MAPK, JAK/STAT, NFκB, TLR, and Chemokine, were also
markedly activated in iAKI, in agreement with landmark studies.15,68–70 Yet, at the same sCr,
none of the iAKI pathways were activated in vAKI. Perhaps the absence of injury in vAKI
was due to protective mechanisms such as the renal protective factors known to be
modulated in iAKI (e.g. prostaglandins, NO, HIF).71–76 As an example, PAPPA2 is a
metalloproteinase secreted by the thick ascending limb of Henle (TALH), which targets the
IGFBP system, permitting IGF-mediated cell survival and growth.77,78,79 However, PAPPA2
is degraded in iAKI through proteolysis, thereby removing a potential protective
mechanism that is found in salt sensitive volume stress.77 In sum, iAKI and vAKI models
sharply diverged in clinical phenotype (Figure 2.1) as well as in transcriptional (Figure 2.5;
Tables 2.2-2.3) and in specific pathways including cell survival and cell repair (Figure 2.6).
The stark distinctions between iAKI and vAKI raise the question whether these entities
represent continuous stages of injury that might ultimately converge. As our vAKI mice
were subjected to severe and prolonged volume derangements and could not have
survived further volume depletion, we argue that the volume stimulus was of sufficient
severity to induce kidney injury, if capable. Perhaps additional models of vAKI might cause
iAKI, yet our two models were consistent with human presentations,80–82 and both induced
the same volume-sensitive genes. Hence, iAKI and vAKI phenotypes are difficult to
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interconvert, perhaps requiring a “second hit” to convert vAKI to iAKI (a well-known
phenomenon in nephrotoxicity83–85 and sepsis86).
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SECTION 2.2: What are possible biomarkers or secreted proteins of
iAKI and vAKI for diagnostic utility?
2.2

INTRODUCTION
Patterns of gene expression in the mouse kidney revealed that fundamentally

different programs are activated by different causes of AKI. I hypothesize that my findings
in the mouse might be applied to clinical presentations. Hence, I obtained a ColumbiaCoulter Translational Research Grant along with HIPPA clearance to determine whether
genes responding in the mouse can have the intrinsic characteristics of biomarkers that can
be applied to human disease. I propose to do so by evaluating a lateral flow dipstick and as
well as a novel assay device.
Clinical need for AKI diagnostic tool
The need for novel approaches to AKI is stark. Imagine presenting to the Emergency
Department (ED), and a few hours after your blood is drawn, the physician informs you
that you have Acute Kidney Injury (AKI), because your plasma creatinine is elevated and
that you must stay in the hospital because of this perilous condition. Chances are that you
will receive intravenous fluids or be placed on a near starvation diet. If your presentation
included fever, the concern would be Septic or Ischemic-AKI, or if you take certain
medications, the concern would be Nephrotoxic-AKI, both serious illnesses (Septic or
Ischemic or Nephrotoxic AKI=Tubular Damage). At this point, the doctor mentions the
possibility of dialysis. Now imagine that your blood is taken again at 24hrs and 48hrs. Will
these new levels show that the doctor was correct, or that his or her concerns were
misplaced? From studies of >3000 patients87, I know that the discussions were premature
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(>75% of cases) and that the initial therapy was misapplied (>25% of cases).
Unfortunately, the lack of clarity is commonplace for the 12.4M patients presenting to the
ED diagnosed with ischemic or volume depletion AKI (7% of admitted patients have
elevated serum creatinine87 and for many in ICUs (30-50% of critical care patients have
increased sCr)88–90.

The failure of current diagnostic tests
Nephrology depends on a single analyte, sCr (since 1929)91, which purports to
provide adequate diagnoses, but is actually limited because of its intrinsic characteristics.
1) A diagnostic sCr test is usually delayed: A positive test requires accumulating creatinine
in the blood which usually requires >24-48hours. The delay confounds care. 2) Lack of
sensitivity: Tubular damage may not elevate sCr until >50% of renal mass must be
damaged9. 3) Misdiagnosis: sCr also increases in volume depletion, (Figure 2.11 - blue
line), as well as in cases of tubular damage (Figure 2.11 - red line), despite the fact that
every other attribute, particularly the rate of recovery, differs between these drivers of
elevated sCr (Figure 2.11- bottom). Nor can urine output always help (Figure 2.11- yellow
line). The urine Na (1970’s)92 purports to meet the unmet need, but it has fallen out of
favor because a negative value is non-interpretable and it does not meet its own guidelines
even in our studies87,93. In fact, sCr and urine Na together could not retrospectively classify
25% of ED patients, highlighting the diagnostic dilemma87. Growth of AKI diagnoses (1.2
million new cases/yr)94 emphasizes the urgency of new diagnostic tests.
Current cycle of care is shown in Figure 2.12. Patients are tested by physicians in the
ED or Clinics or Post-Op for many analytes including sCr, but unlike those other tests, a rise
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in sCr generally invokes a singular therapy, the injection of saline. Volume depletion might
resolve (75% of our cohort blue) but yet pulmonary edema, ICU admission and dialysis
may be needed in patients with Tubular Damage (19% of our cohort red) who cannot be
found prospectively due to the non-specificity of sCr. Even False Negative sCr tests are
prevalent (25% of our cohort, bright red).
Clearly a method that can resolve the inadequacies of sCr would be useful for (1)
diagnosis, (2). therapeutic choices such as limiting excessive volume repletion in patients,
who unbeknownst to the doctor, will continue to have rises in sCr and (3) useful to save
resources by “downcoding” patients with volume depletion. Moreover on the basis of our
own research from Parikh et al. on “A cost analysis of urine NGAL & serum creatinine for
acute kidney injury,” diagnosis with biomarkers reduce costs ($408-522 per patient)95
because they circumvent unnecessary treatments and length of stay.
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Figure 2.11 Current diagnosis of Acute Kidney Injury.
Red line indicates sCr pattern of intrinsic kidney damage. Blue line indicates sCr pattern of
volume depletion. Yellow line indicates urine output, which can be confounded by fluid
management before, during, or after time of diagnosis. Both sCr patterns are classified as
AKI on day 1 at time of patient contact, but 75% of these cases are in fact due to volumerelated events and have rapid resolution, whereas 25% of these cases are intrinsic kidney
damage and need prolonged treatment. However, true diagnosis of injury is only
determined by sCr patterns several days after initial patient contact.
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Figure 2.12 Current cycle of care and treatment options.
Upon patient contact in the ED, ICU, clinic, or other hospital setting, blood and urine tests
are ordered by the healthcare provider. If the patient’s sCr is at his or baseline, the patient
is considered to have normal kidney function and can be discharged if there are no other
health concerns (green boxes). If the patient’s sCr is elevated ≥1.5x from his or her
baseline, the patient is considered to have “acute kidney injury” based on KDIGO, AKIN, and
RIFLE established scales. However, it may take up to days to determine whether the
patient’s sCr was elevated due to volume depletion (transient sCr<48H), which would be
resolved with fluid replacement (blue boxes), or was elevated due to true intrinsic tubular
injury (sustained sCr >72 days), which would be treated more seriously with changes in
medication, ICU admission, or dialysis (red boxes). Yet, current practice reveals that fluid
replacement is typically initiated upon patient contact, which would be detrimental to the
patient who has tubular injury, potentially causing pulmonary or peripheral edema.
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What characteristics are required for clinical utility?
An ideal biomarker should be measurable, should originate from the damaged
nephron at the initiation of the injury cascade, and in an amount that is dose responsive to
stimulus and reversible when damage is terminated. In addition, biomarkers that are
specific for a subset of AKI, distinguishing prerenal/transient from intrinsic/prolonged and
toxic azotemias, and conveying information about epithelial or vascular damage, would
distinguish the sickest patients among the ED cohort. Finally the biomarker should have a
critical role in AKI biology and conservation amongst species. This is because such a
biomarker should be central to the pathophysiology of AKI and hence its expression
reproducible. While there has been great interest in the development of urinary
biomarkers of AKI, such as NGAL, KIM-1, and IL-1816 less emphasis has been given to
develop markers of the prerenal/transient state—a diagnosis that is often made in
retrospect after optimization of volume status. Biomarkers have Identified Stage and
Segment Specificity
In collaboration with P. Devarajan, my lab discovered a molecule called lipocalin2
(aka NGAL, Siderocalin) that is secreted into the urine and into the plasma by the damaged
kidney. By performing clinical analyses on >2000 patients, we showed that the
expression/secretion of NGAL occurred by 3hrs of the event (e.g. sepsis, nephrotoxins,
obstruction, ischemia)32,96, that the amount of secreted protein (up to 5 micrograms/ml)
was proportional to the severity of the stimulus4,32, and to the length of time required to
begin recovery. In contrast NGAL was generally absent in prerenal/transient AKI32,93.
NGAL rose days before creatinine reached statistical significance. NGAL predicted the
requirement for dialysis and death in patients, and when paired with creatinine values,
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these frightening outcomes were achieved by 15% of patients within 7 days of entering the
Emergency Department. Finally, NGAL was found to be a critical protein in AKI--NGAL
originates from the intercalated cells of the collecting duct and is critical because it acts as
an iron scavenger and antimicrobial by binding to bacterial (enterochelin)97, mammalian
siderophores (catechols)98.
While NGAL and Creatinine values move in synchrony when the stimulus is severe
(NGAL predicts AKI defined by creatinine), NGAL may rise without creatinine when the
stimulus is weak, reflecting lack of progression to organ dysfunction, or the involvement of
<50% of kidney mass (i.e. unilateral kidney obstruction, embolization of a kidney or patchy
AKI injury). In contrast to these findings, NGAL remains silent while plasma creatinine rises
in the transient and volume sensitive reversible forms of AKI (i.e. prerenal azotemia)
providing a means to refine clinical diagnosis and distinguish a true emergency that raises
creatinine, from a non-emergency that also raises creatinine.
Fortunately with increasing sophistication of the clinical data, a consensus has
emerged that combines creatinine values with biomarker levels16, creating a 4 fold
characterization, for example: normal (sCr-NGAL-), “loss of function without injury”
(sCr+NGAL-) which is akin to volume depletion, “damage without loss of function” (sCrNGAL+), which results from damage to the segment of the kidney <50% of the kidney’s
mass, and finally “damage with loss of function” (sCr+NGAL+), which is akin to what used to
be called ATN. We believe such embellishments are very useful, because they risk stratify
the patients where the greatest risk for prolonged disease (sCr+NGAL+).
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Point of care diagnostic tools at the bedside
Currently, assay platforms include the NGAL Test™ ($33/test) (BioPorto) and the
Architect NGAL assay (~$35/test) (Abbott, JAPAN), but these are not bedside tests. Kim1 is
another injury biomarker, but it is expressed 12hrs after the event, and it is difficult to
measure (pg range) because it fragments in the urine. Kim1 may not be dose responsive
with injury. Timp2 x IGFBP7 is a combination of new biomarkers used in NephroCheck
POC, but non-specificity (50% false+ rate according to FDA)99 is problematic.
Lateral Flow Assay
I adapted two different bedside diagnostic tests, known as point-of-care devices: 1)
a disposable NGAL dipstick, and 2) a multi-analyte microfluidic device. The first device I
evaluated was a lateral flow and gold detection based NGAL dipstick consisting of a test line
made of biotin-binding avidin which captures biotinylated NGAL antibody and a control
line which captures unbound antibodies (Figure 2.13). To run the assay, a single drop of
urine is added to a small volume of both the biotinylated NGAL capture antibody and the
gold-conjugated NGAL detection antibody. This solution is then allowed to migrate along
the strip by capillary force. The biotinylated NGAL antibodies, both free and those in
complex with NGAL::anti-NGAL-gold conjugate bind to the test line producing a red color.
Uncomplexed gold detection conjugate in contrast will bind to the control line and serve as
a positive control for the capillary action. The dipstick is then ready for immediate analysis
by comparing the color of the test line to a color scale, which I helped develop and stratify
into low, inconclusive, moderate, and high risk of kidney damage.
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Figure 2.13 Gold detection-based lateral flow dipstick.
Gold detection-based lateral flow dipstick consists of a test line made of biotin-binding
avidin to capture any biotinylated antibody of a protein of interest (i.e., NGAL) and a
control line to capture any unbound antibodies. Reproduced with permission from
BioPorto Diagnostics (Copenhagen, Denmark).

Microfluidic Chip Multiplex Assay
The second assay that I tested is a platform, called the mChip, being developed by
the Sia Lab (Samuel Sia, Dept. of Columbia Biomedical Engineering), that can run a
diagnostic test using 10 μL of urine, replicating all the key steps of ELISA and POC, but at
low cost without complex instrumentation. Initial versions of mChip have been field-tested
to detect HIV and sexually transmitted diseases100–102. Most recently, Dr Sia moved this
device into a platform that is cheaper, smaller, and easier-to-use including a $34 “dongle”
which connects to Smartphones and a mChip ($1.44 per patient) (Figure 2.14) to read out
what were otherwise traditionally sophisticated ELISA tests. Dr Sia proved the worth of the
technology in field testing in Rwanda, building on his previous global initiatives. Rwandan
healthcare workers utilized a custom-built Smartphone-app, and ran a blinded study on
finger-pricked whole blood. Three antigens (HIV, treponemal-specific syphilis, and a nontreponemal activity marker) could be detected accurately. The Smartphone mChip platform
is perfectly suited to urine diagnostics because it matches the performance of lab ELISA
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systems in quantitative readout, high sensitivity due to log order amplification chemistry
and multiplexing capability.

Smartphone

Dongle

mChip

Figure 2.14 Microfluidic Chip (mChip) multiplex assay.
A drop of urine is loaded onto the disposable mChip and inserted into the dongle connected
to a smartphone. Pressure driven flow is achieved through attachment of a vacuum to the
mChip outlet. The assay is run within 15 minutes and then quantitative readout is reported
through an application on the smartphone. Reproduced with permission from Sia Lab
(Samuel Sia, PhD).
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2.2

EXPERIMENTAL DESIGN AND METHODS

Aim and Hypothesis:
Translation to clinical utility
I propose an automated diagnostic test that distinguishes volume depletion from
tubular injury. The discovery protocol that I have developed is as follows: 1) I have
identified secreted proteins responding to iAKI or to vAKI that are detectable in the mouse
kidney. 2) Next, I screened these proteins using the Max Plank Human Urine Proteome to
identify plausible candiates in human. 3) I next turned to validate these secreted proteins
in human urine from previously AKI studies by Western Blots. 3) In order to test whether I
can retrospectively apply these secreted protein markers to clinical diagnoses, I will assay
them in urines from two independent ED patient cohorts. 4) To test whether these proteins
can prospectively identify patients of iAKI or of vAKI, I used three different cohorts that
were collected for my purposes. I will evaluate these proteins by immunoblot. Lastly, I will
compare the results of the western blots to the results of the dipstick and m-Chip device.
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Materials and Methods:
Clinical Samples
Patient samples and data collection were approved by the Institutional Review Board (IRB)
of Columbia University with written informed consent from the patients. Patients >18
years of age admitted from the CUMC Emergency Department were screened. ESRD and
anuric patients were excluded. Urine samples were collected and tested using a qualitative
NGAL dipstick (particle-enhanced turbidimetric immunoassay) within 6 hours of
collection, followed by quantitative NGAL ELISA. Cr levels were collected from 1 year prior
to hospitalization (if available) until discharge. AKI was defined using AKI Network
definitions. Qualitative dipstick NGAL determinations were compared to ELISA quantitative
values and analyzed for testing characteristics to accurately diagnose AKI and differentiate
subtypes of AKI.
Retrospective Analysis
Emergency Room urine samples were selected at random from our multicenter prospective
cohort study87, using our published criteria for iAKI, vAKI and control. The total cohort was
followed solely by sCr kinetics, and in a separate analysis, the cohort was adjudicated using
strict criteria including clinical history, time to resolution of elevated sCr (vAKI<72hrs;
iAKI≥7days), and rapid responses to volume challenges, aimed at identifying only “gold
standard” patients. The adjudication yielded (1) Normals (no fluctuations in sCr, no history
of exposure to agents that might cause iAKI such as nephrotoxins, sepsis, obstructive
uropathy, rhabdomyolysis), (2) vAKI patients (≥ R-risk on the RIFLE scale and historical or
clinical data suggesting decreased renal perfusion for example due to hyperglycemia,
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diarrhea, but no history of exposure to agents that might cause iAKI such as nephrotoxins,
sepsis, obstructive uropathy, rhabdomyolysis and time limited resolution <3days with fluid
therapy or diuretic withdrawal), and finally (3) iAKI patients (≥ R-risk on the RIFLE scale,
with evidence of exposure to stimuli known to induce AKI, but lack of resolution for
≥168hrs). Patients in the later category were more likely to require a renal consultant and
undergo dialysis. Hence the iAKI and vAKI cohorts differed by time to resolution but also by
their history and severity of clinical outcome.
Patients with documented urinary tract infections and chronic kidney disease were
excluded. Standard blood chemistries were collected each day for 7 days post admission as
previously published87. Representative iAKI patients had acute illnesses due to sepsis and
rhabdomyolysis with a 2.56 fold rise in sCr at the time of admission from the Emergency
Department and prolonged azotemia ≥7days; these patients were seen by a renal
consultant. Representative vAKI patients had an acute illness associated with
hyperglycemia, gastroenteritis, and other etiologies which raised the sCr 2.14 fold but
resolved within <72hrs, and were not visited by a renal consultant. Control patients had
acute illnesses due to cardiovascular disease and trauma and other etiologies with no rise
in sCr.
Prospective Studies
Three Emergency Departments: Shaare Zedek Medical Center in Jerusalem (European and
Middle Eastern), SUNY Downstate in Brooklyn, NY (African American), and New York
Presbyterian Hospital – Columbia (Hispanic and White) were entered into our studies. Our
criteria for enrollment were all patients admitted to the hospital and treated for at least 7
days. Our exclusion criteria are patients <18 years, ESRD (End Stage Renal Disease) and
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anuric patients. Urine samples were collected, and spun down within 12 hours of patient
enrollment in the Emergency Department.
Analysis of Large Clinical Dataset
We examined the electronic health records of 3.8 million patients at New York
Presbyterian-Columbia University Data Warehouse. 569,519 of these patients had at least
one creatinine available. We defined baseline creatinine during each of their
hospitalizations if at least 3 sCr were available (83,601 patients) and demonstrated stable
sCr (change ≤ 0.2 mg/dL; median number of sCr measurements defining baseline per
hospitalization was 4)). The baseline creatinine was defined as the mean of the longest
sequence of stable creatinine values.
Lateral flow NGAL dipstick measurements
Urine samples from the NYP Columbia ED were centrifuged at 12,000 rpm for 10 minutes
at 4°C. Supernatants were analyzed immediately for NGAL levels by dipstick and leftover
supernatants were stored at -80°C for future analysis. Urinary NGAL was assayed using
NGAL gRAD dipstick (BioPorto Diagnostics, Gentofte, Denmark). 10uL of urine is added to a
small volume of biotinylated NGAL capture antibody and gold-conjugated NGAL detection
antibody in a test tube. After incubation for 5 minutes, the gRAD lateral flow dipstick is
then submerged into the test tube for 10 minutes, allowing the solution to migrate along
the strip by capillary force. The dipstick is then ready for immediate analysis by comparing
the color of the test line to a color scale associated with low, inconclusive, moderate, and
high risk of kidney damage.
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Validation of urinary NGAL
Urinary NGAL levels were validated by immunoblots and ELISA. Urinary NGAL was
quantified using human NGAL ELISA kit at 1:250, 1:500, 1:1000 dilutions (BioPorto
Diagnostics, Gentofte, Denmark). Urinary NGAL (10uL) was also quantified with
immunoblots with 4% to 15% gradient SDS-polyacrylamide gels (Bio-rad Laboratories,
Hercules, California), mouse monoclonal antibody (1:1000, Enzo Life Sciences,
Farmingdale,

NY)

and

anti-mouse

goat

polyclonal

antibody

(1:5000,

Jackson

ImmunoResearch, West Grove, PA) together with standards (0.39-12.5 ng) of human
recombinant NGAL protein (Enzo Life Sciences, Farmingdale, NY).
Identification of biomarkers
Candidate biomarkers were filtered according to the Max Plank Unified Proteome (1542
proteins assessed 3/20/2014), Secreted ProteinDB103, or by prediction (signal peptide and
without a transmembrane domain – according to Ensembl!.104,105 We identified the
proteins that were exclusive to condition, demonstrated ≥ 2-fold changed compared to
control and were expressed with an FPKM>1.
Protein Identification by nano-liquid chromatography coupled to tandem mass spectrometry
(LC-MS/MS) analysis
Urinary protein preparations were resolved briefly by SDS-polyacrylamide gel
electrophoresis, stained with Coomassie Blue, and separated protein bands excised for in
situ trypsin digestion of polypeptides.106 Peptides were eluted with a 3µL of 40%
acetonitrile containing 0.1% formic acid and diluted to 20 µL with 0.1% formic acid for
nano-LC-MS coupled to tandem mass spectrometry (MS/MS) as described.107
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If not

analyzed immediately, the peptide pools are stable when kept in organic buffer (40%
acetonitrile/0.1%formic acid) and stored at -80°C.
Post LS-MS/MS analysis
Database searches were carried out using Mascot version 2.5.0108 with the human segment
of Uniprot protein database (20, 210 sequences; European Bioinformatics Institute, Swiss
Institute of Bioinformatics and Protein Information Resource). The search parameters
were as follows: (i) two missed cleavage tryptic site allowed; (ii) precursor ion mass
tolerance =10ppm; (iii) fragment ion mass tolerance=0.8 Da; and variable peptide
modifications were allowed for methionine oxidation, deamidation of asparagine to
glutamine, protein N-terminal acetylation.

