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Background: Inflammation results in significant shifts in tissue metabolism. Recent studies
indicate that inflammation and hypoxia occur concomitantly. We examined whether circulat-
ing and tissue markers of hypoxia could serve as surrogate indicators of disease severity in
adult and pediatric patients with inflammatory bowel disease (IBD).

Methods: Serum and colonic biopsies were obtained from pediatric subjects with active
IBD colitis and adult subjects with active and inactive ulcerative colitis, along with healthy
non-colitis controls of all ages. Disease activity was evaluated by endoscopy and histopathol-
ogy. Levels of serum hypoxia markers (macrophage inflammatory protein-3a [MIP-3a],
vascular endothelial growth factor [VEGF], and erythropoietin [EPO]) were measured.
Results: Children with active IBD colitis had higher levels of serum MIP-3a and VEGF
compared to non-colitis controls (p<0.01 and p<0.05, respectively). In adult subjects with
endoscopically active ulcerative colitis, serum MIP-3a and EPO were significantly elevated
compared to non-colitis controls (both p<0.01). In parallel, analysis of colon tissue MIP-3a
mRNA and protein in pediatric subjects revealed increased expression in those with IBD
colitis compared to controls (p<0.05 and p<0.01 for mRNA and protein, respectively). Serum
MIP-30 and VEGF significantly increased with histology grade.

Conclusion: Peripheral blood hypoxia markers may be useful indicators of disease activity
for pediatric and adult IBD patients.

Keywords: Crohn’s disease, ulcerative colitis, mucosal inflammation, tissue histology

Introduction

The inflammatory bowel diseases (IBD), including Crohn’s disease (CD) and
ulcerative colitis (UC), affect approximately 0.5% of the North American popula-
tion and are increasing in incidence.' At the same time, the financial burden of IBD
is substantial and growing. Much of this expense is driven by the cost of newer
medical therapies and the cost of hospitalizations for disease flares and/or
complications.” These adverse outcomes appear more likely when therapeutic
decisions are based on clinical signs and symptoms as opposed to more objective
measures, such as endoscopic evaluation of mucosal inflammation, which is costly
as well.>* Furthermore, there is an evolving line of evidence, particularly in colitis,
indicating that the achievement of histologic endpoints for response to treatment
provides significant benefit towards avoiding downstream disease complications.>°
In this context, non-invasive biomarkers of histologic disease activity could help
optimize costly treatment decisions and avoid disease complications.
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It is currently thought that IBD results from
a combination of environmental factors and maladaptive
responses to gastrointestinal flora in a genetically suscep-
tible host that results in chronic mucosal inflammation.”®
There is an intense interest in understanding metabolism in
mucosal inflammation.” Paramount to all metabolic path-
ways is the utilization of oxygen, and recent studies have
implicated diminished availability and delivery of oxygen
with resultant tissue hypoxia as a significant component of
the inflammatory response.'® It is thought that inflamma-
tion-associated tissue hypoxia occurs through a number of
mechanisms.”'" For example, local oxygen depletion can
occur as a result of the influx of large numbers of oxygen-
utilizing neutrophils and monocytes.'? Additionally, exten-
sive inflammation can result in damage to the vasculature.
As a consequence of localized vasculitis, microthrombi
form and abnormal production of vasoactive mediators
result in poor tissue perfusion.'*'* Such “inflammatory
hypoxia” has been demonstrated to contribute in funda-
mental ways to the inflammatory process. To date, a study
comparing tissue markers of hypoxia with IBD disease
activity has not been done. Likewise, it is not known
whether circulating markers of hypoxia can serve as sur-
rogates of endoscopic or histologic disease activity.
Murine models of IBD have shown that inflammation
involving the colonic epithelium is accompanied by severe
oxygen-deprivation and activation of hypoxia-inducible fac-
tor (HIF).'® HIF represents a family of transcription factors
that regulate genes important in adaptation to low oxygen
states.'® Classic targets of HIF stabilization include those
involved in inflammation (e.g. MIP-3a), angiogenesis (e.g.

