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Abstract: Anemia has been identified as a significant negative prognosticator in head and
chemoradiotherapy (CCRT).
Irrespective of the causes, anemia in HNSCC is believed to contribute to intratumoral

neck squamous cell carcinoma (HNSCC) concurrent
hypoxia, which reduces the effectiveness of radiotherapy and oxygen-dependent chemother-
apy. Correction of anemia with recombinant human erythropoietin (rHu-EPO) has been
performed as a surrogate for hypoxia compensation to improve tumor control and survival
outcomes. However, the results of the most important EPO clinical trials have been dis-
appointing. Following the recent finding that EPO and its receptor (EPOR) are both
expressed in HNSCC specimens, a new hypothesis has been advanced. This postulates that
hypoxic signaling might activate EPOR through the hypoxia-inducible factor (HIF) signaling
pathway and its downstream effectors, including carbonic anhydrase 9 (CA-9), glucose
transporter 1 (GLUT-1), and vascular endothelial growth factor (VEGF), leading to the
failure of rHu-EPO treatment, as assessed from the results of the best-known EPO trials.
This review addresses the relationship among anemia, hypoxia, and tumoral EPO/EPOR
expression in HNSCC treatment in an attempt to elucidate the main mechanisms involved in
the resistance to rHu-EPO therapy, as in a carousel.

Keywords: HNSCC, CCRT, recombinant human erythropoietin, EPO trials, hypoxia-
inducible factor

Introduction

Anemia is defined as a condition resulting from a reduced concentration of red
blood cells or low hemoglobin (Hb) levels in peripheral blood, which decreases the
oxygen-carrying capacity of the blood and leads to tissue hypoxia.! Although
having a low hemoglobin level has been shown to be detrimental, what represents
a low level is still undefined, with reported values ranging from 9-14.5 g/dL.?
Irrespective of the Hb value and causes, anemia in HNSCC patients is known to
impair treatment effectiveness and negatively affect disease prognosis.® For dec-
ades, anemia has been considered as a surrogate marker of tumor hypoxia. In turn,
hypoxia is a recognized feature of radioresistance because patients with low Hb
levels exhibit reduced locoregional tumor control and a low survival probability.*
Despite their heterogeneity, HNSCCs are considered an ideal model for assessing
the relationship between anemia and tumor hypoxia in radiation therapy.’ To justify
anemia correction with recombinant human erythropoietin (rHu-EPO), it is reason-
able to expect that treatment outcome would be better for well-oxygenated tumors
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than for poorly oxygenated ones.®’ Indeed, the results of
studies using animal models have suggested that rtHu-EPO
therapy may enhance tumor radiosensitivity.*> However,
the most important EPO clinical trials assessing the role of
rHu-EPO in concurrent chemoradiotherapy (CCRT) for
HNSCC have failed in terms of local control and overall
survival (0S).""* The finding that the erythropoietin
receptor (EPOR) is expressed in several nonhematopoietic
tissues and different cancer types, including breast, lung,
prostate, and skin cancers,'* and is overexpressed in ton-
gue and oral squamous cancer specimens, could explain
the resistance to rHu-EPO therapy.'>'® These results have
led to the hypothesis that rHu-EPO might act on the EPO
receptor expressed in hypoxic tumors and enhance their
malignant properties. This hypothesis postulates that
hypoxic signaling might activate EPOR expression, as
found in HNSCC specimens, through several signaling
pathways, including the hypoxia-inducible factor (HIF)
pathway and its downstream target proteins like carbonic
anhydrase 9 (CA-9), glucose transporter 1 (GLUT-1), and
vascular endothelial growth factor (VEGF) that are known
to regulate tumor invasiveness in hypoxic and acidic
environments.'” Indeed, elevated HIF and CA-9 expres-
sion have been associated with decreased survival in
HNSCC patients treated with CCRT.'® Consequently, the
negative results provided by the EPO trials should be
considered the tip of an iceberg comprising the hypoxia-
related HIF signaling pathway in tumors. Here, we review
the relationship among anemia, hypoxia, and tumoral
EPOR expression in the resistance to rHu-EPO therapy
based on the most important published data and new
advances in research on hypoxia-targeting agents and
hypoxia new imaging assessment.