If reduction and alkylation was done,

carbomidomethylation of cysteine was used as a fixed modification. Decoy database search
was always activated and in general, with p<0.01, false discovery rate averaged less than
1%.Scaffold (Proteome Software Inc., Portland, OR) version 4.4.1 was used to further
validate and cross-tabulate the MS/MS based peptide and protein identifications; protein
and peptide probability was set at 95% with a minimum peptide requirement of one. The
validity of the proteins was indicated by the spectral counts of NGAL, OPN, CLU in iAKI
urine.
Western Blot
Urine (8.3mL) was loaded on 4-15% SDS-polyacrylamide-gel (Bio-Rad Laboratories),
blotted using nitrocellulose (GE Healthcare, Pittsburgh, PA) and proteins detected using
anti-human antibodies: polyclonal human CHI3L1 (1:1000; AF2599; R&D Systems),
polyclonal human TROP2 (1:1000; AF650; R&D Systems), monoclonal human TPA (PLAT)
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(1:1000; ab157469; Abcam), monoclonal human CK20 (1:1000; ab118574; Abcam),
polyclonal human PAPPA2 (1:1000; AF1668; R&D Systems), monoclonal human NGAL
(1:1,000; BPD-HYB-211-01-02; Enzo Lifesciences), monoclonal human VDBP (1:1000;
MAB3778; R&D), polyclonal human IGFBP7 (1:1000; AF1334; R&D Systems), polyclonal
human TIMP2 (1:1000; AF971; R&D Systems).
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2.2

RESULTS

Translational Application of iAKI and vAKI Genes
Since our results in mice establish a clear-cut difference between iAKI and vAKI, we
examined whether the data could be translated to humans. To first establish the prevalence
of iAKI and vAKI in patients, we reviewed the creatinine kinetics in a cohort of patients
from our previous Emergency Department studies.4,87 Remarkably, the majority of changes
in sCr were very transient; e.g., analysis of >2000 Emergency Department patients4,87
showed that volume administration normalized sCr in 72% of patients within 48 hours of
presentation.
To determine whether transient changes in sCr are common across the many
medical centers, we developed an algorithm to examine the electronic health records of 3.8
million patients at New York Presbyterian-Columbia University Medical Center.

We

detected 61,726 events in 27,464 patients of “AKI”, defined as a deflection of sCr
≥0.3mg/dL above baseline, but like in our Emergency Department studies, we again found
that most sCr elevations were transient: 33% of events resolved within 1 day, 60% within 2
days and 73% within 3 days of the initial rise in sCr. Hence, the evolution of sCr in the
majority of patients entering the hospital indicates that vAKI is likely to be among the most
common causes of acute decrease in kidney excretory function.8,76,109 Accordingly, while
the major focus of clinical research in AKI concerns intrinsic forms of AKI, genes expressed
in vAKI may be helpful in clinical practice as well.
Next, I catalogued secreted gene products (found in the Secreted Protein
Database103) or detected in normal human urine (the Max Planck Unified Proteome
Database110). This informatics pipeline identified 267 secreted iAKI (Table 2.4A) and 30
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secreted vAKI (Table 2.4B) candidate urinary biomarkers. Of these, we tested 40 proteins
that originated from different regions of the nephron using urine collected from iAKI or
vAKI patients that were previously adjudicated by strict criteria4 (see Methods).

In

agreement with our studies with mouse models, CHI3L1 (Chi3l1), TROP2 (Tacstd2), TPA
(Plat), CK20 (Krt20) (Figure 2.15A) were prominently expressed in urine of patients who
achieved the diagnosis of intrinsic kidney injury (i.e., iAKI) during their hospitalization.
Further, these proteins were minimally or inconsistently expressed in patients diagnosed
with volume reversible vAKI. For comparison, we also assayed standard biomarkers of
iAKI such as NGAL,111 VDBP,112 TIMP2/IGFBP7113 (Figure 2.15B) which demonstrated a
range of specificity for iAKI.
Of the genes we detected in vAKI mouse kidneys, we found that full length PAPPA2
(Figure 2.15A) was detected in the urine of patients with vAKI (9/13) and in the urine of
some normal patients (3/13), but not in the urine of patients with iAKI. Interestingly, iAKI
urine contained PAPPA2 immuno-reactive fragments rather than the full-length protein
suggesting that iAKI urine contained proteases that cleave PAPPA2, and that the molecular
weight of this biomarker in the setting of an elevated sCr might distinguish between iAKI
and vAKI. To examine this, we mixed urine of vAKI patients and iAKI patients, and found
that PAPPA2 was degraded, particularly when urine pH was acidic (pH5.5)114 (Figure
2.15C). A preliminary proteomic analysis of the iAKI urine samples identified proteases
known

to

be

active

in

tubular

damage;

e.g.,

cathepsinD,115

cathepsinB,116

aminopeptidaseN,117 MMP-9,118 and MMP-8.119 Further, when cathepsinD was added to
vAKI urine samples, PAPPA2 was digested, while the addition of pepstatin A to the urine
co-incubation preserved PAPPA2 immunoreactivity. These data show that full length
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urinary PAPPA2 reports vAKI or normal urine, but degraded protein reports intrinsic
kidney injury.
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Top secreted proteins out of 267 induced by iAKI
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Table 2.4 A: Top secreted proteins out of 267 induced by iAKI.
Top secreted proteins out of 267 induced by iAKI (≥1-fold change, p<10-5) annotated in the
Max Planck Unified Proteome Database or the Secretonome database and expressed at
FPKM levels >1. Table shows fold change from control. Genes were ranked by q-value. Only
FPKM values with significant fold change (q < 0.01) from control are reported. NS: nonsignificant. Expression pattern displays relative FPKM expression values, row normalized
to the highest FPKM across all regions and conditions.

30 secreted proteins induced by vAKI

Table 2.4B: 30 secreted proteins induced by vAKI.
30 secreted proteins induced by vAKI (≥1-fold change, p<10-5) annotated in the Max Planck
Unified Proteome Database or the Secretonome database and expressed at FPKM levels >1.
Table shows fold change from control. Genes were ranked by q-value. Only FPKM values
with significant fold change (q < 0.01) from control are reported. NS: non-significant.
Expression pattern displays relative FPKM expression values, row normalized to the
highest FPKM across all regions and conditions.
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Figure 2.15 Secreted proteins in iAKI and vAKI.
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A. Secreted proteins (CHI3L1, TROP2, TPA, CK20) were elevated in most human iAKI urine
Normal but not in most vAKI urine. Conversely, secreted protein PAPPA2 was elevated in many
vAKI urines, and some normal urines but it is degraded in iAKI patients. Blue dotte lines
denotekDacanonical molecular weights of the analyte. B. Secreted proteins (NGAL, VDBP,
TIMP2, IGFBP7) are shown for comparison and demonstrate different degrees of specificity
of iAKI patients. Blue dotted lines denote canonical molecular weights of the analyte. C.
Proteolysis of vAKI urinary PAPPA2 by iAKI urine was rescued by protease inhibitors,
pepstatin A or combinations of inhibitors. PAPPA2 was also degraded by Cathepsin D.
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Application of Secreted Proteins to Prospective Analysis
In order to distinguish subsets of AKI, we have collected additional urine samples
from 3 hospital ED centers: Shaare Zedek Medical Center in Jerusalem (European and
Middle Eastern), SUNY Downstate in Brooklyn, NY (African American), and New York
Presbyterian Hospital – Columbia (Hispanic and White). I analyzed the urine samples by
Western Blots for NGAL protein, more typical of ischemic kidney injury and full-length
PAPPA2, more typical of volume depletion. Figure 2.16 demonstrates that these proteins
identify distinct groups of patients in each of these populations. For example, in the
Jerusalem Cohort, 16% of the patient population had urinary NGAL levels > 100 ng/mL
with PAPPA2 levels < 100 ng/mL (Figure 2.16A), potentially suggesting these patients have
true intrinsic injury. Conversely, 19% of patients had PAPPA2 levels > 100 ng/mL with
NGAL levels < 100 ng/mL (Figure 2.16A), potentially suggesting these patients do not have
intrinsic kidney damage, but are instead volume depleted. While we are currently blind to
the actual diagnoses of these patients, the segregation of the population using these two
secreted proteins with only 4% overlap, indicate that they could be useful as a multiplexed
assay or combined ratio for accurate diagnosis. The reciprocal expression of these two
markers would validate each for its specific diagnostic category.
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Figure 2.16 Urinary NGAL and urinary PAPPA2 identify distinct groups of patients.
Urinary NGAL and urinary PAPPA2 identify distinct groups of patients in two different
hospital populations: A. Shaare Zedek Medical Center Emergency Department in Jerusalem
and B. SUNY Downstate in Brooklyn, NY.
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Bedside Diagnostics
Lateral Flow
As of May 2018, our NYP-Columbia ED cohort of 353 patients included 121 patients
who had only one creatinine measured during the hospitalization and no available baseline.
Of the remaining 232 patients, 23% (53/232) had evidence of AKI including 77% (41/53)
with AKIN 1, 15% (8/53) AKIN 2, and 8% (4/53) AKIN 3 (Table 2.5). Using a 48-hour
cutoff, the majority of AKI was transient (81%, 43/53) and a minority was sustained (19%,
10/53) (Table 2.5). The uNGAL dipstick (Figure 2.17) was consistent with uNGAL by ELISA
with low and high dipstick corresponding to 51.6±4.8 and 503.8±102.9 ng/dL (p<0.0001)
(Figure 2.18). uNGAL by ELISA increased with the presence of and severity of AKI (no AKI:
66.2±11.2; AKIN 1: 118.8±39.8: AKIN 2 175±103.5; AKIN 3 1266.6±861.0; p<0.0001)
(Figure 2.19). As of May 2018, only 5% of patients had AKIN2 or AKIN 3, and collection of
urine samples is still ongoing. However, from these preliminary results, we learn the
following: 1) the dipstick technology correlates with quantitative ELISA analysis and 2)
While no conclusions can be drawn from the current statistics, the study thus far shows the
ability to distinguish negative from positive biomarker stages, which correlate with AKIN
stages.
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AKI Status

n

% Total
(n = 353)

No AKI
Any AKI
AKIN 1
AKIN 2
AKIN 3
Transient AKI <48h
AKIN 1
AKIN 2
AKIN 3
Sustained AKI >48h
AKIN 1
AKIN 2
AKIN 3
Unknown Status

181
53
41
8
4
43
36
5
2
10
5
3
2
121

51%
15%
77%
15%
8%
12%
84%
12%
5%
3%
50%
30%
20%
34%

% Total Unknown
(n = 232)
78%
23%
18%
3%
2%
19%
4%
-

Table 2.5 Incidence of AKI in the NYP-Columbia Hospital using AKIN criteria.
As of May 2018, our NYP-Columbia ED cohort of 353 patients included 121 patients who
had only one creatinine measured during the hospitalization and no available baseline, and
thus were categorized as having unknown kidney injury status. Of the remaining 232
patients, 23% (53/232) had evidence of AKI including 77% (41/53) with AKIN 1, 15%
(8/53) AKIN 2, and 8% (4/53) AKIN 3. Using a 48-hour cutoff, the majority of AKI was
transient (81%, 43/53) and a minority was sustained (19%, 10/53).
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Prospective Columbia ED Study
RISK

DIPSTICK
(ng/mL)

ELISA
(ng/mL)

Low

7.54

3.99

Inconclusive

134.23

83.85

High

1076.99

525.59

Test Control

Figure 2.17 Representative lateral flow dipstick.
Representative lateral flow dipstick readouts of urinary NGAL protein in patient samples
from the NYP-Columbia ED study. Dipstick readouts of the test line categorized patients as
having low, inconclusive, or high risk of AKI based on the measurement of urinary NGAL.
The dipsticks were scanned immediately after reading and the test line was quantified
using Picquant software developed by BioPorto (beta version). Urinary NGAL
quantification was additionally validated using ELISA kit measurements (BioPorto).
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NGAL Dipstick Score

Figure 2.18 High correlation of uNGAL Dipstick and uNGAL ELISA.
Qualitative uNGAL dipstick scores were categorized into two groups: low or inconclusive
and moderate or high. The two-tailed p-value<0.0001 by ANOVA analysis.
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AKIN Status
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Figure 2.19 uNGAL by ELISA.
uNGAL by ELISA increased with the presence of and severity of AKI by AKIN class. Tukey
HSD Post-hoc test showed significance (p<0.0001) between AKIN 3 and each of the other
categories: unknown, no AKI, AKIN 1, and AKIN 2.
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Quantitative Microfluidics
In order to establish a quantitative point of care method, we turned to the mChip
developed by Dr. Samuel Sia (Columbia, Dept of BME), which provides quantitative
electrochemical readout. The mChip is ready to be applied to ED to detect at a minimum,
negative vs positive NGAL values. The anticipated limits of detection and required cutoffs
for urinary NGAL (ng/mL) are well within the capabilities of the mChip platform. The
reproducibility of mChip has matched those of ELISA, with quantitative performance at 3
ng/mL. In order to develop the mChip for AKI studies, we determine the level of NGAL,
PAPPA2, and potentially other biomarkers. First, we tested the sensitivity and linearity of
the readout by creating a standard curve with serial dilutions of NGAL protein. As shown in
Figure 2.20, the assay shows the best discriminatory range between 0-500ng/mL. In fact
this range is most useful for clinical diagnosis because in our ED studies, because we see
that NGAL ranges in our ED study.
To show linearity of NGAL standard vs NGAL readout of the mChip in human urine,
one sample was serially diluted and as Figure 2.21 shows, demonstrated linearity. Finally, a
cross-sectional analysis of a few urine samples from the ED was used to test the mChip. We
found that the mChip discriminated between low and high urinary NGAL values (Figure
2.22).
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Figure 2.20 Normalized OD values from mChip vs. NGAL concentration.
Normalized OD values vs. NGAL Concentration (ng/mL) of a serially diluted NGAL purified
protein in PBS with 10μg/mL capture antibody. Black dashed line is the noise floor (mean
of plain buffer signal + 3 * standard deviation).
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Figure 2.21 Normalized OD values from mChip vs. NGAL concentration
Normalized OD values vs. NGAL concentration (ng/mL) of a serially diluted patient urine
sample (G90: 1320 ng/mL NGAL) using 10μg/mL capture antibody. The range of the
concentrations span from 16 ng/mL (Healthy urine) to 660 ng/mL (G90 at 0.5x).

Figure 2.22 Raw OD values from mChip of representative patient urine samples.
Raw OD values of representative urine samples from the NYP-Columbia ED patients using
10μg/mL and 10μg/mL capture antibody. NGAL values from ELISA measurements are
reported below sample ID number. mChip assay can distinguish patients with moderate to
high values of uNGAL from patients with low values of uNGAL.
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2.2

DISCUSSION
The distinct patterning of vAKI and iAKI genes may have a number of clinical

applications. First, since vAKI genes rapidly reversed with volume resuscitation, the
proteins encoded by these genes may serve as novel biomarkers of volume disorders,
perhaps useful to guide rehydration (or cardiotonic) therapy and limit volume overload.
Second, simple ratios of iAKI and vAKI genes might confirm the presence of tubular damage
and clarify the meaning of an elevated sCr. Lastly, the distinct patterning of genes may
provide an explanation for the dissociation of iAKI biomarkers from sCr at lower levels of
RIFLE, AKIN, and KDIGO scores. Not only do the limitations of sCr reduce its capacity to
judge the performance of an iAKI biomarker,18,120 but vAKI-induced elevated sCr should be
compared with vAKI-induced genes rather than iAKI-induced genes. Pooling molecularly
and spatially distinct programs on the basis of sCr reduces the utility of iAKI biomarkers,
since many of these proteins are not even expressed when sCr rises due to vAKI.4,121,122 For
example, Lcn2 (Siderocalin-NGAL) was rapidly stimulated by injurious stimuli,16,32,87,123–125
but it was poorly responsive to even prolonged volume derangements32,87,121 (including
cirrhosis,122,125 diuretics32) despite elevation of sCr in all of these cases. Consequently, we
suggest that simultaneous measurement of both iAKI and vAKI markers could provide
discriminatory power.
By massive sequencing of the transcriptomes and proteomes of mouse and
subsequent analysis of the human urine, we identified analytes which address: Delay in
Diagnosis: Our markers are activated within 3hrs of AKI. Lack of Sensitivity: Only
nanogram quantities of urine proteins are required. Misdiagnosis: One biomarker
responds to volume depletion (PAPPA2) while the others respond to tubular damage
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(Cytokeratin20, Tacstd2, NGAL); because the markers are mutually exclusive, the ratio
between the two biomarkers enhances specificity for the diagnosis in either direction (e.g.
volume depletion+, tubular damage- or volume depletion-, tubular damage+). Combination
of markers (volume depletion+, tubular damage+) would indicate damage. Hence, our
technology using the uNGAL dipstick or uNGAL mChip would stratify sCr, resolve falsenegative tests, and restrict volume resuscitation to deficient patients. It would provide a
prospective diagnosis allowing immediate, appropriate treatment. Our envisioned
application of urinary biomarkers for rapid point of care diagnosis is shown in Figure 2.23.
There are significant differences between the two types of rapid assays. For
example, while the dipstick requires no technical support, it is not quantitative and only
can analyze one analyte at a time. In contrast, the mChip can analyze many substances at
the same time in a quantitative fashion. Hence, while the NGAL dipstick may demonstrate
the feasibility of POC diagnostic test, it is the mChip that will provide better quantitative
information. In addition, the mChip provides an opportunity to combine ischemic markers,
such as NGAL or any of my other gene discoveries, particularly, CK20 (which becomes
activated in the proximal tubule upon ischemia) with volume-sensitive marker, such as
PAPPA2.
In sum, the kidney’s response to environmental challenges is fine-tuned, producing
different genetic readouts in different cells in different parts of the nephron. A transient
elevation of sCr is the most prevalent renal abnormality in clinical medicine and if these
rapid fluctuations are volume-sensitive elevations (as suggested by our Emergency
Department series), new tools specific to vAKI (in addition to those for iAKI) could provide
quick prospective diagnoses and treatment plans for a broad range of patients.
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Step 4:
Wait for results
(<15mins)

Step 2:
Urine
sample
collected

Step 6:
Chip disposed,
and replaced for
next user

Step 1:
Healthcare provider
requests test

Step 3:
Urine sample added
to chip and inserted
into dongle

Step 5:
Results
readout on
iPhone

Figure 2.23 Envisioned application of urinary biomarkers for rapid point-of-care
diagnosis of acute kidney injury.
A combination of up to five urinary biomarkers can be multiplexed onto the mChip
platform for point-of-care diagnosis of kidney injury. The envisioned product would be
readily available to healthcare providers to use at the bedside for immediate diagnosis.
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Chapter 3: The Kidney’s Response to Urinary Tract Infection
Definition and Epidemiology of Urinary Tract Infections
Urinary tract infections are a form of Acute Kidney Injury (AKI) that have eluded
evaluation by Nephrologists. I hypothesize that UTI will induce specific forms of damage in
the collecting ducts. This type of specificity distinguishes UTI from volume and ischemic
causes of AKI which affect multiple domains of the kidney. UTI is also distinct from the
widespread response to infection such as sepsis, the most prevalent cause of AKI, since UTI
has always been considered to be a localized disease in bladder and kidney. The differences
in responses are dramatically demonstrated by vasomotor collapse in sepsis vs no change
in blood pressure in UTI. Consequently, the study of UTI provides a papillary-medullarycollecting duct targeted disease. In this final part of my thesis work, I will investigate the
types of epithelial damage induced by UTI, examining similarities and differences with the
volume depleted model and with the ischemic nephropathy model. Ischemic Nephropathy
and UTI may induce similar genes in the collecting duct, since our lead protein NGAL (Lcn2)
is expressed after both insults. Of course in examining an infectious form of AKI, I am also
cognizant of potential similarities and differences between cystitis and pyelonephritis
Urinary tract infection (UTIs) is the most common urogenital abnormality and one
of the most common bacterial infections. UTI affects 150 million individuals annually
worldwide, accounting for $6 billion in health care expenditures. They are prevalent among
premenopausal women with an incidence rate of 0.5 – 0.7/person/year in the U.S. Almost
50% of all women will experience at least one UTI during their lifetime.126 Other
populations at increased risk of UTI include infants, sexually active and pregnant women,
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and the elderly. Patients with spinal cord injuries, urinary catheters, diabetes, multiple
sclerosis, kidney transplant recipients, AIDS/HIV, and patients with underlying urologic
abnormalities also have an increased UTI risk.126
Uncomplicated UTIs can be fractionated into different types of diseases; one is
located in the bladder (cystitis), the other consists of targeting of bacteria to the ureters
and kidneys (pyelonephritis). Most of these UTI’s are caused by uropathogenic Escherichia
coli (UPEC) (80% of outpatient UTIs), followed in prevalence by Klebsiella pneumonia,
Staphylococcus saprophyticus, Enterococcus faecalis, and Proteus mirabilis127. These
organisms can first originate in the gut, and they share additional characteristics. But at the
same time each generates different types of complications, most famously the
alkalinization of the urine by Proteus which hydrolyzes urea and potentially causes the
precipitation of Ca::PO4. Severe complications of infection (or a “Complicated UTI”) may
include urinary obstruction with stones and renal failure, followed by urospepsis.
UTIs are commonly treated with antibiotics; however, as antibiotic resistance is
becoming increasingly common, it underscores the scientific need to elucidate UTI
pathogenesis including host responses and defense mechanisms that defeat the infection.
In this chapter, I will describe entirely novel observations concerning both kidney damage
and defense against UTI that is focused on unique iron trafficking mechanisms constituting
a type of “nutritional defense” and a set of linked mechanisms that may constitute a
potentially gaseous type of immune defense.
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The Bacteria’s Perspective: Colonizing the host
Pathogenesis of Urinary Tract Infections
Cystitis

Urinary tract infections occur when uropathogenic bacteria, typically from the gut,

come into contact with the opening of the urethra. Following successful urethral
colonization, bacteria are able to migrate using via flagella into the bladder and invade the
superficial umbrella cells. Bacteria have evolved several mechanisms to engage with these
epithelial cells, namely they possess numerous adherence factors (adhesins) and virulence
factors that help them invade, colonize, as well as subvert host defenses. Filamentous
appendages that protrude from the bacterial cell surface, called type 1 pili or fimbria, are
necessary for their attachment to bladder epithelial cells.128 These fimbria have adhesins
that confer receptor binding specificity, such as the mannose-binding FimH found on type 1
pili, which recognize and can bind to mannosylated glycoproteins, Tamm–Horsfall protein,
type 1 and type IV collagens, laminin, and fibronectin receptors on the bladder
epithelium129. Binding of FimH to these protein receptors is critical for UPEC to dock on the
urothelial surfaces. The main host receptor for type 1 pili was identified to be uroplakin 1a
(UP1a)130, an integral membrane glycoprotein and part of a family of uroplakins that form
plaques covering the apical surface of the bladder. These plaques act as a permeability
barrier to prevent the water and toxins in urine from returning to the blood. Binding of
FimH to the urothelium also activates RHO-family GTPases, which trigger host actin
rearrangement, allowing the bacteria to invade the cell127,131. Bacteria can begin to multiply
and form bacterial biofilms or intracellular bacterial communities (IBCs) that protect them
from neutrophils and the host immune system127. Mature bacteria from IBCs can disband
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and move on to invade neighboring cells, where the colonization process occurs again. I
have found IBCs as well as disseminated bacteria in tubular cells and in the interstitium of
the kidney in my studies of UTI mediated UTI.
In addition to adhesins, bacteria produce toxins and proteases that cause damage to
the epithelium in order to capture nutrients from the host. For example, UPEC secrete αhemolysin (HlyA), a virulence factor that induces proinflammatory apoptosis and enables
them to create a pore in the uroepithelial cells to acquire nutrients.127

Pyelonephritis
If bacteria ascend the ureters and adhere to and infect the kidney, a distinct
nomenclature is used, called pyelonephritis. Pyelonephritic UPEC may differ from bladder
colonizers because they have pyelonephritis-associated pili (P pili), containing adhesin
PapG, which binds globosides containing glycolipids that are present in renal epithelial
membranes as well as erythrocyte132 membranes. PapG also interacts with TLR4 to trigger
recruitment of proinflammtory cytokines and chemokines that contribute to host tissue
damage133. In the kidney, there are reports that UPEC preferentially adhere to the apical
surface of the intercalated cells of the collecting duct and can transcytose across the cell
into the interstitium in a TLR4-dependent manner134,135.