Table | Clinical and Demographic Data for Pediatric Subjects

VEGF), and erythropoiesis (e.g. EPO).'®'” Prominent
induction of HIF target genes has been noted within the

of colitis.!>!®

intestinal mucosa in murine models
Moreover, histopathologic analysis of tissue from human
IBD patients has shown stabilization of HIF within the
intestinal mucosa of patients with active ulcerative colitis
and Crohn’s disease.'” Thus, we hypothesized that both
tissue and serum biomarkers of hypoxia should correlate

with tissue inflammation and histologic disease activity.

Materials and Methods

Human Subjects
The institutional review board of the University of Colorado
approved all human studies. All patients provided written
informed consent. All patient’s under the age of 18 provided
written assent and their parents or legal guardians provided
written informed consent. This study was conducted in
accordance with the Declaration of Helsinki. IBD diagnoses
were made using standard clinical, radiographic, endo-
scopic, and histologic criteria. Study data were collected
and managed using REDCap electronic data capture tools
hosted at the University of Colorado.*

In the pediatric cohort (Table 1), subjects from one to
17 years of age undergoing diagnostic colonoscopy for
clinical purposes were recruited. Subjects were excluded
if they had known gastrointestinal infection, known causes
of hypoxia, history of transplant or neutropenia. Up to
8 mL of blood were collected per patient for serum isola-
tion (4 mL) and for RNA analysis (4 mL). During colono-
scopy, up to 8 research biopsies were obtained, 4 from the

Control (n=18) Active IBD (n=18) p-value

Gender Female/Male 7111 5/13 ns
Ethnicity Hispanic or Latino 7 | ns

NOT Hispanic or Latino 10 15

Unknown | 2
Age Mean*SE (Range: 4.5-17 yrs) 12.7£3.9 12.7£3.0 ns
BMI MeanSE (kg/m?) 18.8+4.1 17.2£1.8 ns
IBD subtype Ulcerative colitis 0 12 n/a

Crohn’s disease 0 5

IBD unclassified 0 |
IBD severity (histologic) Mild 0 n/a

Moderate 0 6

Severe 0
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distal colon and 4 more proximal if there was a shift in
severity of tissue inflammation. From each area, one
biopsy was taken for tissue histology, two biopsies were
snap frozen in liquid nitrogen for protein analysis, and the
final biopsy was placed in RNAlater® for RNA isolation.
The most recent clinical laboratory data for hemoglobin
and hematocrit were recorded.

The two groups of pediatric study subjects were those
found to have active IBD colitis and control patients who
were found to have no colitis on biopsy histology. Of the
45 subjects consented, 35 were enrolled in the study and
included in the analysis: 18 with active IBD colitis and 17
non-colitis controls. The reasons for non-enrollment were:
colitis not deemed consistent with IBD (eosinophilic coli-
tis or mild non-specific colitis) (n=5); colonoscopy not
performed (n=2); colonoscopy performed at different site
(n=2); and Clostridium difficile infection (n=1). The two
groups were similar for gender, ethnicity, age, and body
mass index (Table 1). Twelve pediatric subjects had UC,
five had CD, and one had IBD unclassified.

Specimens from adult subjects were obtained from the
University of Colorado IBD Biorepository (Table 2).
Under this protocol, serum and mucosal biopsies were
obtained from IBD patients when colonoscopy was per-
formed for either disease activity assessment or colorectal

Table 2 Clinical and Demographic Data for Adult Subjects

cancer surveillance. Similar specimens were collected
from healthy subjects undergoing colonoscopy for colon
cancer screening purposes. Endoscopic disease severity
was assessed according to the Mayo endoscopic scoring
system.”! At the time of endoscopy, serum was extracted
from 5 mL of whole blood, snap frozen in liquid nitrogen,
and then stored at —80°C. Mucosal biopsies were obtained
from the most active site of colitis, either snap frozen in
liquid nitrogen or placed in RNAlater®, then stored at
—80°C. At the time of specimen collection, clinical disease
activity was assessed through calculation of the Mayo
score and the simple clinical colitis activity index
(SCCAI).*"*? Quality of life was assessed by administra-
tion of the inflammatory bowel disease questionnaire
(IBDQ).> Analysis of stool for pathogens was performed
prior to endoscopic evaluation in any patient with signs or
symptoms of active IBD.