Anemia in HNSCC and CCRT

In HNSCC, the overall anemia-related mortality risk has
been estimated at 75%.'? It has been known for decades
that anemia has a detrimental effect on tumor prognosis
and treatment outcome, inducing hypoxia and thereby
reducing the effectiveness of chemotherapy and
radiotherapy.”® The pathophysiology of anemia in cancer
is multifactorial, and includes cancer-related factors as

well as treatment-related side effects.

Anemia in HNSCC

In HNSCC patients, anemia may be a direct consequence
of malnutrition resulting from mechanical impairment of
in oro-

the ability to eat or swallow, as occurs

hypopharyngeal cancers. Metabolic alterations affecting
appetite and mucositis in the irradiated area may further
enhance the swallowing impairments, thereby exacerbat-
ing the malnutrition, weight loss, and cancer cachexia.?' In
turn, cancer cachexia is associated with complex meta-
bolic, molecular, and cellular alterations related to both
inflammatory and anticancer immune responses.”> The
interaction between tumor cell populations and the
immune system leads to the release of cytokines, espe-
cially interferon gamma, interleukin 1, and tumor necrosis
factor, which disrupts endogenous EPO synthesis in the
kidney and suppresses the differentiation of erythroid pre-
cursor cells in the bone marrow. Moreover, macrophage
activation leads to a shorter erythrocyte half-life in the
spleen and liver, as well as a decrease in iron utilization,
resulting in anemia with high levels of EPO and/or syder-
openic anemia with high levels of ferritin.*

Anemia and Cisplatin Nephrotoxicity

Anemia is the most common hematological side effect in
cancer patients receiving chemotherapy, presenting with
a mild or moderate severity in about 60% of cancer
patients after platinum-based schedules.>*** Cisplatin and
other platinum-based compounds are alchilant cytotoxic
drugs that can kill cancer cells by damaging DNA, inhibit-
ing DNA synthesis and mitosis, and inducing apoptotic
cell death.® These effects are amplified with the addition
of ionizing radiation, explaining why cisplatin is consid-
ered the most important radiosensitizing drug supplied in
the CCRT protocols for HNSCCs in light of a toxicity
profile that does not overlap with that of radiotherapy.
Thus, cisplatin-CCRT has been validated as the standard
care in locally advanced HNSCC based on the results of
meta-analyses and randomized trials that have used differ-
ent treatment schedules.’’>° The effective cumulative
dose of cisplatin in CCRT protocols for HNSCC is sig-
nificantly related to survival (p=0.027), suggesting that the
recommended cumulative dose of cisplatin to be adminis-
tered during radiotherapy should be at least 200 mg/m?.*'
The kidney is the major route of cisplatin excretion, and
accumulates cisplatin to a greater extent than other organs,
with a concentration in proximal tubular epithelial cells
approximately fivefold that its concentration in serum.
This indicates that the disproportionate accumulation of
cisplatin in kidney tissue contributes to cisplatin-induced
nephrotoxicity by damaging renal proximal tubular cells
through a decrease in endogenous EPO production.®? The
kidney is the major source of EPO synthesis in the adult,
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and there is some evidence that EPO production occurs in
peritubular interstitial cells, although some studies have
suggested a renal tubular cell origin under hypoxic
conditions.>® Several factors have been identified as under-
lying cisplatin-induced renal nephrotoxicity, such as the
paradoxical role of gamma-glutamyl transpeptidases, the
unexpected ability of proximal tubular cells to metabolize
cisplatin to a nephrotoxin, and the roles of apoptotic path-
ways and reactive oxygen metabolites.’> Consequently,
cisplatin-associated anemia has been defined as “an EPO
deficiency syndrome” that rapidly responds to EPO admin-
istration, which, in most patients, corrects the anemia
associated with renal failure.*”

The Hemoglobin Threshold for

Anemia

There is evidence that a strong correlation may exist
between anemia and local control in HNSCC concurrent
chemoradiotherapy. Indeed, a dose-effect relationship has
been established for local control (p=0.04) and survival
(»=0.04) when grouping by Hb concentration (<120,
120-140, and >140 g/L), demonstrating that anemia is
strongly associated with these parameters.>* However,
the precise Hb threshold value remains unresolved, with
reported values ranging from 9-14.5 g/dL.?