Here bacteria can begin to

colonize their new conquest, damaging kidney epithelial barriers and scavenging iron.
Pyelonephritic bacteria may also differ from bladder colonizers since colonization of the
kidney by UPEC requires heme acquisition, partially mediated by UPEC receptors, Hma and
Chu136,137.
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Urosepsis
If undiagnosed or untreated, UPEC can eventually cross the kidney tubular epithelial
barrier into the interstitium and then into the bloodstream, generating urosepsis, a
systemic inflammatory response syndrome (SIRS) caused by bacteremia originating from
the urogenital organs. Urosepsis can induce septic shock, a serious and life-threatening
condition complicated by hypotension, tachycardia, rapid breathing rates, low urine
output, and alterations in mental status. These complications can lead to end stage renal
failure along with multiple organ failure and death.
Bacterial adhesion and virulence factors including iron siderophores
It is well recognized that pathogenic bacteria have evolved a diverse array of
adhesins and virulence factors that allow them to successfully invade the urinary tract, but
most of these were discovered in vitro. To understand which factors are dominant in vivo,
Hagan, Mobley, and colleagues examined the transcriptome of E. coli CFT073 (the most
commonly used pyelonephritic UPEC strain in murine research) in a mouse model of UTI as
well as the transcriptome of E. coli strains isolated from urine samples of patients
diagnosed with cystitis and pyelonephritis138,139.
They categorized gene expression of the E. coli into four major groups: adhesins and
flagellin, toxins, iron acquisition, and metabolism and transporters. Their findings indicate
that not only do bacteria need mechanisms to adhere to epithelia (i.e., fims and paps) and
secrete toxins (i.e., hlyA and sat, the secreted autotransporter toxin), but they also need to
capture, transport and metabolize nutrients from the environment 138,139. Furthermore, the
expression of iron acquisition genes (ferrienterobactin receptor precursor fepA,
salmochelin receptor iroN, TonB protein tonB, outer membrane heme/hemoglobin
89

receptor chuA, outer membrane receptor for heme hma) and metabolic genes (GMP
synthase guaA, triosephosphate isomerase tpiA, proline/betaine transporter proP,
periplasmic dipeptide transport protein dppA), but not adhesion or toxin genes that were
reproducible in both mouse and human infected urines138,139.
Siderophores are iron scavenging molecules generated from amino acids. They are
high affinity iron binders repurposed from amino acids, using hydroxyl and amine groups
to capture iron. Bacteria usually generate multiple classes of these molecules such as
aerobactin, salmochelin, and enterochelin. Each siderophores is necessary for bacterial
growth127 particularly in the nutrient-limited bladder environment.
In sum, both evolutionarily conserved, as well as host specific mechanisms of
invasion and colonization determine bacterial fitness, but among these factors, the iron
pathway is most reproducible across models.
The Host’s Perspective: Defending the barrier
Mechanical Barriers of the Urinary Tract
In order for bacteria to invade, they must first adhere to the bladder or kidney
epithelium. At the most fundamental level, the urinary tract already has mechanical
barriers to prevent bacterial aggregation and adherence to cellular surfaces. The
unidirectional flow of urine and its powerful flushing action is able to expel bacteria that
attempt to enter the urethra. Also the pH of urine is acidic (4.5 - 6), and this prevents the
growth of bacteria, most of which thrive at neutral pH (6.5 - 7.0). Urine also contains
mucins, which line the bladder epithelia, protecting the underlying cells from invasion of
harmful bacteria.
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Innate Responses of the Kidney
If bacteria manage to overcome the physical barriers of the urinary tract, the innate
immune system is the next line of defense, activated by toll-like receptors (TLRs), which
recognize pathogen-associated molecular patterns (PAMPs), and stimulate the secretion of
pro-inflammatory cytokines, chemokines, and interferon. For example, bacterial
components, such as lipid A bind to TLRs such as TLR4 and activate NFkB.140 TLR4 not only
stimulates innate cytokine responses but also induces cyclic AMP (cAMP), which signals for
the expulsion of UPEC across the apical plasma membrane (in the bladder)127. Several
studies have reported a genetic link between TLR4 mutations and susceptibilities to UTIs
in both mouse and humans which demonstrates the critical role of TLR4. For example,
C3H/HeJ mice expressing a naturally occurring mutated TLR4 gene and are non-responsive
to LPS, failed to clear UPEC after infection141. The increased bacterial burden is a result of
deficient downstream cytokine and chemokine production, of IL-6 and IL-8, which are NfKb
dependent factors responsible for neutrophil recruitment. In humans, polymorphisms in
the TLR4 gene are associated with recurrent UTIs in children.142 Other TLRs, expressed in
the bladder and kidney, such as TLR5 and TLR11, have also demonstrated defense against
bacteria.
Antimicrobial Peptides
Beyond the chemokine and cytokine innate effectors, the urinary tract also produces
antimicrobial peptides (AMPs) that prevent bacterial adherence to both bladder and
kidney and disrupt the integrity of the bacterial cell membrane.143 AMPs are typically
comprised of fewer than 100 amino acids and they exhibit varying specificity, some with
broad-spectrum antimicrobial activity while others with limited targeted actions.
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In

addition, some are constitutively expressed while others are induced by infection.143
Almost all AMPs are cationic and amphipathic and are secreted from immune cells and
glandular epithelia.143–145 After breaching the bacterial cell membrane, AMPs can exhaust
the microbe’s energy by disturbing the equilibrium of ion concentrations, inhibit the
microbe’s metabolic functions by binding to intracellular molecules, and lyse its membrane
by creating pores.143 These mechanisms all act to kill the invading microbes.
In addition to immune regulatory molecules, the kidney produces and secretes
several AMPs, including α- and β-defensins, cathelicidins, and ribonucleases. Defensins,
either α- or β- depending on their disulfide-bridging patterns,146 are small cysteine-rich
proteins that have broad-spectrum antimicrobial activity against Gram-positive and Gramnegative bacteria, fungi, and viruses.147 They are produced by a variety of bone-derived and
epithelial cell types, including those found in the kidney and bladder.148,149 For example,
mRNA of human α-defensin 5 (HD5, DEFA5) is constitutively expressed in human bladder,
ureter, and the loop of Henle and collecting ducts of the kidney, and is elevated in the
urines of patients with UTI.150 β-Defensins, such as β-defensin-1 (HBD1, DEFB1) and βdefensin-2 (HBD2, DEFB4A) are also expressed by the kidneys and are elevated in response
infection.151,152 Defensins contribute to antimicrobial and cytotoxic activity by
permeabilizing the membranes of their targets under the influence of cell-generated
transmembrane potentials and local electrostatic fields.149
Cathelicidins (human peptide LL-37 and mouse peptide CRAMP) are amphipathic, αhelical peptides that have antimicrobial activity against Gram-positive and Gram-negative
bacteria.153,154 They are expressed in circulating neutrophils, myeloid bone marrow cells,
skin and gastrointestinal epithelial cells, and the renal tubular epithelial cells of the
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proximal tubule.153 While cathelicidins are constitutively expressed by epithelial cells, their
synthesis and secretion are substantially and rapidly elevated after contact with UPEC.153
During the later stages of the infection, neutrophil-derived cathelicidins contribute to the
antimicrobial defense.153 These antimicrobials act by binding to and disrupting the
negatively charged phospholipid outer layer of the bacterial membrane, thereby lysing the
cell.155 CRAMP-deficient and neutrophil-depleted mice exhibited more severe bacterial
infections than their wild-type counterparts.153
One of the constitutively secreted antimicrobial proteins found in urine, TammHorsfall (uromodulin)156 binds to the type 1 pili on the cell surface of E. coli, preventing the
bacteria from binding to urothelial cells.157
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SECTION 3.1: How does the collecting duct respond to UTI?

3.1

INTRODUCTION

Role of the collecting duct in defending the urinary tract
Once the kidney is breached by UPEC from the bladder, resulting in pyelonephritis,
the principal cells and the intercalated cells of the collecting duct are the first cell types
with which bacteria come into contact. Principal cells classically mediate water
reabsorption via the antidiuretic hormone (ADH) as well as Na and K traffic via
aldosterone158,159. The intercalated cells are known canonically for mediating acid-base
homeostasis and are responsive to acidosis and alkalosis. The two cell types are
physiologically linked because the reclamation of Na+ by the principal cell results in a
negative transmembrane potential due to the separation of Na+ and Cl-; subsequently,
chloride drives the excretion of H+ by intercalated cells. Since H+ excretion must match the
dietary acid load which can reach 1mEq/Kg body weight, the intercalated cells must be
mitochondria-rich and energetically active for adequate H+ excretion. They also contain
carbonic anhydrases, which catalyzes the rapid interconversion of carbon dioxide and
hydroxyl anions to bicarbonate and protons and vice versa. The α-intercalated cells express
H+ATPase at their apical membrane and secrete protons, while the β-intercalated cells
express H+ATPase at their basolateral membrane and secrete bicarbonate ions while
reabsorbing protons.159,160 In fact, during pyelonephritis, bacteria preferentially adhere to
these cells and apparently are able to translocate across the epithelial barrier via a TLR4-
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facilitated mechanism.134,135,161 By crossing the intercalated cell epithelium, UPEC are able
to initiate an innate immune response in the kidney.134,135,161
We have found evidence (M. Werth, Unpublished) that UTI alters the cellular identity
of the collecting duct, and that this process can even occur during cystitis, when living
bacteria are localized to the bladder and only bacterial signatures (immunofluorescent
fragments and PCR evidence of bacterial DNA) are found in the kidney. There were
structural changes to the cells of the collecting duct, namely the disappearance of some
intercalated cell markers and the more widespread appearance of principal cell markers
(Figure 3.0). In addition, inflammatory molecules were expressed in the kidney in the
cystitis model. This curious phenomenon is currently being explored to understand how
UTI influences decisions concerning cell differentiation and cell fate and identity, with
suspicion that the collecting duct regulator, Tfcp2l1 is affected. Interest in these findings
stems from new research from our lab which has identified a novel antimicrobial role of the
intercalated cell as both a sensor and an effector of infection in the urinary tract.97,162,163
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Figure 3.0 Structural changes to the cells of the collecting duct after UTI.
Left panels: Note increase in Krt8 (principal cell marker) and as Pendrin and Jag1
(intercalated cell markers) disappear. Right panels show disappearance of Oxgr1 (βintercalated cell marker) after UTI.

NGAL
Due to bacteria’s dependence on iron, a major contribution to the defense of the
urinary tract against infection is the kidney’s role in withholding iron to prevent bacterial
growth and survival. A kidney epithelial gene, neutrophil gelatinase-associated lipocalin
(NGAL) was discovered by Yang, Strong, Barasch (2002) as an iron-carrying kidney growth
factor and a bacteriostatic molecule,164 exhibiting rapid and intensive upregulation in the
urine after ischemic kidney injury32 in mice and in patients in the multi-international
NGAL study4,87. Strikingly, this protein was expressed in the distal segments of the nephron,
particularly intercalated cells which historically have not been associated with kidney
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injury. It was initially not clear why these cells secreted this protein, and therefore Paragas
and colleagues examined the kidney in a classical, septic model of kidney insult – bacterial
infection of the urinary tract.165 Remarkably, intercalated cells responded robustly to the
UPEC infection by secreting H+ as well as NGAL into the urinary space.165 H+ acidified the
urine, preventing bacterial growth and survival, while NGAL, with its high affinity for the
bacterial siderophore iron complex (Enterochelin:Fe), sequestered iron from bacteria.165 In
fact, ablation of the intercalated cells using a mouse model lacking the transcription factor
Tfcp2l1 which is critical for α-IC development, impaired and delayed UPEC clearance.97
Therefore, NGAL’s competition with bacteria for iron demonstrates a protective role
against urinary tract infections in both mouse and humans.97,166

RNase 6 / RNase 7
Concurrent with our identification of Ngal as an antimicrobial protein, Becknell and
colleagues discovered another antimicrobial peptide, Ribonuclease 7 (RNase 7), that is
constitutively produced by the urothelium of the human urinary tract and kidney
intercalated cells167,168, and it is increased in expression during acute pyelonephritis in
human populations162,167,168 serving as a first-line defense against infection. RNase 7 is a
member of the ribonuclease (RNase) A superfamily and has antimicrobial activity against
Gram-positive and Gram-negative bacteria by permeating and disrupting their cell
membranes168. While RNase 7 expression is restricted to primates, another member of the
RNase A superfamily, RNase 6, was also discovered by Becknell and colleagues. RNase 6
shares 85% of amino acid identity with RNase 7.162 Expression of RNase 6 has been
localized to resident leukocytes or infiltrating granulocytes and macrophages of human and
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mouse kidneys with pyelonephritis as well as those of mouse cystitis bladders.162 RNase 6
is induced in intercalated cells by UPEC infection.162

IL-18
Interleukin-18 (IL-18), a proinflammatory cytokine, is another innate immune cell
that is constitutively produced and expressed by the kidney intercalated cells, among other
cells, such as peripheral blood monocytes, microglia cells, and keratinocytes.163 It is a
member of the interleukin-1 (IL-1) superfamily and can induce a diverse range of
proinflammatory mediators, such tumor necrosis factor-α (TNF-α), IL-1β, IL-8, nitric oxide
(NO), chemokines, and matrix metalloproteinases, as well as stimulate the polarization of
T-helper 1 and 2 cells.163 IL-18 has also been found to be elevated in the urine of patients
with acute kidney injury,169 and mediates inflammation in endotoxemia-induced lung
injury170 and Shigella flexneri-induced colonic inflammation.171 IL-18 serves as a key
cytokine in initiating the innate immune response during inflammation as well as infection.
IL-18 secretion from the intercalated cells can induce IL-8 to recruit neutrophils and
activate the NF-κB signaling cascade to engage in the defense against bacterial infection in
the urinary space.163
Collectively, these data highlight the idea that intercalated cells are components of
innate immune responses: intercalated cells are sites of bacterial adherence and produce
chemical inhibitors (H+, Ngal, Rnase6 and 7, Il-18) of urinary tract infection. My research
has been dedicated to other potential antimicrobial properties of these energetically active
cells.
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Local Mechanisms that Limit Iron Availability in Bacteria
The function of NGAL in bacteriostasis is to sequester iron from UPEC by trapping
its siderophores. This is clear evidence that the kidney has developed mechanisms to limit
iron resources from bacteria. NGAL function is conserved in mouse97 rat, pigs, dogs, and
human166. Nonetheless, the high affinity binding of NGAL is quite specific and exclusive to
one type of bacterial siderophore, Ent164,166,172. Surely, due to evolutionary pressures,
bacteria produce a variety of siderophores that are NGAL resistant (such as glucosylated
enterobactin, renamed salmochelin). The circumscribed effects of NGAL raise the question
as to whether there are other processes initiated by the kidney that limit iron availability.
While the kidney was not traditionally recognized as a major player in systemic iron
homeostasis, research in the past two decades, including discoveries made by my lab, have
shed light on the presence and function of key iron transporters in the kidney that I suggest
limit bacterial growth and are the focus of the research described below.
Iron Absorption/Transport
The activity of iron transporters in the kidney may follow the classical patterns of
iron transport in ‘professional iron transport cells’ such as enterocytes and macrophages.
In enterocytes, dietary nonheme iron is absorbed by an apical transporter, divalent metal
transporter-1 (DMT1; Fe2+::H+). These cells also express basolateral transferrin receptor-1
(TFR1). Absorption of dietary heme iron is less understood but it is transported into the
cell by an unknown apical transporter or by a basolateral transporter heme response gene
1 (Hrg1) and then broken down into iron, carbon monoxide and biliverdin by heme
oxygenases 1 and 2 (Ho1; Ho2), Ho1 being induced and Ho2 being constitutively expressed
173.

Once in the cell by direct absorption, DMT1 and Tfr1 for iron, HRG1 for heme, iron is
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then either stored in the cell by the iron storage protein, ferritin or exported out of the cell
through the basolateral transporter, ferroportin (Fpn), into the plasma where it is carried
by transferrin (Tf)174. Heme can also be exported out of the cell by Feline leukemia virus
subgroup C receptor (Flvcr). This system of iron transport is well understood in
enterocytes, macrophages, hepatocytes and placental cells, all of which are known to
release iron into the plasma 175.
Iron Regulation: Translational and Post-Translational
Constant regulation of iron’s utilization and concentration in body is needed to
maintain normal biological processes. There are two primary ways by which iron is
regulated, one on the translational level and one on the post-translational level.
Translational regulation of iron balance involves iron regulatory proteins (IRP), which
sense iron concentrations and bind to iron regulatory elements found in either the 3’
untranslated region or the 5’ untranslated region (UTR) when IRP is iron free. The binding
of the IRP inhibits translation of iron transporters by blocking ribosomal entry , if the IRE is
located in the 5’ UTR. Alternatively, the binding of IRP promotes translation of iron
transporters, by stabilizing the RNA message if the IRE is located in the 3’UTR 176.
Regulation of iron at the protein level is via the hepcidin/ferroportin axis. Hepcidin
is a protein made predominantly by hepatocytes in the liver and acts as an iron regulator
when there is excess plasma iron or when the liver senses inflammation

177.

Hepcidin

regulates iron by binding to Fpn, the basolateral iron exporter, and inducing its
internalization into the cell. Once Fpn has been moved from the cell surface into the
internal vesicles, it is targeted for degradation by lysosomes

175.