Ten subjects with endoscopically active UC and ten
subjects with inactive UC (in endoscopic remission)
were included in the adult IBD cohort (Table 2).
Nineteen healthy subjects were included as normal con-
trols. The three groups were similar for gender and
ethnicity; however, the active UC subjects were signifi-
cantly younger than the inactive UC and non-colitis
control subjects.

Control (n=19) Inactive UC (n=10) Active UC (n=10) p-value
Gender Female/Male 7112 713 6/4 ns
Ethnicity Hispanic or Latino 2 | 2 ns
NOT Hispanic or Latino 17 8 8
Unknown 0 | 0
Age Mean+SEM 56.9+3.3 52.65.6 36.4+3.7 0.004
(Range: 18-76 yrs)
BMI Mean+SEM 28.4+4.5 28.416.1 26.614.3 ns
(Range: 17.3-39.0 kg/m?)
UC distribution Proctitis 0 0 2 n/a
Left-sided 0 2 2
Extensive 0 8 6
UC severity (endoscopic) Remission 0 10 0 n/a
Mild 0 0 7
Moderate 0 0 3
Severe 0 0 0
UC clinical activity Mayo score (mean) 0 0 1.9 <0.0001
SCCAI (mean) 0 1.2 3.1 <0.0001
IBDQ (mean) n/a 195 173 ns
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Histopathologic Disease Activity Scoring
A previously reported histology scoring system was used to
define severity of colitis (control, mild, moderate or
severe).”* Using this system, a single pathologist, blinded
to both the severity and disease status, defined severity
according to changes within the epithelial compartments
(loss of enterocytes and crypt abscess formation) and within
the lamina propria (increases in mononuclear cells and
neutrophils). A sum of these categories resulted in an over-
all score for each biopsy of 0 to 3, corresponding to a range
of normal to severe colitis. In subjects from whom multiple
intestinal biopsies were taken, the biopsy with the highest
defined severity was used. When two biopsies had the same
severity, the average protein and cDNA levels were calcu-
lated. The highest colon biopsy histologic severity was also
used for correlations with serum hypoxia markers.

Tissue and Serum Analysis

Serum and tissue protein were analyzed for the presence of
HIF-1a and downstream hypoxia markers (MIP-3a, VEGF,
and EPO) using an electrochemiluminescence-based
ELISA platform (MesoScale Discovery, Gaithersburg,
MD) as described previously.” Briefly, all serum samples
(thawed from frozen) were diluted 1:2 in PBS and 50pL
samples were analyzed. Tissue biopsies (n=2 biopsies per
analysis) were extracted using MesoScale lysis protocol,
protein normalized and 100pg total protein was analyzed.
Tissue RNA was extracted through homogenization and
cell lysis with Trizol® Reagent as described previously.>
Real-time qPCR was performed from cDNA as previously
described®® with the following primers: human MIP-3a
(CCL20): forward 5'-GCGCAAATCCAAAACAGACT-3'
and reverse 5- CAAGTCCAGTGAGGCACAAA-3';
human EPCAM: forward 5'- GCAGCTCAGGAAGAATG
TG-3' and reverse 5'-CAGCCAGCTTTGAGCAAATGAC
-3’; human GLUT1: forward 5-GGGTCAGGCTCCATTA
GGATT-3' and reverse 5'- CCCAACTGGTCTCAGGTAA
AGAA-3'; human ENOI1: forward 5'-ATCGCCAAGGCC
GTGAA-3' and reverse 5'-ACGGAGCCAATCTGGTTGA
C-3’; human ITF: forward 5'-CCAGGCACTGTTCATCT
CAG-3' and reverse 5- GGAGCATGGGACCTTTATTC-
3'; human MDR1: forward 5- AACGGAAGCCAGAACA
TTCC-3'" and reverse 5'-AGGCTTCCTGTGGCAAAGAG
-3’; and human beta actin: forward 5'-GGAGAAAATCTG
GCACCACA-3'" and reverse 5'- AGAGGCGTACAGG
GATAGCA-3'".

Statistical Analysis

Based on power analysis for detecting differences in tissue
HIF stabilization, we estimated that 14 patients would be
needed in each group in order to detect a significant dif-
ference between healthy and IBD at a power of 95% and
a 5% level of significance. Thus, we tested 19 adult and 18
pediatric patients with IBD to allow for subgroup severity
analysis.