Prognostic Value of Hb

Several studies have investigated this question. In the
DAHANCA 1I study, a strong correlation between pretreat-
ment Hb levels and local control was noted in male patients
with oro-pharyngeal tumors treated with misonidazole and
exhibiting pretreatment Hb levels >14.5 g/dL. The five-year
local tumor control rate was 61% as compared with only 14%
in the placebo-treated patients who presented pretreatment Hb
values <14.5 g/dL.>> A different study showed that patients
who presented Hb values >13.0 g/dL had a significantly higher
two-year locoregional tumor control and survival rates than
those with Hb values <13.0 g/dL (95% and 88% vs 66% and
46%, respectively; p=0.0018).>® These results were subse-
quently confirmed by Prosnitz et al, who obtained
a significantly higher five-year, failure-free survival for
patients with Hb levels >13 g/dL. compared with those with
Hb values <13 g/dL (75% vs 50%; p<0.01).>” Rades et al used
the multivariate analysis to evaluate the outcome in stage IV
HNSCC treated with CCRT, and found an improved OS asso-
ciated with a Hb value >12 g/dL (p=0.048), and this value also
seemed to be related to improved local control and metastasis-

free survival (p<0.001 and p=0.012, respectively).*® In agree-
ment with these early studies, a more recent reassessment
through a noninterventional, single-blinded, randomized
study on advanced HNSCC confirmed that a preradiotherapy
Hb level >10.7 g/dL was a prognosticator in locally advanced
HNSCC patients treated with chemoradiation (p<0.001).
Hemoglobin levels >10.7 g/dL. were associated not only with
improved treatment outcome, but also with higher perfor-
mance status, fewer treatment interruptions, and lesser degree
of mucositis.*® Additionally, this question was reassessed in
a postoperative CCRT study, which defined a low nadir Hb 11
g/dL with radiation treatment time >7 weeks as poor prognos-
ticators related to a significantly higher risk of death (hazard
ratio = 4.0; 95% CI = 1.6-10.2; p=0.004).*

The Hb Threshold for Treatment with
Erythropoiesis-Stimulating Agents

The available guidelines regulating the administration of
erythropoiesis-stimulating agents (ESAs) propose consider-
ably different Hb threshold values for the use of these agents.
According to the updated guidelines of the European
Organization for Research and Treatment of Cancer
(EORTC), a sustained hemoglobin level of approximately
12 g/dL is the recommended target for treatment with ESAs
to ameliorate symptoms, avoid transfusion therapy, and sig-
nificantly improve the quality of life, mainly in patients with
chemotherapy-induced anemia.*' However, the ASCO-ASH
guidelines recommend ESA treatment for patients with
chemotherapy-associated anemia whose cancer treatment is

not curative in intent and whose Hb level has declined to
<10 g/dL.*?

Anemia Correction with rHu-EPO

Anemia correction through exogenous administration of
rHu-EPO has been suggested to improve treatment out-
comes in HNSCC patients in terms of tumor control and
quality of life.** EPO, the main erythropoiesis-regulating
hormone, is primarily synthesized in the kidney and liver
under hypoxic conditions.** The actions of EPO in the bone
marrow are mediated by EPOR, the EPO-specific receptor
located on red blood cell precursors. EPO/EPOR signaling
exerts two major functions, i.e., it stimulates the prolifera-
tion of erythroid progenitor cells and maintains their
viability.** Interestingly, EPOR is also expressed in several
nonhemopoietic tissues, as well as in different cancer
types.'* !¢ Although preclinical studies and clinical trials
have explored the potential impact of rHu-EPO treatment
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on tumor control and survival outcomes in CCRT-treated
HNSCC, the results have been disappointing.

Preclinical Studies

Preclinical data have suggested that rHu-EPO may enhance
tumor radiosensitivity and improve the clinical efficacy of
radiation therapy and chemotherapy.’ Stiiben et al demon-
strated that rHu-EPO restored radiosensitivity in experimen-
tal human tumors in anemic mice.®’ In this model, the
development of anemia in mice was inhibited by adminis-
tration of rHu-EPO beginning two weeks before anemia
induction by total body irradiation (TBI) (2 x 4 Gy) per-
formed prior to tumor transplantation into the subcutis of
the hind leg. Approximately two weeks after TBI (tumor
volume of approximately 40 mm?), single-dose irradiation
(12 Gy) of the tumor was performed, resulting in tumor
growth delay. Radiation-induced anemia corresponding to
a Hb concentration of 9.9 g/dL led to reduced radiosensi-
tivity when compared with controls. The radiation dose to
control 50% of the tumors (TCD50) with rHu-EPO treat-
ment for anemia prevention (Hb concentration = 13.3 g/dL)
was 39.8 Gy (TCD50 = 49.4 Gy, vs 40.1 Gy for controls),
indicating that radiosensitivity was restored when compared
with anemic mice. Moreover, the prevention of anemia
through rHu-EPO treatment resulted in a significantly
increased growth delay (61 + 5 days) when compared
with untreated anemic animals.*®