This completes an iron

homeostatic loop where increased plasma iron stimulates hepcidin release. Hepcidin then
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down regulates Fpn expression, which in turn decreases plasma iron levels. The decrease
in plasma iron levels turns off the stimulation of hepcidin release, allowing Fpn to export
iron again 175.
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3.1

EXPERIMENTAL DESIGN AND METHODS:

Aim and Hypothesis:
How does the collecting duct respond to UTI?
The complexity of iron capture by bacteria suggested to me that there could be a
number of defense mechanisms in the nephron to limit iron transfer to bacteria. To test this
hypothesis, I have used immunofluorescence to examine the distribution of canonical iron
transporters in kidney tissue sections. To further identify important iron transporters, I
used an unbiased method of transcript detection, namely in collaboration with Tian Shen in
our lab, I constructed a genetic mouse model that labels newly synthesized RNA exclusively
from the collecting duct or specifically from the intercalated cells and subsequently isolated
this specific population of RNA for sequencing after UTI induction. The gene expression
data resulting from RNA-sequencing would provide a comprehensive transcriptional
response of the collecting duct at a specific time-point after a UTI that may include well
known iron carriers as well as unexpected candidates.
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Materials and Methods:
Mouse Husbandry
Female and Male C57Bl/6 and C3H/HeN mice and were purchased through Jackson
Laboratory, Bar Harbor, ME, and housed at Columbia University Medical Center according
to protocol AC-AAAQ1408 approved by the Columbia Institutional Animal Care and Use
Committee.
Immunohistochemistry
Whole kidneys were fixed (1% PFA/0.1M PB at 4°C for two hours), transferred to 30%
sucrose/0.1M PB (4°C overnight), and embedded in O.C.T. Compound (Tissue-Tek). Frozen
sections of 20 were heated for antigen retrieval and blocked for an hour with 5% Donkey
Serum with 0.1% Triton in PBS. They were then used for immunofluorescence staining.
Primary antibody incubation took place at 4˚C overnight – chicken anti-GFP (1:200;
ab13970; Abcam), rabbit anti-SLC40A1 (1:200; ab78066; Abcam), rabbit anti-FLVCR1
(1:200; sc-134921; Santa Cruz Biotechnology), goat anti-SLC48A1 (1:100; sc-101957; Santa
Cruz Biotechnology), rabbit anti-BMAL1 (1:200; Nb100-2288; Novusbio), rabbit antiNPAS2 (1:200; nbp1-31363; Novusbio), rabbit anti-ALAS1 (1:200; nbp1-91656; Novusbio),
goat anti-AQP2 (1:200; nbp1-70378; Novusbio), goat anti-E.Coli (1:200; PA1-73032;
Invitrogen), mouse anti-E.Coli (1:200; ab35654; Abcam), mouse anti-megalin (1:200;
ab184676; Abcam), goat anti-megalin (1:200; sc-16476; Santa Cruz Biotechnology), rat
anti-CD71 (1:200; MCA1033G; Bio-Rad), rabbit anti-DMT1 (1:200; ab123085; Abcam),
rabbit anti-AE1 (1:200 AE11-A; Alpha Diagnostic International), rabbit anti-Atp6v1b1
(1:200; 14780-1-AP; Proteintech), mouse anti-Atp6v1b1 (1:200; TA502550; OriGene
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Technologies), rat anti-Krt8 (1:200; TROMA-I; Developmental Studies Hybridoma Bank),
goat anti-NGAL (1:200; AF1857; R&D Systems), rabbit anti-FTH1 (1:200; SAB2108662;
Sigma-Aldrich), mouse anti-HO1 (1:200; sc-390991; Santa Cruz Biotechnology), rabbit antiHO1 (1:200; ab68477; Abcam), rabbit anti-BACH1 (1:200; ab49657; Abcam), sheep antiHaptoglobin (1:200; AF4409; R&D Systems) – they were left to incubate at 4˚C overnight.
Next, Fluorescent secondary antibodies were used for 3 hours at room temperature - Alexa
Fluor-594, Alexa Fluor-647 AffiniPure Donkey Anti-Chicken IgY (IgG) (H+L) (1:200;
Jackson Immunoresearch Laboratories) and Alexa Fluor-488, Alexa Fluor-594 AffiniPure
F(ab')₂ Fragment Donkey Anti-Rabbit IgG (H+L) (1:200; Jackson Immunoresearch
Laboratories), Alexa Fluor-488, Alexa Fluor-594 AffiniPure F(ab')₂ Fragment Donkey AntiGoat IgG (H+L) (1:200; Jackson Immunoresearch Laboratories). All slides were also costained with 4’,6-diamidino-2-phenylindole (1:1000) to identify nuclei. Lastly, the slides
were mounted with Permafluor Mountant (Thermo Fisher Scientific). The slides were then
imaged with a Nikon Ti Eclipse inverted microscope for scanning confocal microscopy and
examined for co-localized staining.
Mouse urinary tract infection
We used female C57BL/6, C3H/HeN, UPRT+/-; Hoxb7-Cre, or UPRT+/-; Atp6v1b1-Cre mice
at an age of 8-16 weeks. In short, we placed 20-50μl of the UPEC strain, CFT073 (1 x 109
colony forming units/ml) into the bladder of anesthesized mice through a soft polyethylene
catheter. We obtained bacterial tissue counts after homogenization of organ and serial
plating on LB plates. Urinary colony forming units (CFU) were determined by direct
collection of urine from the mouse and followed by plating.
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Isolation of Genomic DNA
Genomic DNA was isolated from 75µl kidney sections fixed in OCT using FFPE Tissue DNA
Extraction Kit (Qiagen) protocol modified for fixation medium.
PCR and qPCR
UPEC CFT073 specific genes were identified using PCR based assays previously described
by Mao et al. JCI 2012178. PCR primers were verified by standard PCR protocol. Standard
Taqman mastermix protocol with sisB and sivH taqman probes was used for subsequent
qPCR analysis.
RNA Labeling Mouse generation
Mouse generation for thio-Uracil RNA labeling of the collecting duct (using Hoxb7-Cre) and
the intercalated cells (using Atp6v1b1-Cre) is described in Chapter 1.2 and in Figures 1.1
and 1.2).
RNA extraction and RNA sequencing
Total RNA was extracted by Trizol and in vitro biotinylation of RNA was prepared by using
EZ-link Biotin HPDP (Pierce Biotechnology, #21341), and subsequently purified using
µMACS Streptavidin Kit (Miltenyi Biotec, Cat#: 130-074-101). RNA concentration and
integrity for each sample were assessed on RNA 6000 Chips using an Agilent 2100
Bioanalyzer (Agilent Technologies, Santa Clara, CA). Poly-A pull-down was used to enrich
mRNAs (200ng-1ug per sample, sample RIN was above 8.0) and then libraries were
prepared using single-end 100bp reads for each sample with Illumina TruSeq® RNA prep
kits (Illumina, San Diego, CA). Libraries were sequenced using Illumina HiSeq2000 at
Columbia Genome Center.
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3.1

RESULTS

Iron Transport in the Kidney
To examine the location of the canonical iron transporters, adult mouse kidney
sections were immunostained with antibodies against iron importers, megalin, transferrin
receptor 1 (TFR1) and divalent metal transporter 1 (DMT1), and the sole known iron
exporter, ferroportin (FPN). I found these key transporters in various segments of the
nephron, confirming reports of the kidney’s involvement in iron trafficking.
Megalin was found on the apical surface of the proximal tubule (Figure 3.1). When
we deleted megalin by crossing our construct megalin-Cre (with preserved expression of
megalin) with floxed megalin mice, we found serum iron carriers transferrin and NGAL in
urine, meaning that megalin was responsible for reabsorption (Figure 3.2). The in vivo data
confirmed binding studies using surface plasmon resonance which demonstrated that
NGAL was captured by the extracellular domain of megalin (Figure 3.1).
TFR1 and DMT1 localized to the thick ascending limb of the loop of Henle (TALH)
and the distal nephron, but did not co-localize with AQP2+ cells in the collecting ducts
(Figure 3.3 A and B). On the other hand, FPN appeared in our preliminary analysis to be
present in the collecting ducts, both in principal cells (AQP2+) and in intercalated cells
(ATP6V1B1+), perhaps in intracellular vesicles and on the basolateral surface (Figure 3.3
C), as opposed to the exclusive location at the basolateral membrane typical of the exporter
in enterocytes. To determine whether ferroportin was biologically active, I examined iron
distribution in hepcidin (HAMP) knockout mice (Figure 3.4). HAMP KO mice were iron
overloaded and in fact iron deposits at sites of presumptive FPN activity were found (n=4
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independent mice). Perls’ stain was most prominent at sites along and between the
collecting ducts, indicating that this segment is involved in iron processing.
While ferroportin might serve as an iron exporter, it is baffling that the collecting
duct lacks the classical iron importers. Importers might include cell surface transporters or
endocytosis of iron-bound molecules. Indeed, the intercalated cells have very high rates of
apical endocytosis, which is well known in vitro, but also demonstrated in vivo by the
uptake of a mutant form of NGAL which bypasses megalin179. In addition, when I inoculated
an adult mouse with UPEC and harvested the kidneys at the 12 hour time-point, I found by
immunostaining abundant expression of the intracellular iron storage protein, ferritin
(Figure 3.5) in the intercalated cells both at baseline and especially after UTI. This
suggested that not only can iron accumulate in the collecting ducts, but that a UPEC
infection can cause an influx of iron in collecting duct cells. Indeed, I found that UTI
resulted in shedding of iron into the urine, perhaps indicating that tissue damage may shift
iron into collecting duct cells by creatining microaggregates of iron:phosphate particles
that can then be endocytosed.
In sum, there is no doubt that intercalated cells are iron loaded mitochondrial rich
cells. However, how iron enters the collecting duct remains to be understood. The absence
of TFR1 and DMT1 led me to believe that there must be other mechanisms of iron import in
the collecting duct and this discovery may provide new mechanisms in nutritional defense.
Fresh investigations are required because the expression of NGAL constitutes the only
direct evidence to date that iron defense is mediated by intercalated cells.
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Capture of NGAL-Alexa-568

Capture of NGAL-55Fe
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Urinary Proteins

Figure 3.1 Megalin expression in the proximal tubule.

Left: Wild-type mice express megalin (white) in the proximal tubule, which was identified
with Lotus-Tetragonolobus-Lectin (LTL, green). NGAL (middle, red) and NGAL-55Fe (right,
arrows) are shown to be reabsorbed by the proximal tubule via megalin.
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Figure 3.2 Urinary NGAL and Tf in Megalin KO.
Megalin, deleted with Six2Cre, a driver specific to the nephron, resulted in the appearance
of urinary NGAL (detected with mouse specific anti-LCN2) and urinary Transferrin, as
shown by Western Blot.
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The kidney participates in iron transport
A.

B.

Transferrin receptor (TFR1)

TFR1

TFR1
Divalent metal transporter 1
(DMT1)
DMT1

SLC12A3
C.
FPN

ATP6V1B1 AQP2
Ferroportin (FPN)
FPN

LRP2

AQP2

100 µm

ATP6V1B1

Figure 3.3 Localization of iron transporters in mouse kidney.
A. Iron importer, transferrin receptor 1 (TFR1) was detected by immunofluorescence in
the thick ascending limb of the loop of Henle (TALH) (SLC12A3+), but was not detected in
ATP6V1B1+ and AQP2+ labelled collecting ducts in wild-type (WT) mouse kidney. B. Iron
importer, divalent metal transporter 1 (DMT1) was detected by immunofluorescence in the
distal convoluted tubules, but not in proximal tubules (LRP2+) nor in the collecting ducts. C.
Iron exporter, ferroportin (FPN) was detected by immunofluorescence in the principal cells
(AQP2+) and intercalated cells (ATP6V1B1+) of the collecting ducts.
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Hamp1 KO Perls Stain
No Fe

+Fe

Figure 3.4 Increased iron deposits in Hamp1 KO kidneys.
Iron deposits, stained with Perls’ stain, are increased in the corticomedullary junction
(middle) and at sites along and between the collecting ducts (right) in Hamp1 KO kidneys.
Fth1 24h after UTI
(Bar 200μm)

Fth1

Merge

Neg Ctrl (No 1˚Ab)

UTI

Control

vATPase

Figure 3.5 Ferritin is increased in the collecting duct 12 hours after a UTI in mouse.
Iron storage protein, ferritin heavy chain 1 (FTH1) was detected by immunofluorescence in
the collecting ducts (AQP2+) in control mouse, and protein expression greatly increased 12
hours after urinary tract infection. Bars = 200μm.
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UPEC Colonization of the Urinary Tract
To explore the mechanisms of colonization of the collecting duct by UPEC,
particularly the relationship of infection to iron trafficking mechanisms, I developed a
model of UTI in association with Tian Shen, Max Werth and the other members of the lab.
Post inoculation, I confirmed the colonization of the urinary tract, particularly of the
kidneys, using genomic PCR for bacterial genes found in kidney sections. Bacterial genes,
sisB and sivH were found to amplify UPEC DNA in infected kidney sections, but not in noninfected sections (Figure 3.6 A). Additionally, qPCR assays corroborated that the expression
of these bacterial genes was correlated with CFU counts, with slightly higher linear
correlations of sisB with CFUs (Figure 3.6 B). Counting UPEC colony forming units (CFUs) in
homogenized tissue plated onto LB agar plates is a conventional way to confirm and
quantify UPEC colonization, and different from PCR, it only identifies living bacteria. Hence,
in the pyelonephritis C3H model, CFUs in the kidneys, ureters, bladders, and urines of
infected mice are relatively comparable to expression of gene sisB in each of these samples
(Figure 3.7 A, Left). Cryosections that traversed the papilla and medulla of the kidney
contained the highest concentration of bacterial DNA (Figure 3.7 B). Remarkably, in the
cystitis C57Bl6 mouse model, CFUs were negative in the kidneys and ureters of infected
mice, but expression of sisB could still be detected in both of these tissues (Figure 3.7 A,
Right), suggesting that while bacteria are not actively multiplying in the kidney and ureter,
dead bacteria may still be lingering. These dead bacteria may potentially signal kidney
epithelial cells to act in response to infection. Indeed, the differences between CFU assays
and PCR assays provide an explanation for the activation of Ngal, Il1b, and a myriad of
other cytokines in the kidney in the cystitis model. Indeed our finding suggests that
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communication between bladder and kidney occurs in the setting of even localized
infection, potentially activating kidney defense mechanisms (e.g. secretion of Ngal).
Consistent with the cystitis model, during a pyelonephritis model, GFP-labeled UPEC
also activated intercalated cells (ATP6V1B1+), in this case by adhering to and entering into
intercalated cells before spreading into the interstitial space (Figure 3.8 A-C). This
corroborates with previous reports by Paragas et al. of UPEC preferentially binding to these
cells and by Chassin et al. of UPEC translocating through these cells.
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SisB and SivH amplify UPEC DNA
Infected Non-infected
Kidneys
Kidneys

A.
Bacterial Gene

DNA Sequence (5’–3’)
TTGCCCGACAGGAGAATGAC
GCAGTATATGGCGTGCCTGT

Amplicon

sisB

GAACGATAGATTATGCTTTG
TCAGTACACTGAAGGCTCGC

518

fpbB

GCAAATCGCGCAGGATAAAG
ACGCACAAGGAGGTGCGTAT

821

sivH

TACAGCACGCGTAAACCGTA
TGGCAGTACAGTTCCGATCA

866

shiA

TCACCTTACTGGTATGAACTC
TCCAGGGCCAGACATATTCA

451

Tfcp2l1

GGTTGCCTGTATGTCTGTAC
CAAGGTAAGGTGTCTCACTG

554

sisA

(kidney gene)

B.

360

UPEC Taqman qPCR (DNA)

Figure 3.6 sisB and sivH amplify UPEC DNA.
Greater linear correlation was exhibited by sisB, demonstrating greater primer specificity.
Therefore, sisB was determined as the more suitable primer for DNA quantification and
used in subsequent qPCR assays.
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Colonization of the Urogenital System
A.
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Figure 3.7 Bacterial colonization of the urogenital system.
A. Left: In the pyelonephritis C3H mouse model, CFUs in the kidneys, ureters, bladders, and
urines of infected mice correlate with sisB gene expressions (Taqman qPCR). Right: In the
cystitis C57Bl6 mouse model, while CFUs in the ureters and bladders of infected mice
correlate with sisB gene expression, CFUs are negative in the kidneys and ureters, where
sisB gene expression are positive in both of these tissues. B. Sections toward the papillary
and medullary regions of the kidney (“Beginning”) contained the highest concentration of
bacterial DNA (sisB gene expression), shown in both C3H and C57Bl6 models. C=C3H;
B=B57Bl6. Numbers after letter represent section number with lower numbers toward the
“Beginning” (papillary and medullary regions of the kidney) and higher numbers toward
the “End” (cortical regions of the kidney). Y-axis: log10 concentration of sisB gene
expression.
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Figure 3.8 UPEC-GFP in the collecting duct
A. UPEC-GFP (E. coli, red and GFP, white) attach to and enter the intercalated cells
(Atp6v1b1, green).

E. Coli

GFP

GFP
E. Coli

E. Coli
GFP
Krt8

AtpaseV1B1

Figure 3.8 B: UPEC-GFP (E. coli, red and GFP, green) present intracellularly inside
collecting duct (Atp6v1b1, Krt8, white).

AtpaseV1B1
E. Coli
GFP

AtpaseV1B1
E. Coli
GFP

AtpaseV1B1
UTI-GFP
E.Coli

Figure 3.8 C: Left and middle: UPEC-GFP (E. coli, red and GFP, white) appear in the
interstitium between intercalated cells (Atp6v1b1, green). Right: UPEC-GFP (E. coli, red and
GFP, green) adhere to and appear inside intercalated cells (Atp6v1b1, white).
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Newly Synthesized RNA of the Collecting Duct During a UTI
To determine how the collecting duct responds to UTI, it is possible to isolate
collecting ducts by microdissection. Alternatively it is possible to use laser capture
microdissection to isolate domains of the kidney such as the inner medulla. Nonetheless,
these procedures are cumbersome and do not provide uncontaminated RNA pools.
Fortunately, Gay et al. recently invented a technique based on labeling RNA in a specific cell
type13. It has been used successfully in the brain, and here I have adapted it to generate a
genetic mouse to label RNA of the collecting duct. As I mentioned in a previous section, the
genetic

technique

relies

on

a

Cre-driven

cell-specific

expression

of

uracil

phosphoribosyltransferase (Uprt) enzyme from Toxoplasma gondii that incorporates a
modified uracil base into newly synthesized RNA, and the modified base is then used as a
tag to isolate the transcripts. To validate the RNA-labeling genetic mouse model, qPCR of
segment specific genes was analyzed in RNAs isolated from UPRT+/-; Hoxb7-Cre mice, or
from UPRT+/-; EIIa-Cre mice. As shown, Aqp2, an exclusive marker of principal cells of the
collecting duct, was concentrated in RNA from UPRT+/-; Hoxb7-Cre compared to RNA from
UPRT+/-; EIIa-Cre, (which directs expression of Cre recombinase in virtually all cell types
(Figure 3.9). In contrast, transcripts of Lrp2 or Umod, which identify other segments of the
nephron were depleted, demonstrating the specificity of the UPRT+/-;Hoxb7-Cre RNA for
labeling collecting duct RNA (Figure 3.9).
In addition to the UPRT+/-; Hoxb7-Cre, I have also generated the UPRT+/-; Atp6v1b1Cre mice, which labels RNA mostly in intercalated cells of the collecting duct. Both UPRT+/-;
Hoxb7-Cre and UPRT+/-; Atp6v1b1-Cre mice on a mixed C57Bl/6 and 129/SvJ background
were infected with UPEC (cystitis model) and their kidneys were subsequently harvested at
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12 hours or at 24 hours for RNA isolation. I have chosen to look at gene expression at 12
and 24 hours because UTI is typically an acute infection that stimulates a rapid immune
response within hours and a resolution after 24-48 hours, as observed by CFU counts in the
urine over a time course. Newly synthesized RNA from the collecting duct or from
intercalated cells at the two time points were then purified and prepared for RNAsequencing.
To identify whether the intercalated cells demonstrate nutritional iron defense
mechanisms I prepared a list of iron-related genes after 12 or 24 hours post UPEC infection
in RNA pools from collecting duct cells (Hoxb7-Cre) and from intercalated cells (Atp6v1b1Cre) according to my pipeline (Figure 3.10 A). The intercalated cells responded more
robustly to UTI than did the collecting duct proper (mainly principal cells) at 12 hours after
UPEC infection (Figure 3.10 B). Moreover, top genes upregulated in intercalated cells were
heme-related genes (Figure 3.10 A), supporting the notion that iron regulation is a central
response to UTI, but directing attention to heme-iron rather than elemental iron.
Heme-related genes included haptoglobin, which delivers hemoglobin to cells, the
heme importer Hrg1, heme synthesis genes Npas2 and Bmal2, which are transcription
factors that activate transcription of Alas1, biliverdin reductase b, which catabolizes
biliverdin, a byproduct of heme metabolism into a terminal waste product bilirubin, and
finally ferritin, a gene which stores cytoplasmic iron released from metabolized heme.
These genes suggest a pathway that includes heme import, synthesis, and metabolism are
activated 12 hours post UPEC infection (Table 3.1). Even more startling is that the
expression of these genes was time limited; they disappear by 24 hours except for NPAS 2
(Figure 3.11). This acute response raises many questions concerning the interaction
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between the bacteria and the intercalated cells and the ultimate function of heme cycling in
UTI.