Differences by study group were tested with two-tail
t-tests assuming unequal variance or in multiple compar-
isons they were assessed by non-parametric ANOVA with
post-hoc t-tests or by the Kruskal Wallis test (>2 groups)
or Mann Whitney U-test (2 groups) and differences across
histology grade were assessed by ANOVA with post-hoc
t-tests as well by multivariate analysis using the Kruskal
Wallis test (>2 groups) or Mann Whitney U-test (2
groups). This study was estimated to have >99% power
to detect a between-group difference in VEGF of 139 pg/
mL (previously reported by Bousvaros et al’®) using
a two-sided #-test with a=0.05 and 10 patients per group
under the null hypothesis of equal group means. Receiver
operating characteristics (ROC) curve analysis®’ was used
to determine the optimal threshold as measured by sensi-
tivity and specificity. A p-value of <0.05 was considered
statistically significant. All data are presented as the mean
+ standard error of the mean. Statistical analyses were
performed using GraphPad Prism software (La Jolla, CA).

Results
Epithelial Hypoxia Markers in Colon

Tissue

We initially evaluated HIF stabilization in colon biopsies
from pediatric subjects. As shown in Figure 1A, tissue HIF-
la protein was increased in colon biopsies from pediatric
subjects with active IBD colitis compared to uninflamed
controls (p<0.05). We extended these results to screen
a panel of epithelial-expressed, hypoxia-inducible genes pre-
viously shown to be induced in murine models of colitis,"’
including glucose transporter-1 (GLUT1), enolase (ENOL1),
intestinal trefoil factor (ITF), macrophage inflammatory pro-
tein-3a (MIP-30), and multidrug resistance gene-1 (MDR1)
(Supplemental Figure 1). This screen revealed a prominent

induction of MIP-3a in pediatric IBD samples compared to
controls (8.2 = 1.97 fold increase, p<0.05) (Figure 1B).
Given the potential variability in epithelial content due to
ulceration and biopsy technique, we also measured RNA
levels of the selective marker epithelial cell adhesion
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Figure | Analysis of colon HIF-1a and MIP-3a in pediatric IBD colitis. In panel A, biopsy tissue lysates from pediatric non-colitis controls (n=7) and pediatric subjects with
active IBD colitis (n=9) were used to quantify HIF-la protein by electrochemiluminescent-based ELISA and presented as mean+SEM relative light units/pg total protein
where * is p<0.05. In panel B, total RNA was isolated from colonic biopsies derived from pediatric non-colitis controls (n=7) and pediatric subjects with active IBD colitis
(n=9). Quantitative PCR was used to analyze MIP-3a mRNA levels. Data are expressed as mean+SEM transcript level derived from the differential threshold cycle number
(2e-ACT) and normalized to healthy controls where * is p<0.05. In panel C, biopsy tissue lysates were used from pediatric non-colitis controls (n=7) and pediatric subjects
with active IBD colitis (n=10) to quantify MIP-3a protein by electrochemiluminescent-based ELISA and presented as mean+SEM pg MIP-3a/ug total protein where ** is

p<0.01.

molecule (EpCAM). No differences in EpCAM expression
between colitis and control subjects were noted (0.70
+0.12-fold change, p=not significant), indicating the amount
of epithelial tissue was not significantly different between
samples.

In light of the magnitude of MIP-30 mRNA transcript
induction, we validated the induction of tissue MIP-3a
protein by ELISA. As shown in Figure 1C, MIP-3a protein
levels were increased by more than seven-fold in IBD
subject tissue compared to uninflamed controls (p<0.01).
This prominent increase in MIP-30, a well-established

28-31

hypoxia-inducible gene target, in IBD is consistent

with previous studies in murine models of colitis.’