Labeling and infection validation
p=0.00097

UPRT+/- ; EIIa-Cre
UPRT+/- ; Hoxb7-Cre

p=0.047

p=0.0013

Figure 3.9 UPRT-Cre labeling validation.
Aqp2, an exclusive marker of principal cells of the collecting duct, was concentrated in RNA
from UPRT+/-; Hoxb7-Cre compared to RNA from UPRT+/-; EIIa-Cre. In contrast, transcripts
of Lrp2 or Umod, which identify other segments of the nephron were depleted.
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Collecting
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Duct
26
Hoxb7-Cre

2296
Atp6v1b1-Cre

Figure 3.10 UTI induced a robust upregulation of genes in intercalated cells.
Left: Genes upregulated in UTI (padj<0.05; log2FC>1.5) were induced more robustly in
intercalated cells (2296 unique genes) than in other cell types (principal cells) of the
collecting duct (26 unique genes) with limited overlap (85 genes). Right: Pipeline of
differentially expressed iron related genes upregulated in UTI.
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UTI-induced iron-related genes upregulated
in intercalated cells at 12 hours
Gene
Npas2
Lcn2
Hp
Scand1
Arntl
Gpx1
Bola1
Blvrb
Egln2
Fth1
Slc48a1

Fold
Change

p-adj

Name

Gudmap Expression
Glomeruli, cortex, Ureter,
bladder
5.40 1.90E-22 NPAS2 - Clock gene
2.97 2.04E-05 NGAL
Glomeruli, cortex, ureter, testis
2.42 6.87E-04 Haptoglobin
Glomeruli, ureter
2.32 3.81E-08 SCAN domain containing 1 Cortex, glomerulus, MM, testis
Glomeruli, cortex, Ureter,
bladder
2.23 2.47E-04 BMAL1 - Clock gene
1.80 4.50E-08 Glutathione Peroxidase 1 Cortex, MM, testis
Cortex, glomerulus, MM, Testis,
epididymis
1.70 1.71E-05 BolA Family Member 1
1.70 1.05E-03 Biliverdin Reductase B Cortex, glomerulus, testis
Cortex, proximal tubule, MM,
ovary
1.64 1.00E-04 PHD1 - oxygen sensor
1.66 1.46E-07 Ferritin heavy chain
Glomeruli, ureter, bladder
Proximal tubule, ureter,
1.54 1.46E-05 Heme response gene 1 bladder

UTI-induced iron-related genes upregulated
in intercalated cells at 24 hours
Gene
Npas2

Fold
Change

p-adj

Name

2.43 1.70E-15 NPAS2 - Clock gene

Gudmap Expression
Glomeruli, cortex, Ureter,
bladder

Table 3.1 Upregulated heme genes in UTI.
Heme genes are significantly upregulated in intercalated cells 12 hours post UPEC
infection, but all disappear, with the exception of Npas2, by 24 hours.
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3.1

SUMMARY AND CONCLUSIONS:
In conclusion, a number of key iron transporters were found in the wild type kidney

at steady state suggesting at minimum a role in iron reclamation and processing. In the
proximal tubule, megalin captures and reabsorbs iron bound proteins, transferrin and
NGAL and consequently is a major ‘back up system’ for the filtration barrier in the
glomerulus. In fact, the proximal tubule is iron overloaded in the setting of nephrotic
syndrome180–183, consistent with loading this segment with imported iron. Yet the
mechanism of exit of iron from the proximal tubule is not clear, since ferroportin has been
located on the apical surface rather than the traditional site of iron exit, the basolateral
membrane.
The presence of TFR1 and DMT1 in TALH and distal nephron indicates iron import
into these tubules. The TALH segment of the nephron has been found to have a finite
proliferation rate even without tubular damage in the adult nephron (Barasch,
Unpublished) and perhaps the function of these importers is to allow cell proliferation.
Consistent with the expression of Tfr1 and DMT1, the cortico-medullary segment of the
TALH is the most iron-overloaded segment in nephrotic syndrome.
The collecting duct is quite different from other segments and has been a cause for
puzzlement—the intercalated cells have abundant ferritin without the expression of TfR1
and DMT1. Preliminary analysis suggested some evidence of iron export via FPN because
iron accumulated at these sites upon HAMP KO, but the identity of the importers remained
obscure. We initially considered the possibility of iron accumulating in the collecting duct
from luminal proteins or iron spilling into the urine, from tissue injury. But the finding of
heme importers, exporters, metabolic enzymes in the collecting duct I think provides a
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better hypothesis for iron trafficking in this segment and better dovetails with UTI
induction.
In sum, each segment of the kidney has a mechanism for iron capture and recycling,
albeit certain pathways remain to be described. While we do not know which of these
systems is dominant, it appears that many segments of the nephron limit urinary iron and
hence bacterial growth.
Our UTI mouse models demonstrated patterns of bacterial colonization in the
urinary tract during cystitis and pyelonephritis. While our C57Bl/6 cystitis model had no
evidence of CFUs in the kidneys and ureters, expression of bacterial genes in those tissues
suggested presence of dead bacteria that could be signaling the initiation of an immune
response, for example the expression of NGAL even absent kidney CFUs. In our C3H
pyelonephritis model, in contrast, evidence of UPEC colonization was demonstrated not
only by bacterial gene expression, but by CFUs, pervasive throughout the urinary tract, and
most concentrated in medullary and papillary regions of the kidney. Upon closer inspection
by immunofluorescence, GFP-labeled UPEC in fact attached to and invaded the intercalated
cells of the collecting duct, confirming previous reports by Paragas et al. and Chassin et al..
UPEC seem to invade and surround these cells, appearing in the luminal space from where
they enter, the intracellular space, and interstitial space, suggesting a pathway of
colonization.
The intercalated cells was a preferential site for bacterial colonization, and upon
analysis of their newly synthesized RNA after 12 hours of infection, I found candidate genes
suggesting that infection activated heme synthesis and degradation in these cells. Genes
involved in heme synthesis, such as Npas2 and Bmal2, were highly upregulated. Other
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highly expressed genes included heme importer, Hrg1, biliverdin reductase, Blvrb,
hemoglobin-binding haptoglobin, Hp, and iron storage protein, Fth1, which collectively
suggest a transient activation of heme import, synthesis, and metabolism in response to a
UTI that is deactivated by 24 hours.
Taken together, I have created a mouse model of pyelonephritis, I have found
evidence of bacterial-intercalated cell interactions, and have identified a patterning of gene
expression implying a specialized iron-transporting environment in the collecting duct. We
suspect that the patterning of heme genes might be a component of tissue defense, an idea I
explore below.
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SECTION 3.2: Is the heme pathway functional in the kidney and
specifically in the collecting duct?
3.2

INTRODUCTION

Heme Function and Transport
Heme is an essential prosthetic group composed of a four pyrrole-ringed,
protoporphyrin IX that surrounds a central ferrous iron molecule. The iron in heme is the
binding site for oxygen, making one of heme’s primary functions to deliver oxygen to
tissues when it forms complexes with globin and myoglobin. Heme also serves an essential
role in a variety of biological functions including in the transfer of electrons in the
mitochondrial electron transport chain and in driving biodegradation or biosynthesis when
bound to hemoproteins184. Heme synthesis and degradation are tightly controlled because
a surplus of heme is toxic to cells due to its hydrophobicity and catalysis of the Fenton
reaction and the generation of reactive oxygen (ROS). Because of its physical
characteristics, intracellular heme is kept at a low concentration (<109 M) at basal states by
feedback mechanisms regulating heme synthesis by heme transporters that control the
influx and efflux of heme across membrane barriers and by oxgenases that metabolize free
heme.
Heme carries 95% of functional iron in the body and is a major source of
bioavailable iron in the human diet. As compared to non-heme iron, which is present
largely in plants, and is not easily absorbed, heme iron, present largely in meat, poultry,
and fish, is well absorbed. Heme is obtained from dietary heme in the form of hemoglobin
and myoglobin which are released from their globin proteins by proteolytic enzymes in the
stomach at low pH. Heme is then absorbed by the small intestinal enterocytes via an
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unknown transport mechanism into the cytoplasm. Rajagopal et al. discovered a second
heme pathway, a presumptive membrane heme importer, heme-responsive gene 1 (HRG1,
encoded by Slc48a1), known to be expressed in the liver, kidney, heart, CNS, skeletal
muscle, small intestines, and macrophages.185,186 HRG1 localizes predominantly to
endosomal membranes, but is also observed to be present on cell surfaces187,188. In
polarized MDCK cells, Hrg1 appears on the basolateral surface189. It was found to be highly
upregulated when environmental heme levels are low185. Studies with overexpression of
Slc48a1 in mammalian cell lines increased the import rate of the synthetic heme analogue,
zinc mesoporphyrin IX (ZnMP)185,188, while suppression of Slc48a1 by siRNA reduced ZnMP
uptake188.
Heme can also be delivered to cells from the blood by a scavenger protein. Heme
may be in circulation bound to globin and haptoglobin (Hp) which delivers heme to CD163.
CD163 is found in kidney macrophages and hence, serum hemoglobin is probably excluded
from contributing to collecting ducts. However, in AKI, the tubule expresses Hp probably to
deactivate hemoglobin shed from damaged cells within the kidney tubule. Like NGAL, Hp
might be recaptured by endocytosis into intercalated cells. Free heme is readily bound by
hemopexin (Hpx), which delivers heme to CD91, located in the proximal tubule.
Consequently, this system is not likely to play a role in collecting duct heme metabolism. On
the other hand, both Hp and Hpx provide a precedent for heme capture and recycling in the
nephron.
Once heme enters the cytoplasm, it may be metabolized by heme oxygenases (HO1,
HO2, encoded by Hmox1; Hmox2). Hmox1-deficient mice either die prenatally or develop
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anemia along with accumulation of hepatic and renal heme that lead to oxidative damage,
tissue injury, and chronic inflammation190.
Heme can be exported into the circulation by the heme exporter, Feline Leukemia
Virus Subgroup C Cellular Receptor 1 (FLVCR1, encoded by Mfsd7b)191. FLVCR1 is
generally found in specialized cells, such as erythroid progenitors, macrophages, and
hepatocytes, where it is critical to avoid heme mediated toxicity and prenatal lethality or
postnatal anemia. Flvcr1-deficient mice have impaired erythropoiesis, present with
craniofacial and limb deformities resembling symptoms of anemia, and die in
midgestation192. Consequently, the trafficking of heme, and not just elemental iron, is
essential for erythropoiesis and systemic iron and heme balance.

Heme Synthesis
The pathways of heme biosynthesis have been well studied, following the
elucidation of the crystal structures of hemoglobin and myoglobin by Max Perutz193 and
John Kendrew194. The synthesis of heme195 (Figure 3.11) begins in the mitochondrion with
succinyl-CoA, an intermediate of the tricarboxylic acid (TCA) cycle, and glycine, which is
imported via the mitochondrial glycine transporter, Slc25a38. 1) The enzyme δaminolevulinic acid synthase (ALAS) catalyzes the condensation reaction of glycine and
succinyl-CoA to form δ-aminolevulinic acid (ALA). While ALAS1 is ubiquitous, ALAS2 is
exclusive to erythroid cells. This reaction requires mitochondrial chaperone, ClpX to
convert apo-ALAS to holo-ALAS by incorporating the cofactor, pyridoxal phosphate (PLP),
the vitamin B6 metabolite. ALA synthesis is both the rate-limiting step and a highly
regulated step of heme biosynthesis. ALA is then transported into the cytosol via an
126

unidentified carrier. 2) In the cytosol, δ-aminolevulinic acid dehydratase (ALAD) dimerizes
two molecules of ALA to produce the pyrrole ring compound, porphobilinogen (PBG). 3)
Next, porphobilinogen deaminase (PBGD) catalyzes the condensation reaction of four
molecules of PBG to produce the linear tetrapyrrole intermediate, hydroxymethylbilane
(HMB).

4)

Uroporphyrinogen-III

synthase

(UROS)

then

catalyzes

HMB

to

uroporphyrinogen III (UROgenIII). 5) Lastly in the cytosol, uroporphyrinogen
decarboxylase (UROD) decarboxylates UROgenIII to coporphyrinogen III (CPgenIII), which
is then transported into the mitochondrial intermembrane space via ABCB6. 6) Back in the
mitochondrion, oxygen-dependent coproporphyrinogen-III oxidase (CPOX) catalyzes
CPgenIII to protoporphyrinogen IX (PPgenIX), which is transported into the mitochondrial
matrix by TMEM14C. 7) Another oxygen-dependent enzyme, protoporphyrinogen IX
oxidase (PPOX) converts PPgenIX to protoporphyrin IX (PPIX). 8) Finally, ferrous iron
(Fe2+), imported via mitoferrin-solute carriers, mitoferrin-1 (Mfrn1, Slc25a37) and
mitoferrin-2 (Mfrn2, Slc25a28) at the inner mitochondrial membrane, is incorporated into
the pyrrole-ringed, PPIX by ferrochelatase (FECH), generating heme.
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Figure 3.11 Heme synthesis.
Heme synthesis begins with the rate limiting condensation reaction of glycine and succinylCoA by ALAS1 to form δ-aminolevulinic acid (ALA) in the mitochondrion. Synthesis
continues in the cytoplasm and returns back to the mitochondrion to complete synthesis of
heme.
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Regulation of heme synthesis
In non-erythroid cells, synthesis of heme is kept in balance through the feedback
regulation of ALAS1 by heme itself196 (Figure 3.12). Heme inhibits the mitochondrial
import of ALAS1 as it binds to the N-terminal mitochondrial import signal of ALAS1. In
contrast, heme does not inhibit erythroid-specific ALAS2, which may be due to the
considerable amount of heme necessary for hemoglobin production. Additionally, the
mitochondrial chaperone, ClpX, which assembles in complex with peptidase ClpP, can
regulate ALAS1, either by activating the enzyme via promoting PLP incorporation197 or
degrading ALAS1 via ATPase activity198. In a human mutation of ClpX with the ATPase
active site nonfunctional, ALAS1 degradation is reduced while the activating signals remain
effective, leading to porphyria199. However, with complete loss of ClpX and ClpP, both
ALAS1 degradation and activation are reduced, leading to anemia199.
In higher eukaryotes, a second set of regulators determine heme synthesis; these
include components of the circadian clock (Figure 3.12). Specifically, transcription of Alas1
is regulated by the circadian transcriptional factors, NPAS2 (neuronal PAS domain protein
2), BMAL1 (brain and muscle arnt-like protein 1; encoded by Arntl), and CLOCK (Circadian
Locomotor Output Cycles Kaput)200. NPAS2 and CLOCK are both members of the basic
helix-loop-helix (bHLH) family of transcription factors and when either heterodimerizes
with another bHLH transcription factor, BMAL1 (NPAS2–BMAL1 or CLOCK–BMAL1), the
complex binds to DNA and activates the transcription of other circadian rhythm genes, such
as period (Per1, Per2, Per3) and cryptochrome (Cry1, Cry2), which in turn inhibit the
formation of CLOCK-BMAL1 heterodimers, completing the negative feedback loop. In an
auxiliary feedback loop, CLOCK-BMAL1 also controls the transcription of nuclear receptors,
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REV-ERBα and REV-ERBβ (encoded by Nr1d1, Nr1d2), which in turn modulate the
expression of BMAL1 and D-site-binding protein (Dbp), which finally modulates the
expression of Per2201. Specifically, it is the binding of NPAS2–BMAL1 to DNA that directly
activates Alas1 transcription200. PER2 was also shown to activate the NPAS2–BMAL1
transcription complex in a positive feedback loop200. Additionally, cellular redox state has
been shown to influence the binding of NPAS2–BMAL1 or CLOCK–BMAL1 to DNA, i.e. the
reduced cofactors NADH and NADPH (nicotinamide adenine dinucleotide and its
phosphate) increase the binding of the heterodimers to DNA whereas the oxidized forms
(NAD and NADP) inhibit binding. Several of the major clock transcription factors, including
NPAS2 and PER2, contain PAS domains, which can sense oxygen, light, redox potential, and
other environmental signals, including heme202. In particular, the two PAS domains of
NPAS2 can each bind one molecule of heme,202 making NPAS2 in effect a heme sensor.
While heme itself is not required for NPAS2–BMAL1 heterodimerization, carbon
monoxide (CO), a byproduct of heme metabolism was shown to hinder the formation of
the NPAS2–BMAL1 heterodimer, and therefore inhibits ALAS1 transcription200,202,203.
Taken together, NPAS2–BMAL1 is a CO sensor with its activity to stimulate transcription of
target genes, such as ALAS1 – the rate-limiting enzyme in heme synthesis – controlled by
the redox state of the cell and by the presence of CO, the byproduct of heme metabolism
itself.
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Figure 3.12 Regulation of heme synthesis.
Circadian rhythm control of NPAS2-BMAL1, which activate transcription of the rate
limiting enzyme, ALAS1.
Heme metabolism
To prevent heme toxicity, heme metabolism is tightly regulated at the
transcriptional level. Heme is catabolized into labile ferrous iron (Fe2+), carbon monoxide
(CO), and biliverdin by heme oxygenases, HO-1 and HO-2, encoded by the HMOX1 and
HMOX2 genes, respectively. HO-1 is ubiquitously expressed and is induced by a diverse
variety of stressors, including oxidative stress, ischemic injury, endotoxins, inflammatory
cytokines, various quinones and electrophiles, heavy metals, and many others, including
heme itself. On the other hand, HO-2 is constitutively expressed and not known to be
inducible.
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Regulation of heme metabolism
HMOX1 gene expression is regulated by heme-induced signal transduction
pathways, including the binding of specific repressor or activator transcription factors to
the stress-response element (StRE) located on the HMOX1 promoter. These specific
transcription factors that bind to the StRE belong to the basic leucine zipper (bZip)
superfamily, which is characterized by two conserved structural motifs: 1) a leucine zipper
(series of leucines spaced 7 residues apart along an α-helix) necessary for dimerization and
2) a sequence-specific DNA-binding domain enriched in basic amino acids.

Bach1/2
Btb and Cnc Homology 1 and 2 (Bach1; Bach2) are two of these bZip transcription
factors shown to repress HMOX1 transcription (Figure 3.13). They belong to a sub-family
within the bZip network, called the Cap’n’Collar (CNC) proteins, and Bach1 was the first
mammalian factor discovered to have heme binding sites in its C-terminal domain.
Whereas Bach1 expression is more pervasive and better studied, Bach2 expression is
limited to certain tissues and cell types, such as hematopoietic cells (B lymphoid and
effector T cells) and developing neurons. At steady state, Bach1/2 forms a heterodimer
with small (musculoaponeurotic fibrosarcoma) Maf proteins, which also belong to the
bZip family of transcription factors. The Bach-small Maf heterodimers are able to bind to
the StREs, also known as Maf recognition elements (MAREs), located in the promoter of
target genes, such as HMOX1, and inhibit gene transcription. While Bach1 must form
heterodimers to bind DNA efficiently, Bach 2 is able to bind as a homodimer.
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In the setting of a stressor, such as oxidative stress or heme which can directly bind
to Bach1/2 and cause a conformational change, binding of Bach1/2 to StREs is inhibited
whereupon Bach1 is exported from the nucleus by chromosome region maintenance 1
(Crm1), polyubiquitinated by the heme-responsive E3 ubiquitin-protein ligase (HOIL-1)
along with F-box 117 (Fbx117), and subsequently degraded by the 26S proteasome
pathway. Other stimuli, such as reactive oxygen species can also target Bach1’s sulfydryl
groups which inhibit binding to StREs and induce its nuclear export and degradation. With
Bach-small Maf heterodimers no longer occupying the StRE (MARE) binding sites, other
bZip transcription factors to bind and activate transcriptional activity in a variety of target
genes.

Nrf2
NF-E2-related factor 2 (Nrf2) is another CNC protein in the bZip network that is
known to heterodimerize with small Maf proteins and bind to StRE/MARE in order to
activate gene transcription (Figure 3.13). Under a basal or unstimulated state, Nrf2 is
localized in the cytoplasm, either (alone/unbound typically?) or bound to a cytoskeletonassociated protein, Kelch-like ECH-associated protein (Keap1). Keap1 binds to the Nterminal Neh2 domain of Nrf2 and keeps it in the cytoplasm. Additionally, Nrf2 activity is
also regulated by its protein stability, as it exists as a highly labile protein targeted for
degradation by the ubiquitin-proteasome pathway. Nrf2 inducers, such as oxidative stress
and heme, stabilize Nrf2 and delay its degradation. Nrf2 inducers also cause
conformational changes in Keap1, triggering dissociation of Nrf2, and permitting Nrf2 to
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translocate to and accumulate in the nucleus and induce gene activation. Conversely,
overexpression of Keap1 effectively inhibits Nrf2-induced gene activation.
Regulation of repression and activation in target genes
Given that both Bach-small Maf and Nrf-small Maf heterodimers, in addition to Maf
homodimers, can bind to StREs/MAREs, a competition for binding exists that is tightly
regulated in response to environmental stimuli (HMOX1 inducers), resulting in either the
repression or activation of target genes including HMOX1, as well as several heme- and
iron-related genes important for downstream metabolism of heme (Figure 3.13). As Ho1
catabolizes heme into labile ferrous Fe, which is the culprit behind the toxicity-induced
Fenton reaction, Fe needs to be either stored in Ferritin or exported out of the cell through
Ferroportin. In fact, both Fth1 and Fpn have enhancer sequencers StRE/MARE within their
promoters and are targeted by Bach1. Specifically, Fpn has a MARE/ARE sequence motif at
position bp-7007/bp-7016, which is within a highly conserved Fpn1 promoter region.
Further, in another study204, Bach1 target genes included other heme degradation genes,
including Me1 and the heme importer Slc48a1.
In sum, intracellular heme downregulates Bach1 and stabilizes Nrf2 (and inhibits
Keap1) to enhance transcription of Ho1, Fpn, and Ferritin, Mel1 and Slc48a1 (See Figure 2
below). This mechanism aims to upregulate import (Slc48a1) and catabolism (Ho1), iron
storage and detoxification (Ferritin), and iron export (Fpn) in the presence of heme.
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Figure 3.13 Regulation of heme metabolism.
Transcriptional repressor, BACH1 and activator, NRF2 regulate the expression of Hmox1 in
the degradation of heme into biliverdin, iron, and carbon monoxide.
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3.2

EXPERIMENTAL DESIGN AND METHODS:

Aim and Hypothesis:
Is the heme pathway functional in the kidney and specifically in the intercalated cells?
Conclusions from Section 3.1 directed me to the changes in expression of heme
genes outlined above in the kidney intercalated cells. To understand their physiological
relevance I have begun to explore the following: (1) do intercalated cells have functional
transporters to import and export heme? (2) do they synthesize heme? (3) do they
metabolize heme? To answer these fundamental questions, I have used transgenic mouse
models and fluorescence activated cell sorting (FACS) of live cells to examine the heme
pathways in vivo and in vitro. I hypothesize that the intercalated cells are actively
transporting and metabolizing heme in response to environmental stimuli.
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Materials and Methods
Heme oxygenase 1-Luciferase Reporter (Ho1-Luc)
Transgenic homozygous Ho1-Luciferase Reporter mice (Ho1-Luc) were obtained from W.
Zhang and C. Contag205. The plasmid, pHO-1-luc 15, used in their transgenic model is
comprised of a 15 kb genomic fragment containing the mouse HO-1 promoter upstream of
the coding sequence of the modified firefly luciferase.
Carbon Monoxide Probe (1-Ac)
Nile Red-Palladium (Pd)-based fluorescent Carbon Monoxide Probe (1-Ac) was developed
by K. Liu et al. Nat Protocols 2018206 for both in vitro and in vivo applications. The probe
was synthesized by S. Deng and colleagues from the Columbia Organic Chemistry
Collaborative Center with final concentration of the probe dissolved in DMSO. 2-10μM of
probe dissolved in medium culture were used for in vitro studies and 10μM of probe
dissolved in 5% DMSO in PBS were used in in vivo studies.
Preparation of compounds:
Heme arginate: For 1mM: 10mM heme: arginate (mass ratio of 1:2.67), 133.5mg of Larginate was dissolved in 10ml of PBS and then 50mg of hemin was dissolved in the
solution. pH was adjusted to 7.5 using HCl.
Hemin, zinc protoporphyrin, biliverdin, and bilirubin were prepared by diluting 5mg of each
compound in 100μL of 0.1N NaOH mixed thoroughly followed by addition of 100μL of
molecular grade water for 5mg/200μL. 1:10 dilution with PBS yielded 2.5mg/mL of
compound, ready for in vivo injection.
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PhotonIMAGER Optima Imaging
Heme arginate or other compounds were injected into anesthesized Hmox1-Luc reporter or
wildtype mice. At each time point of optical imaging, mice were injected i.p. with 150
mg/kg of D-Luciferin in PBS (pH 7.0) followed by 10μM of 1-Ac Pd-probe dissolved in 5%
DMSO in 200μL PBS. Ten minutes later, the mice are anesthesized and a whole body image
(dorsal, ventral, left, and right lateral) was acquired for 30s using the Photon Imager
Optima (Biospace Lab, France) with open excitation and emission filters for luminescence
and fluorescence, respectively. Images were analyzed and normalized to inappreciable
levels of bioluminescence or fluorescence at the 0H baseline using the Vision M3 software
(Biospace Lab, France).
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3.2

RESULTS

Heme proteins in the collecting duct
While RNA sequencing data revealed that heme-related genes are actively being
transcribed in the intercalated cells, these cells were not known to participate directly in
heme transport mechanisms. Because the intercalated cells make up a very small
percentage of the total population of renal epithelial cells, I had expected heme
transporters to be broadly expressed throughout the kidney. Surprisingly, expression of
the heme importer, HRG1 was strongly expressed by the collecting duct and particularly by
intercalated cells while the heme exporter, FLVCR1 was exclusively located in the
intercalated cells of the collecting duct at baseline (Figure 3.14). In particular, HRG1, which
was also found on the RNA-sequencing list (Table 3.1) and was most prominently
expressed on the basolateral side of cells positive for Pendrin (SLC26A4), which identifies
β-intercalated cells (Figure 3.14), while there was less co-localization with Troma (KRT8),
which identifies principal cells. FLVCR1 was uniquely expressed on the basolateral side of
cells that were negative for AQP2, the principal cell marker, indicating its presence in
intercalated cells (Figure 3.14). These data demonstrated that there is clearly a heme
transport mechanism in the kidney that is specifically localized to the intercalated cells.
The presence of both the heme importer and the exporter on the same basolateral side
remains to be understood in the setting of a regulatory cycle of heme expression. While
importers are classically on the apical side, intercalated cells may be potentially importing
and exporting heme to and from the interstitium and the blood via the basolateral
membrane where we suspect the majority of UPEC will take up residence.
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To determine whether heme is also metabolized in the intercalated cells, I
immunostained for the heme catabolic enzyme, HO1. Like HRG1 and FLVCR1, HO-1 was
also robustly expressed in in the intercalated cells with a weaker presence in the
surrounding proximal tubules (Figure 3.15). However, three hours after injecting a wildtype mouse with hemin, HO1 was much more activated in the proximal tubules while its
presence in the intercalated cells appeared less changed (Figure 3.15). This demonstrated
that the HO1 enzyme in the kidney is actively responding to the addition of its substrate,
heme in the form of hemin, but that intercalated cells can also continuously metabolize
heme. Additionally, BACH1, which transcriptionally represses Hmox1, appeared in some
intercalated and principal cell nuclei at basal states, but not in all, suggesting that
transcriptional regulation by BACH1 may be selective in certain cell types and or turned off
at different time points (Figure 3.16).
While it appears that the intercalated cells can transport and metabolize heme, I
next examined whether they can synthesize their own heme, as suggested by the RNAsequencing data that showed increased expression of transcription factors targeting heme
synthesis during a UTI. Indeed, transcription factors, NPAS2 and BMAL1 were found in the
nucleus of the intercalated cells, but they were also ubiquitously expressed (Figure 3.17).
There was no difference in protein expression by immunofluorescence in UTI kidneys
compared to control (Figure 3.17).
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Heme response gene1 (Hrg1) is a heme importer in
intercalated cells
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Figure 3.14 Heme transporters are expressed in the intercalated cells of the
collecting duct.
HRG1 is expressed in intercalated cells, specifically on the basolateral side of cells positive
for Pendrin (red), which identifies β-intercalated cells, while there was less co-localization
with Troma (red), which identifies principal cells. FLVCR1 was uniquely expressed on the
basolateral side of cells that were negative for AQP2, the principal cell marker, indicating
its presence in intercalated cells (Aqp2, green).
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Heme-oxygenase 1 (Ho1) in the intercalated cells
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Figure 3.15 Heme oxygenase 1 (HO1) is expressed in the intercalated cells.
Heme oxygenase 1 (HO1) is expressed in the intercalated cells, and is induced by the
proximal tubules by hemin injection.

BACH1
AQP2

Figure 3.16 BACH1 is expressed in some nuclei of the collecting duct cells.
BACH1 (violet), which transcriptionally represses HO1, appears in the nucleus of select
collecting duct cells (AQP2+) and in non-collecting duct cells.
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Figure 3.17 Transcription activators of heme synthesis are expressed in the nucleus
of the collecting duct.
White arrows demonstrate nuclear staining of (A) NPAS2 or (B) BMAL1 in the intercalated
cells.
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Heme metabolism is active in the kidney in vivo
After demonstrating that intercalated cells express components of heme transport,
metabolism, and synthesis, I wanted to examine whether these pathways were functional.
Using a transgenic HO1-Luciferase mouse (courtesy of Zhang, Contag et al.)205, I can study
the activity of Hmox1 transcription and heme metabolism in vivo. After introducing
50mg/kg heme arginate into a transgenic HO1-Luc homozygous mouse, followed by
injection of 15mg/kg D-luciferin, Hmox1 was massively induced in the kidneys at 6-12
hours, and expression gradually diminished by 48 hours (Figure 3.18). Hmox1 was also
induced in the liver at 12 hours, but its overwhelming expression in the kidney was
striking, as the kidney has not been previously known to play a major role in heme
metabolism. While bioluminescence can not provide cellular detail, the data demonstrate
transport and metabolism of heme by the kidney.
To determine if the induced heme oxidase was functional I next examined if one of
the heme byproducts, carbon monoxide, could be detected in vivo after introducing heme.
Fortunately, Liu and colleagues recently created a Nile Red-Palladium (Pd)-based
fluorescent 1-Ac probe to detect CO in vivo206,207, and Drs. Landry and Deng and colleagues
at the Columbia Organic Chemistry Collaborative Center were able to synthesize the probe
for me. After injection of 50mg/kg heme arginate into a wild-type mouse, followed by
10μM of the Pd-based probe, CO was detected in the kidneys, as well as in the liver, at 1-3
hours with reduced detection by 24 hours (Figure 3.19). Harvesting the kidneys for ex-vivo
imaging at 12 hours after heme arginate injection, CO appeared to be primarily generated
in cortical regions of the kidney, whereas Hmox1 expression was scattered, but similarly
also localized to the cortex (Figure 3.20). Additionally, in vitro analysis of tissue excised
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from mice and incubated with 1-Ac probe, demonstrated that kidneys, as well as liver, can
produce CO even at basal state (Figure 3.21). Taken together, heme is able to induce Hmox1
expression in the kidneys as well as induce the generation of CO as a product of kidney
metabolism. Understanding the order of events over a time course will still need to be
further explored.
If heme can stimulate the kidney to produce CO via activity of heme metabolism,
then a HO1 inhibitor, such as zinc protoporphyrin (ZnPP) should prevent metabolism and
CO production. ZnPP is formed in trace amounts during heme biosynthesis and can
competitively inhibit HO1 activity in the kidney, liver, and spleen of rats208. To test whether
ZnPP can inhibit the activity of CO production, I adapted Maines protocol208 and injected
three doses of 40μM ZnPP over 24 hours and examined CO production by 1-Ac probe. To be
certain of the specificity of CO production as being stimulated by heme itself and not by any
other ligand, such as another byproduct of heme metabolism, biliverdin, I simultaneously
injected equal molar amounts (63μM) of hemin, biliverdin, and bilirubin, the reduced form
of biliverdin, each in 3 different mice. While I found CO production in the kidney and liver
of the heme injected mouse at 18 hours, CO was not detected in the other ligand-injected
mice over the 18-hour time course (Figure 3.22). This suggests that CO production was
specifically stimulated by heme itself and not by any other byproducts of heme metabolism,
and can also be inhibited with HO1 inhibitor, ZnPP.
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Figure 3.18 Ho1 activity in the kidneys.
Ho1 activity in the kidneys is induced 6-12 hours after heme arginate injection. Ho1-Luc
(homozygous) 8-month old male mouse imaged over 48H after 50mg/kg retro-orbital
injection of heme arginate.
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Figure 3.19 CO is released by the kidneys.
CO is released by the kidneys after heme arginate injection 1-3 hours after heme arginate
injection. 8 week old female mouse imaged over 24H after 50mg/kg retro-orbital injection
of heme arginate.
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Figure 3.20 Ex vivo imaging of kidneys.
Ex vivo imaging of kidneys 12 hours after heme arginate injection. Hmox1 expression and
CO production predominantly localize to the cortical regions of the kidneys.
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Figure 3.21 Carbon monoxide is released by the kidneys and liver.
Carbon monoxide is released by the kidneys and liver 12H after heme arginate injection
(50mg/kg). Kidneys and liver
from Ho1-Luc
(Homozygous)
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male mouse
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Figure 3.22 Carbon monoxide is released by the kidneys after heme arginate
injection.
Carbon monoxide
6His released by the kidneys after heme arginate injection (50mg/kg) at
18H, but not released after injection of another metal protoporphryin (ZnPP) or other
byproducts of HO1 metabolism (biliverdin, bilirubin).
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3.2

SUMMARY AND CONCLUSIONS:
The presence of heme transporters and heme oxygenase in the intercalated cells of

the collecting duct suggested a novel role for these cells in heme regulation. It may be that
UTI upregulates heme import via HRG1 and heme synthesis as evidenced by the induction
of NPAS2 and BMAL which is located in the nuclei of the collecting duct cells. This would
increase heme content of these cells. But in addition the activation of the heme catabolic
enzyme, HO1 in the collecting duct cells and what appears to be diverse expression
patterns of BACH1 in certain nuclei allude to a heme metabolic process that is
transcriptionally regulated in these cells. In fact, expression of Hmox1 and production of
heme metabolic byproduct, CO are actively induced in the kidneys under heme stimulation
in vivo, suggesting that these heme metabolic processes are functional. Further validation
of functional pathways of 1. heme import will have to await our studies with radioactive
hemin added to isolated intercalated cells and observing heme uptake in these cells by
radioautography and 2. further validation of heme synthesize will have to await our
studies with radioactive glycine added to isolated intercalated cells and observing heme
production and export, by extracting cells and supernatants spiked with non radioactive
heme and purifying the heme fraction using paper chromatography or thin layer
chromatography, Nonetheless our data suggest that rapid metabolic flow (both synthesis
and degradation) of heme is induced by UTI.
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SECTION 3.3: Do bacteria prefer heme?
3.3

INTRODUCTION:

Hungry for Iron: Iron and heme acquisition in UPEC
All microbial pathogens, with the exception of a few, such as Borrelia burgdorferi
and Treponema pallidum, require iron (~10-6 M) to support growth. Mammalian cells also
need this essential nutrient, but under physiological conditions, the concentration of iron is
10-8 to 10-9 M, much below the requirement for bacteria209. This has driven a coevolution
between the host-pathogen for iron sequestration and iron defense. Bacteria have adapted
various approaches to obtain iron from their environment as well as create strategies to
circumvent the host’s own iron sequestration and evolved protection mechanisms.
Generally, pathogenic bacteria have three chief tactics in capturing iron209: 1) sequestering
heme and host hemoproteins via secreted hemophores and heme receptors, 2) stealing
transferrin- and lactoferrin-bound iron via secreted siderophores and surface binding
proteins, and 3) direct uptake of free iron via secreted ferric reductases and iron
permeases. Here I will focus on the in-depth iron sequestration and uptake mechanisms of
gram-negative bacteria and highlight the specific strategies and features of uropathogenic
Escherichia coli (UPEC).
Since heme comprises 75% of the mammalian iron pool, it is an especially favorable
target for bacteria. Bacteria’s first line of attack is secreting hemolysins to lyse and liberate
hemoglobin from erythrocytes, thus increasing the availability of heme in their
surrounding. UPEC are well known for secreting α-haemolysin (HlyA), a pore-forming
toxin, which in addition to lysing erythrocytes, can also induce apoptosis of host and
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immune cells to gain deeper access to host nutrients and iron stores210. Upon release from
erythrocytes, free hemoglobin is bound by host haptoglobin and spontaneously dissociated
heme can be scavenged by host hemopexin. Bacteria have also developed their own heme
capture proteins, known as hemophores, that can bind heme as well as extract it from
hemoglobin-haptoglobin and heme-hemopexin complexes. The most well-characterized
hemophore is the HasA-type hemophores of Serratia marcescens, which can bind heme and
hemoproteins and transfer them to a heme receptor, known as Has-R on the bacteria’s
outer membrane for import. While there are no UPEC-specific hemophores to date, UPEC
do secrete hemoglobin protease (Hbp), a member of the SPATE family (serine proteinase
autotransporters of Enterobacteriacae) that can degrade hemoglobin and subsequently
bind to the released heme211, suggesting that it functions like a hemophore.
Present on the outer membranes of all gram-negative bacteria are TonB- dependent
transporters (TBDT) that can bind heme, either directly or following its removal from
hemoproteins. Heme uptake by TBDTs is an energetic process initiated by the interaction
of the Ton B box (N-terminus of the TBDT sequence) with the TonB protein, driven by the
proton motive force captured by the ExbB and ExbD proteins on the cytoplasmic
membrane. Specific to UPEC, ChuA is a 69 kDa TBDT that mediates heme uptake137,212, and
shares more than 99% sequence homology to ShuA, the TBDT specific to Shigella
dysenteriae194. Another distinct heme receptor Hma (79 kDa), has also been identified to
mediate heme uptake in the UPEC strain CFT073, but it functions independently of ChuA136.
While Hma promotes TonB-dependent heme utilization and binds heme with high affinity,
it lacks conserved His residues typically found in other heme receptors. Moreover, Hagan
and Mobley found that CFT073 mutations in hma and in both chuA and hma were unable to
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colonize the kidneys to the levels of wild-type CFT073136. Therefore, they conclude that
UPEC requires heme for kidney colonization, which is in part mediated by hma and chuA.
Once heme is imported into the periplasm, specific ATP-binding cassette (ABC)
transporters (chuTUV in UPEC) transfer it to the cytoplasm. ABC transporters consist of
three main components: (i) a high-affinity substrate-binding protein (SBP) (ChuT in UPEC),
which binds and transports heme through the periplasm, (ii) an associated permease
(ChuU in UPEC), and (iii) two peripheral ATPases for ATP hydrolysis to drive the transport
(ChuV in UPEC). In the bacterial cytoplasm, heme is either incorporated as prosthetic
groups into enzymes or it must be sequestered, degraded, or exported to prevent heme
toxicity. Bacterial heme oxygenases (HO), analogous to mammalian HOs, metabolize heme
into iron, biliverdin, and carbon monoxide213. In pathogenic E. coli, ChuS was described as a
heme oxygenase, using electron donors to catalyze the degradation of heme214,215. ChuX
was demonstrated to bind heme, with an unknown function to date216, and ChuW was
found to be a radical S-adenosylmethionine, oxygen-independent oxidase that liberates
iron from the porphryin ring217. The resulting tetrapyrrole product was shown to be a
substrate for ChuY, an enzyme coexpressed with ChuW in vivo along with the heme uptake
machinery (ChuSTUVWXY), and its putative function is a NADPH oxidoreductase
potentially to reduce a toxic product of heme degradation217.
In addition to heme, bacteria have evolved mechanisms to sequester elemental iron
from their host environments. These are categorized into three main acquisition modes
and not all gram-negative bacteria have all three, but some may have more than one type.
1) On mucosal surfaces, such as the urogenital tract, iron exists primarily bound to
transferrin or to lactoferrin. Gram-negative pathogens have highly specific, cell-surface152

associated transferrin- or lactoferrin-binding proteins (Tbps and Lbps, repsectively). For
example, TbpA and TbpB in uropathogenic Neisseria gonorrhoeae can bind transferrin in
the mucosal surface and remove its bound iron via a TonB-dependent outer membrane
receptor. The subsequent transport of iron from the bacterial outer membrane into
cytoplasm follows the same paradigm starting from TBDT to ABC transporters.
2) Because transferrin- or lactoferrin-bound iron are limiting in the environmental
milieu, bacteria have adapted a universally applicable strategy for iron acquisition. Bacteria
take advantage of the iron chelating capabilities of small-molecule compounds called
siderophores (generally <1 kDa) as high-affinity

218

and high specificity affinity for ferric

iron (Kd=10-20–10-50 M). Most bacterial species synthesize more than one type of
siderophore, such as aerobactin and enterobactin. Aerobactin is a hydroxamate
siderophore that has been associated with E. coli strains isolated from the urines of
patients with UTI.219 Enterobactin (Ent), a siderophore with one of the highest affinities for
ferric iron (10-50), is secreted directly from the cytoplasm of E. coli to the extracellular
space through the TolC complex220.
Enterobactin producing organisms are thus able to outcompete transferrin for iron binding
allowing them to thrive in iron poor conditions such as the plasma and the urine. Bacteria
will use its enterobactin receptor, FepA, to scavenge iron from the host.
Once Ent is loaded with iron, it is recognized by Ent-specific TBDT on the outer
membrane, known as FepA. It is then transported into the periplasm via the ATP-driven
TonB/ExbB/ExbD complex. ABC transporters (FepBCDG in UPEC) transfer it to the
cytoplasm, again following the same paradigm as with heme import: (i) periplasmic
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binding proteins FepB transferring iron to (ii) the associated permeases (FepDG), where
(iii) ATPases (FepC) drive transport into the cytoplasm.
3) In addition to the siderphores, bacteria can also secrete a broad range of
reductases, which reduce ferric iron to ferrous iron in the extracellular space for uptake by
iron permeases. For example, UPEC uses an ATP-driven inner membrane permease system
via FeoAB interaction, with FeoB known to function as the ferrous iron permease221.
In sum, bacteria have evolved multiple acquisition systems to sequester iron and
heme from host environments. This has consequently turned iron into the driver of an
evolutionary competition between bacteria and host.
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3.3

EXPERIMENTAL DESIGN AND METHODS:

Aim and Hypothesis:
Bacteria have evolved a multitude of mechanisms to sequester iron and heme from
their setting, which has sparked a battle between the host and pathogen for iron requisition
and iron protection. Because most iron in host environments exists in the form of heme, it
is no surprise bacteria would develop sophisticated mechanisms to seek and obtain heme,
which they need for growth and survival. Therefore, I hypothesize that changing heme (or
iron) status in the host environment would affect bacterial proliferation as well as their
virulence in host colonization. I also hypothesize that disrupting their conventional
processes in heme capture will also affect their proliferation and virulence. To test this, I
have 1) altered heme or iron availability to bacteria growing in both in vitro and in vivo
environments, and 2) mutated their heme receptors, ChuA and Hma on their outer
membranes, disrupting their heme uptake mechanisms.
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Materials and Methods
Iron Overload Model
Female 8 week old C3H/HeN mice were administered iron dextran (Sigma D8517) (500
mg/kg body weight) one day before UTI. 24 h after UTI, urine, bladder and kidney were
collected and plated for bacterial colony forming unit (CFU) determination.
Iron Deficient Model
Female 8 week old C3H/HeN mice were fed with iron deficient diet (Harlam TD80396) or
normal diet as control for 1 month before UTI. 24 h after UTI, urine and kidney were
collected and plated for bacterial colony forming unit (CFU) determination.
Heme Overload Model
Phenylhydrazine (PHZ, 75mg/kg body weight) was administered (i.p.) to 10 week old
C3H/HeN female mice. After 16h, UTI was performed ( 1.6x10^8CFU/mouse). At 8h after
UTI, urine, bladder and kidney were collected and plated for bacterial colony forming unit
(CFU) determination.
CFT073 WT and Chu;Hma mutant strains
CFT073 WT and Chu;Hma mutant strains were obtained from Matt Mulvey (Utah),
originally obtained from Harry Mobley (UMich)136. Bacteria were grown statically from
frozen stocks in 20 mL LB broth 37°C. After 24 hours, ~20 uL of sub-culture were
resuspending into fresh 20 mL LB broth and incubated for another 24 hours. The bacteria
were then pelleted from the 20 mL cultures for 8 min at 8Kr.c.f., pellet, resuspended into 8
mL PBS and diluted 1:10 in PBS to give about 1X107 CFU in 50 μL. Kanamycin was used for
Chu;Hma mutant strain selection.
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Incubation of CFT073 WT and Chu;Hma mutant strains with compounds
Wt CFT073 (1x107 CFU/well) or its mutant derivative, Chu;Hma (0.8x107 CFU/well) were
incubated with 1 or 2 μM of hemin, Zn-protoporphyrin, biliverdin, bilirubin, or with carrier
buffer (PBSl:PBS plus 1:5000 dilution of DMSO) in M9 medium at 37°C for 20 h with
shaking in a Tecan infinite 200 microplate reader. OD600nm was recorded every 10 min
(n=3). Differences in bacterial growth were analyzed by the Mann-Whitney test.
Hemin, Zinc protoporphyrin, Biliverdin, Bilirubin
Hemin, zinc protoporphyrin, biliverdin, and bilirubin were prepared by diluting 5mg of
each compound in 100μL of 0.1N NaOH mixed thoroughly followed by addition of 100μL of
molecular grade water for 5mg/200μL. 1:10 dilution with PBS yielded 2.5mg/mL of
compound. For in vitro studies, 2.5mg/mL was further diluted 1:200 with PBS to yield
125μg/mL.
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3.3