Serum Hypoxia Biomarkers
We next determined whether tissue hypoxia, as measured
by elevations in the expression of tissue HIF-inducible
proteins, were reflected in circulating serum. To do this,
we analyzed serum MIP-3a, VEGF, and EPO protein in
pediatric IBD and control subjects. As shown in Figure 2A
and B, MIP-3a and VEGF were significantly elevated in
subjects with active IBD as compared to controls (p<0.01
and p<0.05, respectively). Serum EPO levels appeared
higher in IBD patients compared to controls; however,
this increase was not statistically significant (Figure 2C).
A possible confounder of serum EPO levels is anemia;
and hematocrit levels

although hemoglobin were
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Figure 2 Serum hypoxia marker levels in pediatric IBD colitis. Serum samples from healthy control (n=17) and pediatric subjects with active IBD colitis (n=17) were used to
quantify MIP-3a (panel A), VEGF (panel B), or EPO (panel C) protein by electrochemiluminescent-based ELISA and presented as mean+SEM pg/mL where * is p<0.05 and **

is p<0.01.
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significantly decreased in the IBD cohort, there was not
a significant corresponding change in EPO levels

(Supplemental Figure 2).

Serum Hypoxia Markers and Histologic
Severity of Colitis

Next, we extended our analysis to determine whether sever-
ity of colitis, determined histopathologically (Figure 3A),
correlated with circulating hypoxia markers within subject
populations. As shown in Figure 3B and C, serum MIP-3a
and VEGF varied significantly by histologic severity of
colitis (p<0.001 and p<0.01, respectively). Serum EPO
levels also showed a trend toward increases in the subjects
with more severe colitis compared to controls (p=0.077,
Figure 3D). MIP-3a showed the most compelling increase
in patients with graded tissue histology compared to con-
trols (p<0.001). None of the markers were different between
histologically graded mild colitis and non-colitic controls
(all p>0.05).

Consistency of Hypoxia Biomarker
Findings in Adult IBD Subjects

Expanding upon the results derived from our pediatric IBD
cohort, we next tested the universality of these pediatric
results in a cohort of adult IBD subjects with active UC.
We first validated the finding of HIF-la stabilization in
adults using colonic biopsies. As shown in Figure 4A,
tissue HIF-la protein was increased in colon biopsies
from subjects with active UC compared to healthy controls
(p<0.05). We then extended the results from our pediatric
cohort to determine whether serum hypoxia markers (MIP-
3a, VEGF, and EPO) correlated with active colitis in adult
IBD patients. As shown in Figure 4B, serum MIP-3a
served as an excellent biomarker of active -colitis
(p<0.01) and was not significantly different between inac-
tive colitis (p>0.05) and healthy control subjects. Serum
VEGF trended toward increased levels in active UC
(Figure 4C), but the difference was not statistically sig-

nificant compared to healthy controls (p = 0.13),
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Figure 4 Tissue HIF-1a and serum hypoxia markers in adult ulcerative colitis. Colon biopsies and serum samples from healthy adult controls (n = 19), inactive UC subjects
(n = 10) and active UC subjects (n=10) were used to quantify colon HIF-1a (panel A), serum MIP-3a (panel B), serum VEGF (panel C) and serum EPO (panel D) protein by
electrochemiluminescent-based ELISA and presented as mean+SEM RLU/pg or pg/mL where ** is p<0.01 and *** is p<0.001.

suggesting that a larger cohort of subjects may be neces-
sary to define VEGF as a relevant biomarker for active
disease. Serum EPO levels (Figure 4D) were significantly
increased in both inactive (p<0.05) and active colitis
(p<0.001) healthy
Importantly, there were no between-group differences in

compared to control  subjects.

hematocrit or hemoglobin levels across any of the three
adult cohorts (Supplemental Figure 3). Taken together,

these results in adult subjects confirm, at least in part,

that peripheral blood hypoxia markers can serve as reason-
able surrogates for disease activity.

Predictive Quality of Tissue HIF and

Serum Targets in Determining Active IBD
Receiver operating characteristics (ROC) curve analysis,
a graphical display of true positive and false positive diag-

nostic rates across a range of cut-off values is valuable in

Hypoxia 2020:8
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assessment of diagnostics,’® was used to evaluate the perfor-
mance of these biomarkers in discriminating active IBD from
healthy controls. As shown in Figure 5, we pooled results
from pediatric and adult IBD samples and analyzed ROC
curves by calculation of area under the curve (AUC). These
results revealed that tissue HIF-1a (AUC=0.75 with 79.0%
sensitivity and 76.0% specificity at 0.9417, Figure 5A), as
well as serum MIP-3a (AUC=0.77 with 72.0% sensitivity
and 72.7% specificity at 0.8399, Figure 5B), and VEGF
(AUC=0.77 with 76.9% sensitivity and 75.8% specificity at
0.8548, Figure 5C) were good predictors of active IBD.
Serum EPO did not perform as well in such analysis
(AUC=0.68 with 61.5% sensitivity and 72.7% specificity at
1.059, Figure 5D). The combination of serum hypoxia mar-
kers (MIP-3a, VEGF, and EPO) did not result in improved
ability to discriminate active IBD (AUC=0.77).

Discussion
Tissue hypoxia is strongly associated with active inflam-
mation (termed “inflammatory hypoxia”) and its impact in
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IBD is an area of intense investigation.'” Here, we vali-
dated previous findings from murine models of intestinal
inflammation and explored the feasibility of using
hypoxia-inducible targets as markers of disease activity
in human subjects. Our study demonstrates that circulating
markers of hypoxia (MIP-3a and VEGF) correlate with
histologically defined disease severity in pediatric IBD
patients. In adults, the association between serum hypoxia
markers and active disease were corroborated when both
serum MIP-3a and EPO were found to be significantly
increased in active UC. Previous studies have demon-
strated a relationship between hypoxia and human IBD.’
A recent study by Cosin-Roger et al*® demonstrated
that hypobaric oxygen actually ameliorates intestinal
inflammation, seemingly contradicting the large body of
work that shows that tissue hypoxia results in worse
inflammation; however, this study does not identify
a mechanism (microbiome changes or intestinal hypoxia)
nor does it assess the effects on intestinal tissue hypoxia of
hypobaric oxygen thus making the hypoxic effect difficult
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to analyze therefore tissue hypoxia remains a likely pro-
inflammatory signal in intestinal inflammation. In addition
to HIF, several studies have implicated a role for MIP-3a
in IBD.>*® MIP-30 (also termed CCL20) is a CD4 T cell-
directed chemokine that traffics lymphocytes and dendritic
cells to the epithelium.”® Elevation of MIP-3a has been
demonstrated in both peripheral blood monocytes and
colonic tissue.***¢

Interestingly, when MIP-30 was studied in colonic
biopsies from subjects with IBD, non-IBD colitis, and
irritable bowel syndrome, the active IBD patients showed
elevations in MIP-30 by mRNA and protein analysis com-
pared to controls, but there were no increases in non-IBD
colitis samples.>* This could implicate MIP-30 as a marker
novel to IBD induced colitis, which warrants further inves-
tigation. These previous MIP-3a studies have mostly
involved intestinal epithelial cell lines or adult subjects
and have not analyzed serum levels. We found MIP-3a
levels in IBD subjects with colitis were universally ele-
vated, including in colon tissue RNA, colon protein, and
serum protein. Although this does not provide direct
insight into the origins of circulating serum MIP-30,
such findings suggest that colon tissue is at least
a significant source of MIP-3a during colitis. In support
of this line of reasoning, a recent study demonstrated that
MIP-3a levels are increased during active intestinal
inflammation and that the primary source appears to be
colonic epithelial cells.?” It is notable that while MIP-3a is
a well-established hypoxia gene target,® ' MIP-3a is also
regulated by other inflammatory signals, including but not
limited to NF-kB.*® It is therefore possible that inflamma-
tory stimuli present within IBD tissue could contribute to
the induction of MIP-3a observed in our studies.

EPO, on the other hand, originates primarily from the
kidney, where specialized cells that produce EPO are stimu-
lated in response to decreased oxygen tension and predomi-
nantly by HIF stabilization.”® EPO has mostly been studied
in terms of anemia in parallel to disease™*' but not as
a biomarker for IBD. There are limited reports of elevated
serum EPO levels in IBD subjects.**** Complicating the
picture is the observation that anemia, which is often present
in active IBD, can lead to increased production of EPO as an
adaptive mechanism to increase red blood cell mass.
Notably, correction for the degree of anemia in one study
revealed that EPO levels in IBD patients were still elevated
above normal.*® In our study, anemia, as measured by
hemoglobin and hematocrit, did not correlate to serum
EPO levels in our pediatric population, and hemoglobin

and hematocrit did not vary by cohort in our adult popula-
tion. However, we saw a trend toward increased EPO in our
severe pediatric IBD samples and significantly increased
EPO in our adult active UC patients compared to healthy
controls. It is notable that of all the markers measured, we
observed the most variability with EPO in this study. We do
not know the nature of this variability. Since all study sub-
jects resided in Colorado, we would expect higher baseline
hemoglobin, although this can be variable.** Other potential
confounders include different degrees of physiologic adapta-
tion to lower oxygen in those individuals more conditioned
to higher altitude.