RESULTS:

Iron and heme promote bacterial growth in vivo
While it has been well established that bacteria require iron for survival, to evaluate
whether bacterial growth and colonization in vivo are affected by systemic levels of iron or
heme, mice were either iron overloaded with 500mg/kg dose of iron dextran or placed on
an iron-deficient diet for 4 weeks prior to a UTI. An analysis of the urine and bladder after
24 hours of UPEC infection resulted in significantly higher CFU counts in iron overloaded
mice than in their control siblings (Figure 3.23A). Conversely, urinary CFU counts were
significantly lower in iron-deficient mice than in their control siblings fed an iron sufficient
diet (Figure 3.23B). However, CFU counts in the kidney were higher in iron-deficient mice,
which was unexpected and suggested that bacteria utilized other mechanisms in the kidney
to overcome or compensate for lack of iron. Nevertheless, this suggests that iron status
does have an effect on the ability of UPEC to colonize the urinary tract. In comparison to
iron load, when mice were treated with phenylhydrazine (PHZ), an agent that induces
hemolysis and therefore causes heme overload, there appeared to be no difference in CFUs
in the urine or bladder, but there was a significant increase in the amount of CFUs in the
kidneys of PHZ-treated mice (Figure 3.24). In sum the iron environment of the kidney
affects bacterial growth; heme appears to specifically affect bacterial growth in the upper
urinary tract (kidneys) rather than in the bladder. Perhaps bacteria localized to the kidney
are more affected by heme rather than elemental iron levels.
Furthermore, when expression of heme genes were analyzed in the kidney RNA
from these PHZ-treated mice with or without UPEC infection, Hmox1 (heme degradation
enzyme), Hp (haptoglobin), and Hrg1 (heme importer) were all upregulated in UTI after
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PHZ-treatment, indicating that there is considerable heme metabolism and transport
stimulated by heme overload during an infection (Figure 3.25). However, transcription
factors activating heme synthesis, Npas2, Arntl (BMAL1), that we previously found
upregulated during a UTI, were in fact downregulated upon PHZ-treatment, which was
expected as heme synthesis should be depressed during a state of heme overload (Figure
3.25).
To test whether the converse is true, whether bacteria can increase iron in the
urinary space, we inoculated mice with UPEC and collected urine over a 36-hour time
course. Indeed, iron levels were elevated in the urine, peaking at 8 hours, a time point at
which we believe induces the most response from the kidney (Figure 3.26). Iron levels also
correlated relatively with CFU in both kidney and bladder. Increased iron in the urine
suggests that bacteria are actively pilfering the environment for iron and inducing the host
to release it into the urine to enhance accessibility. Additionally, haptoglobin in the urine
was also increased at 24 hours (Figure 3.26), potentially suggesting that more hemoglobin
might also be present.
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Figure 3.23 Changing iron status in mouse before urinary tract infection.
Iron overload increased bacterial growth in urine and kidney, whereas iron deficiency
decreased bacterial growth only in urine. n=10 for iron overload model; n=5 for iron
deficient model. Significance was reached in each comparison.
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Figure 3.24 Changing heme status with phenylhydrazine (PHZ).
Heme overload prior to UPEC infection increased bacterial colonization in the kidney
(p=0.037), with no change in CFU observed in the bladder or urine. n=8.
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Iron and haptoglobin levels are elevated in the urine after UTI, compared to levels before
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kidney and bladder are shown for reference.
Bacteria feast on all forms of iron
To further assess whether our UPEC clones prefer one form of iron, CFT073 bacteria
were grown in PBS with increasing doses of ferrous iron (Fe2+), ferric iron (Fe3+), or heme.
Not surprisingly, beginning at 5 hours, bacteria cultured with any of the three forms of iron
exhibited increased growth, with Fe3+ in the lead, than those in PBS without any iron
(Figure 3.27). Ferric iron may demonstrate superior growth due to the specificity of
siderophores to the ferric form of iron.
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Types of Iron – Fe3+; Fe2+; Heme3+

Types of Iron – Fe3+; Fe2+; Heme3+

Figure 3.27 All forms of iron increased bacterial growth.
Addition of increasing doses of ferrous iron (Fe2+), ferric iron (Fe3+), or heme in PBS
increased CFT073 bacterial growth, compared to PBS alone (grey curve).
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CFT073 WT outcompetes Chu;Hma mutants
However, when we compared CFT073 WT with its mutant derivative without ChuA
and Hma receptors, we found CFT073 WT outcompeted the Chu;Hma mutant when
stimulated with 1 or 2 μM of Hemin, which was dose responsive for the WT strain (Figure
3.28). Using another metal protoporphryin (ZnPP), we found that growth was inhibited in
the WT strain, but not the mutant strain, suggesting that ZnPP may be toxic to bacteria, but
the mutant was resistant, potentially due an adaptation to other sources of nutrients (such
as Zn) due to its inability to capture heme (Figure 3.29A). However, the effect of ZnPP was
overcome when both hemin and ZnPP were incubated together with the bacteria,
reminiscent of hemin-induced pattern of growth (Figure 3.29B). To test whether the effect
of hemin on bacterial growth is specific to hemin, we incubated heme metabolic byproduct,
biliverdin, and its reduced form, bilirubin, with bacteria and found no effect of these
compounds (Figure 30). This suggests that bacteria specifically seek out the heme nutrient
and have mechanisms for heme uptake.
To test the CFT073 WT and mutant competitive colonization in vivo, we inoculated
both bacteria simultaneously in mice and following 8 hours post UTI, CFUs were analyzed
in the kidney, bladder, and urine. We found that in the kidney, CFT073 WT have a higher
competitive index than their mutant derivatives without the heme uptake receptors Chu
and Hma (Figure 31), suggesting that heme acquisition is essential for bacterial kidney
colonization specifically in the kidney.
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Figure 3.28 Hemin promotes more growth of CFT073 wt than of Chu;Hma mutant.
Wt CFT073 (1x107 CFU/well) or its mutant derivative, Chu;Hma (0.8x107 CFU/well) were
incubated with 1 or 2 μM of Hemin or carrier (PBSl:PBS plus 1:5000 dilution of DMSO) in
M9 medium at 37°C for 20 h with shaking in a Tecan infinite 200 microplate reader.
OD600nm was recorded every 10 min (n=3). The difference of growth between CFT073 wt
and Chu;Hma in the presence of 1 μM and 2 μM of Hemin is significant (Mann-Whitney test
P<0.0001, and p=0.0003, respectively).
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Figure 3.29 Zn-protoporphyrin inhibits the growth of CFT073 wt but not of Chu;Hma.
A. Wt CFT073 (1x107 CFU/well) or its mutant derivative, Chu;Hma (0.8x107 CFU/well)
were incubated with 1 or 2 μM of Zn-protoporphyrin or carrier (PBSl:PBS plus 1:5000
dilution of DMSO) in M9 medium at 37°C for 20 h with shaking in a Tecan infinite 200
microplate reader. OD600nm was recorded every 10 min (n=3). Mann-Whitney test
p<0.0001 for CFT 073 wt + PBSl vs CFT073 wt +1uM or 2 uM Znp. B. Dominance of
Hemin over Zn-protoporphyrin. Wt CFT073 (1x107 CFU/well) or its mutant derivative,
Chu;Hma (0.8x107 CFU/well) were incubated with 1 or 2 μM of Zn-protoporphyrin and 1
or 2 μM Hemin or carrier (PBSl:PBS plus 1:5000 dilution of DMSO) in M9 medium at 37°C
for 20 h with shaking in a Tecan infinite 200 microplate reader. OD600nm was recorded
every 10 min (n=3).
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Figure 3.30 Biliverdin has no effect on UPEC growth in vitro.
A. Wt CFT073 (1x107 CFU/well) or its mutant derivative, Chu;Hma (0.8x107 CFU/well)
were incubated with 1 or 2 μM of biliverdin or carrier (PBSl:PBS plus 1:5000 dilution of
DMSO) in M9 medium at 37°C for 20 h with shaking in a Tecan infinite 200 microplate
reader. OD600nm was recorded every 10 min (n=3). B. Bilirubin slightly suppresses
UPEC growth in vitro. Wt CFT073 (1x107 CFU/well) or its mutant derivative, Chu;Hma
(0.8x107 CFU/well) were incubated with 1 or 2 μM of bilirubin or carrier (PBSh:PBS plus
1:250 dilution of DMSO) in M9 medium at 37°C for 20 h with shaking in a Tecan infinite
200 microplate reader. OD600nm was recorded every 10 min (n=3). High concentration of
bilirubin (2 μM) suppresses both wt and mutant UPEC, while 1 μM of bilirubin only inhibits
Chu;Hma but not the wt (Mann-Whitney test P<0.0001 for all cases of inhibition).

167

Competitive Index

10

1

0.1

U

rin

e

y
ne
id
K

B

la

dd

er

0.01

Figure 3.31 CFT073 WT has a higher competitive index in the kidney than Chu;Hma.
CFT073 WT has a higher competitive index in the kidney than its mutant Chu;Hma
derivative, which lacks heme receptors, Hma and ChuA. There were no differences seen in
bladder or urine. n=8.

168

3.3

SUMMARY AND CONCLUSIONS:
In conclusion, we confirm that UPEC require iron to promote growth, but when it

comes to the infection of the kidney, bacteria prefer heme. We show that iron associated
with heme was the key nutrient since heme metabolic byproduct biliverdin and its reduced
form, bilirubin exhibited no effect on bacterial growth, suggesting bacteria requirement for
growth is specific to hemin. In addition, adding another metal protoporphyrin, Zn-PP
inhibited UPEC growth, suggesting that Fe2+ metal in heme and that Zn-PP may have toxic
effects on bacteria – perhaps acting as a HO1 inhibitor, and potentially preventing heme
metabolism. Finally, we show that ChuA and Hma heme receptors are critical for growth in
vivo in the setting of heme iron, and for kidney colonization suggesting that ChuA and Hma
are not only important to bacterial fitness, but could be potential virulence factors. Wild
type bacteria outcompeted ChuA and Hama mutants for colonization. Consequently, UPEC
prefer heme and conversely ChuA and Hma mutants are resistant to Zn-PP, potentially due
to the mutants’ adaptation to nonheme sources of nutrients for survival. Taken together, a
hierarchy of iron species are required for pyelonephritis.
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SECTION 3.4: The tug of war for heme: Do bacteria and cells of the
collecting duct interact via a heme-signaling pathway?

3.4

INTRODUCTION:

Carbon monoxide as a signaling molecule
Carbon monoxide (CO) is often considered an environmental toxicant because it can
displace oxygen and bind with high affinity to hemoglobin, forming carboxyhemoglobin
(HbCO), thereby preventing delivery of oxygen to tissues. However, CO is also generated
endogenously in mammals as a by-product of heme breakdown, catalyzed by heme
oxygenase (Ho1). CO acts as a gasotransmitter and signaling molecule with antiinflammatory, anti-apoptotic, and vasodilatory effects222,223. CO may act as an antimicrobial
agent222,224. CO-releasing molecules (CO-RMs) that deliver CO can suppress the growth a
variety of bacterial species such as Escherichia coli, Staphylococcus aureus224, and
Pseudomonas aeruginosa225. While exact mechanisms are still being studied, CO was found
to inhibit aerobic respiration in the bacteria by binding to terminal oxidases226. It was also
found to alter expression of bacterial iron acquisition genes and increase siderophore
production226. Additionally, CO also can also cause the bacteria to release ATP, which binds
to purinergic receptors on macrophages, leading to activation of inflammatory
pathways.227
UPEC appear to attach to intercalated cells (IC)97 and induce

transcriptional

upregulation of several heme-synthetic, import and metabolic genes, suggesting that the
cycling of heme and the generation of CO is a plausible antimicrobial response.
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To test this hypothesis, I measured the levels of endogenous CO generated by these
cells in vitro and in vivo, by using primary purified intercalated cells and by using a mouse
model of UPEC infection, respectively. Conventional methods of CO detection include gas
chromatography228, absorption spectroscopy229, and electronic methods230, but they are
not suitable to detect the synthesis of endogenous CO from specific cells. Recent reports of
CO fluorescent probes that employ Palladium (Pd)-contained complexes with high affinity
for CO, pioneered by Michel et al.231, have been successfully applied to detect CO in the
living mouse by Liu and colleagues207. The Pd-based probe relies on the ability of CO to
bind to the Pd-complex, releasing its metal and emitting fluorescence, a signal that would
otherwise be quenched by the bound metal207. This new probe would allow us to measure
endogenous CO produced by the intercalated cells and to better understand the response of
these cells to bacterial infection.
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3.4

EXPERIMENTAL DESIGN AND METHODS:

Aim and Hypothesis:
Do bacteria and cells of the collecting duct interact via a heme-signaling pathway?
A heme transport machinery is functional in the collecting duct. At the same time
bacteria seek heme iron for growth and colonization of the kidney, producing a potential
competition between bacteria and mammalian cells for heme. Because both collecting duct
cells and bacterial cells can import and metabolize heme via heme oxygenase, the
competition could play out not only at the level of heme capture and sequestration but also
via signaling by the heme byproduct, carbon monoxide.
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Materials and Methods
ROSAnT-nG two-color fluorescent Hoxb7 Cre Reporter Mouse Generation
ROSAnT-nG two-color fluorescent Hoxb7Cre reporter mice were generated by breeding
ROSAnT-nG mice with Hoxb7Cre mice. This reporter mouse labels Cre-activated collecting
duct cells with green fluorescent protein (GFP) and every other cell in the body, including
kidney cells, with red fluorescent protein (Tomato). For CO in vitro studies, reporter mice
were injected with hemin 12 hours prior to sacrifice.
Isolation of live collecting duct cells
Kidneys from ROSAnT-nG Hoxb7Cre reporter mice were harvested and digested using Multi
Tissue Dissociation Kit 2 (Miltenyi Biotec). Quartered tissues were incubated in Buffer X,
Buffer Y, Enzyme P, Enzyme D, and Enzyme A and dissociated in C Tube with gentleMACS
Dissociator (Miltenyi Biotec) for 30 minutes at 37°C. Tissue homogenate was spun at 800g
for 10 minutes to pellet cells, which were then resuspended in DMEM and filtered through
100μM and 40μM cell strainers. Live cell dye, Calcein Violet AM (ThermoFisher C34858)
250mM/mL was added to the final single cell suspension. BD FACS Aria II Cell Sorter
(Columbia University Flow Cytometry Core) was used for fluorescence activated cell
sorting (FACS) of live collecting duct cells (double positive for calceinAM+ and GFP+) and of
all other live kidney cells (double positive for calceinAM+; Tomato+).
CO production from collecting duct cells and bacterial cells
Approximately 2.5 x 105 collecting duct cells and 2.5 x 105 of all other live kidney cells from
ROSAnT-nG mice; Hoxb7Cre mice (pretreated with 50mg/kg hemin for 12 hours) were
incubated with 5μM A-1c probe in PBS Assay Buffer in black 96-well plates with clear
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bottoms. For bacterial cells, approximately 1 x 1010 uropathogenic E. coli cells (pretreated
with different concentrations of hemin for 12 hours) were incubated with 5μM A-1c probe
in M9 medium in black 96-well plates with clear bottoms. Fluorescence (λex = 580 nm; λem
= 660 nm) for CO production was measured over a time course using Biotek Gen5
microplate reader.
Exogenous carbon monoxide exposure to bacteria
Wt CFT073 or its mutant derivative, Chu;Hma were grown in M9 media. 5μL of the 6th
dilution was spotted in sextuplicates on LB agar plates or on Chrome azurol S plates
(Louden et al, 2011). They were incubated immediately at room temperature in 250 ppm
CO at the flow rate of 2 L/min or in room air for 32 h. They were then additionally
incubated for 10h at RT in room air before analysis.
Exogenous carbon monoxide exposure to mice
Mice infected with uropathogenic E. coli were either placed in a chamber with a flow rate of
2 L/min of 250 ppm CO or in a chamber with a flow rate of 2L/min of air mixture for 3
hours. Uninfected mice were placed in different chambers with the same CO or air mixture
set up. All groups of mice were then taken out of the chambers and returned to their cages
for 5 hours before their sacrifice at the 8 hour time point. Kidneys were harvested and total
RNA were isolated for qPCR analysis of heme-related genes.
Hemin, Zinc protoporphyrin, Biliverdin, Bilirubin
Hemin, zinc protoporphyrin, biliverdin, and bilirubin were prepared by diluting 5mg of
each compound in 100μL of 0.1N NaOH mixed thoroughly followed by addition of 100μL of
molecular grade water for 5mg/200μL. 1:10 dilution with PBS yielded 2.5mg/mL of
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compound. For in vitro studies, 2.5mg/mL was further diluted 1:20 with PBS to yield
125μg/mL.
PBS Assay Buffer
PBS Assay Buffer was prepared by dissolving 1.8mM CaCl, 0.8mM MgSO4 5mM KCl, 1mM
Na pyruvate, and 1.1g/L glucose in phosphate buffered saline (PBS).
CORM A-1 and SNP
CORM A-1 (Sigma Aldrich SML0315) and sodium nitroprusside (SNP) dihydrate (Sigma
Aldrich 71778) stock solutions of 1mM were prepared for in vitro assay.
Carbon Monoxide Probe (1-Ac)
Nile Red-Palladium (Pd)-based fluorescent Carbon Monoxide Probe (1-Ac) was developed
by K. Liu et al. Nat Protocols 2018206 for both in vitro and in vivo applications. Probe was
synthesized by S. Deng and colleagues from the Columbia Organic Chemistry Collaborative
Center with final concentration of the probe dissolved in DMSO. 2-10μM of probe dissolved
in culture medium were used for in vitro studies.
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3.4

RESULTS:

UPEC cells and collecting duct cells generate CO
To validate the sensitivity of the Pd-based 1-Ac probe in detecting CO gas, I
incubated the probe with increasing doses of Carbon Monoxide Releasing Molecule
(CORM)-A1. Not only did CORM-A1 induce dose-dependent fluorescent signals (Figure
3.32), but the probe itself was sensitive enough to detect CO at our lowest dose of 1μM of
CORM-A1 (Figure 3.32). To validate the specificity of the probe in detecting CO, I incubated
the probe with increasing doses of sodium nitroprusside (SNP), a molecule that releases
nitric oxide (NO), another diatomic gas. In contrast to CORM-A1, SNP did not induce
significant fluorescent signals when incubated with the probe (Figure 3.32). This data
revealed that the Pd-based 1-Ac probe is both sensitive and specific to detect CO gas in
vitro.
Dulbecco's Modified Eagle Medium (DMEM) with high glucose and no phenol red
was chosen as the medium to test probe specificity and sensitivity because it is the optimal
medium to support cell survival when assaying isolated kidney cells. However, addition of
probe alone in DMEM resulted in CO production over time, that increased with the addition
of hemin (Figure 3.33). This may be caused by interactions with one or several of the
vitamins present in DMEM, one of which is riboflavin, that has been known to increase CO
production232. In contrast, neither probe alone nor addition of heme in M9 medium, which
is a minimal microbial medium containing only salts and nitrogen, resulted in CO
production (Figure 3.33). While this provided assurance that M9 could be used with the
probe to measure CO production by UPEC, DMEM would not be ideal. Instead we prepared
“PBS Assay Buffer,” suitable for the maintenance of cellular survival while limiting the
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interaction of medium with probe and heme in generating CO. PBS Assay Buffer consisted
of low glucose and pyruvate, Ca and Mg and minimal salts in phosphate buffered saline
(PBS). Indeed, cell survival was maintained in the PBS Assay Buffer while the addition of
probe and heme to the medium did not generate any background CO production (Figure
3.33).
To examine whether bacteria are able to generate CO, UPEC strain CFT073 was
incubated with increasing doses of hemin for 12 hours to stimulate HO1 activity before
analysis using the A-1c probe. Fluorescence, indicating the amount of CO, was measured
over a time course. Indeed, CFT073 bacteria were able to generate CO, which increased
with heme incubation (Figure 3.34), indicating that bacteria were able to import and
metabolize the heme added to the M9 medium. However, incubation with the lowest dose
of heme at 2.5μM produced the greatest amount of increase in CO, followed by 5μM and
then 10μM. This inverse dose response could be due to the toxicity of heme when present
in excess.
I next examined whether intercalated cells were also able to generate CO by using a
ROSAnT-nG two-color fluorescent; Hoxb7-Cre reporter mouse that labels Cre-activated
collecting duct cells with green fluorescent protein (GFP) and every other cell in the body
with red fluorescent protein (Tomato). To stimulate HO1 activity, the reporter mouse was
injected with hemin 12 hours before sacrifice. The kidneys were then perfused and
harvested for single cell dissociation, followed by fluorescence-activated cell sorting into
GFP+ and Tomato+ cells. These cells were incubated with A-1c probe in PBS Assay Buffer
and fluorescence was measured over a time course. Certainly, both the collecting duct GFP+
cells and all other kidney cell types (Tomato+) generated CO over time, reaching a plateau
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by 3 hours (Figure 3.35). Tomato+ cells most likely included cells of the proximal tubule,
which comprises the majority of kidney epithelial cells and expresses HO1 when stimulated
by heme. Sorted Tomato+ cells might have also contained erythrocytes that were not
completely removed by perfusion and thus might have contributed some heme that
increased CO production in the analysis. Nevertheless, this data provided evidence that the
collecting duct cells were able to produce CO when stimulated with heme.
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Figure 3.32 Specificity and sensitivity of probe to CO.
Pd-based 1-Ac probe produces a dose-response to the addition of increasing
concentrations of carbon monoxide releasing molecule (CORM)-A1, but does not respond
to the addition of increasing concentrations of sodium nitroprusside (SNP).
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Interaction of Probe + Heme in DMEM releases CO,
but does not in M9 or PBS Assay Buffer
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Figure 3.33 Interaction of probe + heme in DMEM releases CO.
Interaction of Pd-based 1-Ac Probe + Heme in DMEM releases CO, but the mixture does not
release CO in M9 or PBS Assay Buffer.
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Figure 3.35 Kidney cells produce CO when stimulated with heme.