A number of previous studies found elevations in
VEGEF in the blood and tissue of IBD subjects; however,
this has not been a universal observation.’**~*° In one
study, for example, VEGF was increased in the serum of
adult patients with active UC and CD compared to con-
trols, but no differences were seen between subjects with
inactive disease and controls.”® We similarly saw no shift
in inactive UC patients compared to healthy controls, but
did not see the same significant increase in VEGF in serum
from patients with active UC. We did, however, find that
VEGF was significantly increased in the serum of active
pediatric IBD patients, especially with increased disease
severity. This finding reflects previous work by Bousvaros
et al that showed increased serum VEGF in the pediatric
IBD population.®

These hypoxia biomarker studies could also provide
insight into new therapeutic options for patients with
IBD. For example, studies in murine models of colitis
have demonstrated a protective role for HIF stabilizers in
different models of intestinal inflammation. The first
study used the prolyl hydroxylase (PHD) inhibitor
DMOG for the treatment of intestinal inflammation dur-
ing chemically induced colitis.”’ A second study used
the HIF stabilizer FG-4497 during TNBS-induced intest-
inal inflammation. Similar to DMOG, FG-4497 blocks
the active site of PHDs.>? In both studies, HIF stabiliza-
tion was associated with profound improvements of mul-
tiple disease parameters, including weight loss, intestinal
inflammation, and histologic tissue injury.''** Since that
time, a significant effort has been made to develop inhi-
bitors of PHDs. The development of these molecules has
focused on iron chelators and 2-oxoglutarate mimetics
and have undergone human studies in Phase 1-3 clinical
trials examining their influence on erythropoietin stimu-
lation in patients with chronic renal anemia (reviewed in
(155)). These PHD inhibitors are generally well tolerated
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and promising results using GSK-1278863 and AKB-
6548 produce an increase in circulating erythropoietin.
Targeted delivery of such compounds may provide
a therapeutic impact while limiting the potential for
untoward systemic effects in healthy organs (143, 156).
The potential use of local, oral delivery of extended
release preparations to the inflamed mucosa could repre-
sent a novel therapeutic approach for IBD.>* It is there-
fore possible to speculate that hypoxia biomarkers
represent a protective tissue inflammatory response.

There are some limitations to this study. HIF regula-
tion of MIP-3a, EPO, and VEGF is well documented,
justifying their designation as hypoxia markers; however,
it is possible that, in addition to hypoxia, other inflam-
matory pathways could contribute to our observations
here. Individuals with colitis from non-IBD sources,
such as infection, may show similar elevation in
hypoxia-inducible markers. In the case of children with
infectious colitis, colonoscopy is not routinely per-
formed, making this challenging to study. However,
future studies that include a subset of non-IBD colitis
patients are justified. Likewise, the present studies in
adult patients were limited to UC and did not include
those with active or inactive CD. At this time, it is
unclear if the observed associations are specific to coli-
tis, if they have utility in distinguishing UC from CD,
and if their usefulness is modified by disease distribu-
tion. Importantly, in this study, stool was not analyzed
for fecal calprotectin and sufficient data regarding serum
levels of C-reactive protein were not available.
Therefore, the test characteristics of hypoxia biomarkers
relative to existing, but imperfect, biomarkers of histo-
logic disease activity like fecal calprotectin and CRP
remain unclear. Future investigation that compares the
performance of hypoxia biomarkers with existing bio-
markers should be performed.

In conclusion, the current study supports the hypothesis
that metabolic deficits, including hypoxia, are contributing
factors to IBD. Our results reveal that serum hypoxia mar-
kers strongly correlate with endoscopically active colitis as
well as histologically graded colitis. As such, further studies
are warranted to determine if peripheral blood hypoxia bio-
markers are useful measures of colitis that might have utility
in guiding treatment decisions in IBD patients.
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