FACS isolated kidney
cells 12H after 50mg/kg
heme injection

Approximately 2.5 x 105 collecting duct cells (GFP+) and 2.5 x 105 of all other live kidney
cells (Tomato+) from ROSAnT-nG ;Hoxb7Cre mice (pretreated with 50mg/kg hemin for 12
hours) were incubated with 5μM A-1c probe in PBS Assay Buffer.
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CO inhibits UPEC growth in vitro
To test the effect of CO on UPEC growth, CFT073 wt or Chu;Hma mutants were
grown in M9 media and spotted in sextuplicates on LB agar plates. After allowing initial
growth on the plates, the colonies were placed in a chamber with a constant flow rate of
250 ppm CO or left in room air at room temperature for 24 hours before transferring them
to 37°C for 16 hours of additional incubation. While there was no difference in the number
of CFUs between the bacteria incubated in CO and in air, there was a noticeable difference
in colony size between the two (Figure 3.36). After measuring the size of each colony,
expressed as arbitrary units, there was a significant decrease in colony size in both COexposed CFT073 wt and CO-exposed Chu;Hma mutant bacteria, compared to their colony
size at room air (Figure 3.36). There was no difference seen between the wt and mutant
bacteria. The experiment was repeated a second time by transferring plates to 250 ppm CO
immediately after spotting for 32 hours followed by an additional 10 hours at room air and
temperature. While there was still no difference in growth between the wt and mutant
bacteria, now there was a striking difference in colony number and size between COexposed and air-exposed bacteria (Figure 3.37). Whereas air-exposed colonies were clearly
apparent, CO-exposed colonies were barely discernible. This suggests that CO inhibits
UPEC growth in vitro, consistent with previous findings by other groups.
Next, to examine whether the effect of CO was due to the loss of bacterial
siderophore production, CFT073 wt or Chu;Hma mutant were grown in M9 media and
were plated on Chrome azurol S (CAS) plates233, which contain compounds that form
complexes with ferric iron to produce a blue color. In the presence of siderophores, which
remove iron from the dye complex, the blue color changes to orange. Following the same
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protocol as the previous experiment, the bacteria on the CAS plates were immediately
exposed to 250 ppm CO or to air at room temperature for 32 hours followed by an
additional 10 hours at room air and temperature. Both types of bacteria failed to grow in
the CO atmosphere, but in room air, it appeared that Chu;Hma mutant generated more
siderophores than the CFT073 wt (Figure 3.38). This suggested that CO inhibited bacterial
growth at least in part by affecting siderophore production. Perhaps Chu;Hma mutant
lacking heme receptors upregulate siderophore production.
Finally, to test the effect of CO on heme regulation in the kidney, mice were
inoculated with UPEC and treated with exogenous CO for 3 hours before analysis at the 8
hour time point after UTI. Kidney RNA was isolated and expression for heme related genes
were analyzed in these kidneys. Interestingly, CO dampened the heme response during an
infection. These genes include Npas2, Bmal1, and Alas1, and Hp (Figure 3.39), which were
previously found to be induced during a UTI. Downregulation of these genes suggest that
CO might be signalling to the kidney to discontinue heme synthesis, as an attempt to
protect itself from bacteria that might want the cells to make more heme for their own
benefit.
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Figure 3.36 CO inhibits UPEC growth in vitro.
Wt CFT073 or its mutant derivative, Chu;Hma were grown in M9 media. 5μL of the 6th
dilution was spotted in sextuplicates on LB agar plates and incubated immediately at room
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Wt CFT073 or its mutant derivative, Chu;Hma were grown in M9 media and 100μL of
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immediately at room temperature in 250 ppm CO at the flow rate of 2 L/min or in room air
for 32 h. They were incubated at RT for an additional 10h in room air before analysis. Note
that the Chu;Hma mutant produces more siderophores than CFT073 wt.
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Figure 3.39 CO dampens the UTI/heme response.
Npas2, Bmal1, Alas1, and Hp are decreased by CO treatment after UPEC infection. Mice
infected with uropathogenic E. coli were either placed in a chamber with a flow rate of 2
L/min of 250 ppm CO or in a chamber with a flow rate of 2L/min of air mixture for 3 hours.
Uninfected mice were placed in different chambers with the same CO or air mixture set up.
All groups of mice (n=2 per group), were then taken out of the chambers and returned to
their cages for 5 hours before their sacrifice at the 8 hour time point. Kidneys were
harvested and total RNA were isolated for qPCR analysis of heme-related genes.
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3.4

SUMMARY AND DISCUSSION:

Battle for heme via CO-signaling?
Bacteria require iron for host colonization. They generate siderophores to obtain
iron from their environment and are also equipped with heme transporters. During a
urinary tract infection, genes regulating heme synthesis, metabolism, and transport are
acutely modulated in the intercalated cells of the kidney, which have the major components
of a functioning heme transport and metabolic pathway. Heme stimulates intercalated cells
and proximal tubule cells to produce carbon monoxide. Heme also stimulates bacterial cells
to generate carbon monoxide as a byproduct of its own metabolism. Carbon monoxide in
turn inhibits bacterial growth in vitro, while dampening the activation of heme synthesis in
the kidney in response to a urinary tract infection. Could carbon monoxide be a transient
and self-limiting mode of communication and signaling between the collecting duct and
bacterial cells? If bacteria are scouting the host environment for heme, could the
intercalated cells respond by protecting their heme and iron stores? In fact, we observed
that the intercalated cells become loaded with the iron storage protein, ferritin during a
UTI. Or alternatively, could it be that bacteria are able to hijack the intercalated cells and
manipulate the cell’s heme synthesis and transport system for their own advantage? In fact,
UPEC bacteria secrete α-hemolysin, which causes hemolysis, releasing heme from
hemoglobin. The urine is known to contain >500,000 RBC per day (Addis count)234,235,
potentially providing a source of heme for bacteria and intercalated cells.

A third

possibility brings together all of our data and that is that the intercalated cells both
synthesize and degrade heme in a timed sequence in response to UTI and this turnover
produces CO.
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In sum, in one scenario, increasing heme uptake from the interstitium via HRG1
limits heme availability for bacteria. The heme can then be metabolized into Fe2+, which is
stored in ferritin, perhaps protected from intracellular bacteria. In a second case, the
process of synthesis and degradation of heme results in a metabolic product, carbon
monoxide which can diffuse out of the cell, killing the surrounding extracellular bacteria. In
the third scenario, bacteria activate heme synthesis for their own nutrient needs,
eventually exhausting heme or iron reservoirs in the cell, causing heme import and heme
synthesis to be upregulated via relief of the inhibition of NPAS2-BMAL1-Heme-CO feedback
and relief of inhibition by the heme-ALAS1 feedback loop. Imported or synthesized heme is
then metabolized into Fe2+, which becomes stored in ferritin to supply iron for additional
rounds of heme synthesis. Eventually as heme accumulate, CO is produced, inhibiting
NPAS2-BMAL1 and restarting the cycle. The image below details these ideas (Figure 3.40).
Our analysis is further complicated by the fact that bacteria are found in all three
compartments—lumen-cell-interstitium – at least at the point of my observation, forcing
our models to be applied one at a time to each location separately, although the following
experiments should have predictable outcomes. I use Hmox1 knockout to demonstrate the
type of predictions that would be possible:
(a) If bacteria were found intracellularly in the cytoplasm of the intercalated cell,
then Ho1 knockout would be expected to supply more heme but less CO, stimulating the
growth of the UPEC. The increased bacterial counts associated with the cells would reach a
plateau however, because if the infection prompted NPAS2-BMAL1 to synthesize heme
without the subsequent metabolism by Ho1, then the accumulation of heme may limit
further increases in UPEC colonization by toxicity or by affecting iron cycling. The
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accumulation of heme should de-repress Bach1 leading to an increase in ferroportin
expression and iron exit from the cell. In addition, the accumulation of heme would prevent
ALAS1 from entering mitochondria, effectively shutting down further heme synthesis.
Consequently, Ho1 knockout may produce a self-limited increases in cellular CFU.
(b) If bacteria were found in the interstitium, then the HO1 knockout would also be
expected to supply more heme via the exporter FLVCR1, as well as less CO, stimulating the
growth of the UPEC. To test this notion further I might obtain a knockout of FLVCR1 from
Dr. J. Abkowitz, which would be expected to support the intracellular growth of UPEC, but
unlike the HO1 deletion, would limit cellular counts in the interstitium because of a failure
to export heme.
(c). In contrast to intracellular or interstitial growth of bacteria, luminal bacteria
would be subject to HO1 deletion primarily as a result of changes in the production of CO
that may diffuse into the urine, rather than obvious changes in heme and iron content. We
found that heme importers are basolateral, heme exporters are basolateral, and iron
exporters are basolateral—none faced the lumen of the collecting duct, suggesting that
heme transporters only modify the basolateral fluid. This finding is consistent with notion
that the apical surface is specialized to secrete H+ (which inhibits UPEC growth) and is
potentially ‘sealed’ with uroplakin, albeit we identified only 1 of 4 components of
uroplakin. In sum, while the luminal side is the site of entry of bacteria, the basolateral side
of intercalated cells is predicted to be responsible for nutrient regulation.
(d) Finally it should be noted that I have only preliminary data on the location of
iron and heme transporters to alpha or beta cells. Examination of their precise location is
critical to make sure my proposed physiological pathways in UTI are colocalized. The
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localization of transporters is also critical to their function. For example, while my work is
incomplete, it appears that HRG1 is located on the basolateral surface of β-intercalated
cells. The basolateral surface also contains proton pumps facing the interstitium and
located in endosomes. Because HRG1 is predicted to be a H+:Heme symporter, the
basolateral membrane and submembrane vesicles would absorb heme. Consequently,
mapping to the different cell types of the collecting duct is mandatory to finish a map of a
heme mediated defense.
In short, understanding the timing and spatial patterning of heme trafficking and
carbon monoxide signaling between the cell and bacteria warrants further investigation
and opens many new ideas of iron homeostasis and immune regulation. Additionally, due
to the multi-leveled transcriptional regulation of heme synthesis and metabolism, involving
the circadian rhythm, determining which event is first triggered by bacterial infection
requires an analysis of heme pathways over a time-course.
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Future Experiments
Many additional analyses will help to solidify the concept that heme recycling in the
intercalated cells is a central feature of pyelonephritis. However, a few of these
experiments take priority.
To determine which pathway in the intercalated cells bacteria trigger first: heme
synthesis or heme degradation, or perhaps both contemporaneously, I will analyze
expression of genes involved in both pathways in the mouse kidney over a 48-hour time
course following UPEC infection, compared to the production of CO. Immunostaining for
ALAS1, the rate-limiting step of heme synthesis, will help determine when the kidney is
synthesizing heme during the infection. Moreover, the kinetics of heme synthesis can be
determined in intercalated cells isolated from infected and non-infected mice using

14C-

glycine followed by heme purification and detection by thin-layer-chromatography; the
kinetics of heme uptake can be determined with

55Fe-Heme

testing the hypothesis that

both metabolic events are activated by infection.
I will also immunostain for metabolic regulatory transcription factors, BACH1 and
NRF2 and examine their localization in the nucleus where they serve as inhibitors or
activators or in the cytoplasm where they are inactive. To visualize heme metabolism in
vivo, I will follow Hmox1 expression in the kidney with the Hmox1-Luc mouse over a 48hour time course after UPEC infection. Concurrently, with the A-1c probe, I will also follow
CO production over the same time course. As a standard measure for my analysis, I will
overload a control mouse with heme and follow Hmox1 expression and CO production
(which I have already completed), as well as BACH1 and NRF1 nuclear staining, and ALAS1
immunostaining over time, expecting the latter to change location with heme loading.
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These data, along with immunstaining for FTH1 (elevated in iron overload) and NDRG1
(elevated in iron-deficiency) during an infection will further help resolve whether a UTI
produces primary synthesis/loading with heme or primary heme catabolism at different
time points after the infection.
Finally, to assess whether heme metabolism in the intercalated cells is essential in
the defense of the kidney against bacterial infection, I will infect Ho1fl/fl; Atp6v1b1-Cre mice
(Ho1-knockout in the intercalated cells) and Ho1fl/+; Atp6v1b1-Cre mice (Ho1-wildtype in
the intercalated cells) with UPEC and examine 1) CFU counts in the kidney, bladder, and
urine, 2) presence/localization of UPEC in the collecting duct via immunostaining and 3)
presence/localization of heme transporters and regulators of heme metabolism and
synthesis.
Because HO has multiple functions in the our proposed models (both destroying
heme but also generating CO and Fe) our knockout experiments would be best interpreted
alongside of interventions that directly quench CO. For example if a CO scavenger, a
molecule or protein could be delivered to the collecting duct, then we might be able to
directly test the role of CO in bacteriostasis. Recently, a modified form of neuroglobin has
been created by the Gladwin Lab (UPMC) that binds CO with 1000 fold higher affinity than
globin, and this small protein is found in the urine after injection into mice. Perhaps
treating with neuroglobin could chelate CO in the collecting duct and hence remove it from
active duty in immune defense and circadian rhythms. Perhaps this CO sink would enhance
bacterial growth, which could be reproduced in vitro growth.
A central theme in my work is that that the intercalated cells are immune defense
cells. The experiments reported here do not directly test this overall theme but rather focus
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on iron pathways expressed by these cells. Yet the Barasch lab is capable of carrying out
such a fundamental study. Max Werth discovered how to delete the intercalated cell by
knocking out Tfcp2l1. We would be very curious to know if our inoculation of bacteria
trafficked to different parts of the kidney in the Tfcp2l1 knockout and whether their CFU
counts increased97 in other cell types or in the interstitium. Alternatively, the inhibition of
Jag1 or other components of NOTCH signaling in the kidney by gamma-secretase inhibitors
may generate additional intercalated cells, as previously shown in vitro and in vivo236,237,
and this model may also be revealing as to the role of the intercalated cell in defeating
bacterial invaders.
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Chapter 4: Redefining Acute Kidney Injury
The definition of medical diseases is undergoing a revolution as a result of advances
in the technologies and informatics used to generate and process large biological genomic
and transcriptomic data sets. I have contributed to these advances by questioning the
definition of kidney injury, namely the specificity of different injurious signals, the location
of their actions in the nephron, and the method of their measurement. Redefining diseases
on the basis of each segment of the kidney and the expression of the entire transcriptome
brings specificity and biological understanding to the definition, which general
measurements (serum creatinine) or general classifications (cystitis vs pyelonephritis)
could never accomplish.
I have challenged the definition of acute kidney injury (AKI) as measured by serum
creatinine levels. While there is no doubt that increasing levels of serum creatinine reflect a
loss of kidney filtration and excretory function, which is tied to many significant clinical
outcomes, I have found that the response of the kidney is not always consistent with
clinical creatinine scales. Elevation of serum creatinine in the setting of transient volume
depletion activated genes involved in energy metabolism without widespread cell death or
induction of pathways characteristic of kidney damage. In contrast, elevation of serum
creatinine to exactly the same extent, but triggered by ischemia rather than volume
depletion, induced genes that included inflammatory mediators, epithelial polarity
regulators, and coagulation deposition alongside of tubular cell death. Conversely, urinary
tract infections, which induced many genes associated with inflammation also found in the
ischemic model along with tubular cell death, did not elevate the serum creatinine at all.
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Hence, the response of the kidney is varied according to the injury, but cannot simply be
described by current clinical tools.
My work suggests that acute changes in creatinine should be subdivided according
to molecular pathways activated by the injury. Indeed, I found >500 new genes involved in
ischemic kidney disease in our mouse model, many of which were found in human urine
samples, including four new candidates for clinical testing (CK20, TROP2, CHI3L1, VDBP).
Perhaps, more significantly, I found a few genes, namely PAPPA2, that responded to volume
depletion, but were reversible upon rehydration. These genes have the potential to identify
patients with rapidly reversible azotemia. My analysis of volume sensing biomarkers
constituted a first report of this concept. Hence, while my findings in this part of my work
are descriptive alone, the combination of serum creatinine with the combination of
markers provides a new diagnostic paradigm for clinical use.
I next chose to study urinary tract infection as one paradigm of kidney injury in
depth. Similar to my findings with ischemic vs hemodynamic kidney failure, I found that
current clinical definitions of disease did not correlate with molecular finding. Cystitis was
not exclusively limited to the bladder, but involved signaling in the kidney by fragments of
dead bacteria, which activated the same cohort of genes that were activated when living
bacteria could reach the kidney, as in the case of pyelonephritis. Therefore, cystitis and
pyelonephritis, unlike volume depletion and ischemia, appeared to be a spectrum of
responses, potentially intensifying on a scale of severity as bacteria continue to proliferate
and expand their colonization into the upper urinary tract.
However, further inspection of their mechanisms revealed a fundamental difference
between cystitis and pyelonephritis, and that was the requirement for different forms of
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iron. Not only were heme transport and metabolic genes induced by UTI, but it appears
that heme, in particular is required for competitive growth in the kidney, but not in the
bladder. As I began to explore the sites of heme metabolism, I came across the unexpected
observation that the collecting duct expressed heme transporters more typical of duodenal
cells and macrophages, with transport activity concentrated on the basolateral side. My
findings suggested that the unique requirements of a kidney infection are reflected by
unique iron mechanisms of the collecting duct. These findings also invoked the notion that
coevolution has shaped both bacterial and host iron acquisition and sequestration
mechanisms. For every mechanism employed by the kidney to obtain and transport iron,
bacteria have commissioned mechanisms to circumvent or potentially even hijack these
systems to gain control of iron reserves. Through my studies, I found that the vice versa
may also be true, that the kidney has also evolved mechanisms in response, to potentially
protect and regain control of their iron and heme resources, fueling and escalating this
evolutionary arms race. In fact, it appears that the kidney placed multiple surprisingly
specific antagonists of urinary bacteria together in intercalated cells, namely i) secreting a
protein (NGAL), that recognizes and binds specific bacterial siderophores that are not
synthesized in mammals, ii) a heme degradative and transport machinery for sequestering
and destroying excess heme, as well as two general mechanisms of host defense, iii) the
generation of a toxic gas, carbon monoxide, and iv) the acidification of the urine by proton
pumps. Therefore, starting with a specific stimulus (UPEC), I found stimulus-specific
responses that involve not only generalized immune defense, but the expression of dozens
of proteins dedicated to matching the nutritional requirement of UPEC.
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While I have used genetic models and microdissection methods to examine and
parse the transcriptional and molecular responses of different regions and segments of the
kidney to each injurious stimuli, a complete understanding of how different cell types
respond to these different diseases may require the level of single cell resolution. Indeed,
because the nephron’s osmotic gradient from 100mOsm-1200mOsm extends down a
tubule, perhaps even a single cell type will have divergent transcriptomes in damage
models. Moreover, in the case of a urinary tract infection, are all intercalated cells
responding uniformly to bacterial infection? Or are cells that have been infiltrated by
bacteria responding differently than their neighboring cells that have not yet encountered
bacteria? Therefore future studies involving transcriptomic analysis of the kidney at the
single cell or single nucleus level may enhance clarity of these complex biological systems
interactions in our disease models, and eventually support the advancement of Precision
Medicine of “Acute Kidney Injury.”
In sum, the kidney is exquisitely sensitive to environmental changes in blood
pressure, sodium, potassium, water, and acid-base modulations. My work shows that even
outside of the normal homeostatic physiology, the kidney responds with specific programs
to each stimulus: ischemic kidney injury, volume depletion, and urinary tract infection, all
commonly seen in the hospital and healthcare clinics. By understanding cell-specific
molecular responses of these different injuries, my work has the potential to contribute to
future diagnostic and therapeutic guidance.
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