EPO Trials

However, several EPO ftrials have yielded controversial
results, with all having provided a gain in terms of the
hemoglobin level, but not in terms of survival or tumor
control. In a double-blind, randomized, placebo-controlled
trial, Henke et al observed that patients given epoetin beta
achieved Hb concentrations higher than 140 g/L (women) or
150 g/L (men) compared with patients given placebo.
However, locoregional progression-free survival (LRPFS)
was poorer with epoetin beta than with placebo (adjusted
relative risk 1.62 [95% CI = 1.22-2.14]; p=0.0008). The
relative risk was 1.69 (1.16-2.47, p=0.007) for locoregional
progression, and 1.39 (1.05-1.84, p=0.02) for survival.'® In
the RTOG 99-03 trial, although Hb levels at 4 weeks rose by
an average of 1.66 g/dL in the EPO arm, compared with an
average decrease of 0.24 g/dL in the control arm (p=0.0001),
no significant difference was observed between the treatment
arms in the locoregional failure (LRF) primary endpoint. The
three-year LRF rate was 36% for the control and 44% for the
EPO arm (p=0.56). Additionally, no significant differences

were recorded in LRPFS, patterns of failure, OS, or toxicity.
The three-year LRPFS rate was 52% for the control and 47%
for the EPO group, and the OS rate was 57% and 56%,
respectively.'" The epoetin alpha trial by Hoskins et al also
provided disappointing results. Although Hb levels increased
from baseline with epoetin alpha treatment, the median dura-
tion of local disease-free survival (DFS) was not significantly
different between groups (observation, 35.42 months; epoe-
tin alpha, 31.47 months). Moreover, there was no significant
difference in DFS, OS, tumor outcome, or cancer treatment-
related anemia or fatigue between groups.'* Additionally, the
trial with darbepoetin also failed to show significant positive
results in tumor control and survival. In the ENHANCE
(Evaluation of NeoRecormon® (epoetin beta) on outcome
in Head and Neck Cancer) trial, treatment with darbepoetin
alpha increased the Hb level to the planned value in 81% of
the patients. However, the results showed a poorer outcome,
with a five-year cumulative LRF rate of 47% and 34% for the
darbepoetin alpha and control arms, respectively. This was
also seen for the endpoints of event-free survival, disease-
specific death, and 0S."* All these findings raise the ques-
tion: if anemia influences hypoxia, does hypoxia play a role?

Hypoxia and Tumors

Although HNSCCs are heterogenous, they share several fea-
tures that make them an ideal model from a radiobiological
perspective to assess the effect of radiation therapy on anemia
and tumor hypoxia. Tumor reoxygenation is one of the 5 Rs of
radiobiology, and anemia is considered to be a radioresistance
factor as it contributes to tumor hypoxia.*’” Two subtypes of
hypoxia have been described, namely, acute and chronic.®®
Acute hypoxia is a transient phenomenon that has been
defined as either a local disturbance in perfusion due mainly
to the loss of microvascular blood flow, or a strong variation in
red blood cell flux that leads to a decreased microvascular
oxygen supply to the tumor area due to an inadequate and
aberrant neovasculature. When tumor growth is greater than
the accompanying neovascularization, cancer cells furthest
from the vessels that are at the limit of oxygen diffusion
show hypoxic tension and tumor necrosis. This phenomenon
is called chronic or diffusion-limited hypoxia and can activate
stress response genes to compensate for hypoxemia. Hypoxic
regions are defined as areas with oxygen tension (pO2) values
<10 mmHg, and have been identified in several solid tumors,
although mainly in HNSCCs.* It is well known that hypoxic
cells are markedly less sensitive to radiation than well-
oxygenated cells, owing to several mechanisms that directly
and indirectly induce proteomic and genomic changes that
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polarize the tumor microenvironment.”® In turn, these effects
contribute to increased tumor invasiveness and metastatic
potential, loss of apoptosis, and chaotic angiogenesis, which
further increase treatment resistance. Further tumor microen-
viroment is not static but a highly dynamic structure consisting
of subpopulations of cancer cells that have been differentially
exposed to hypoxia for different times (minutes or hours) and
then reoxygenated again leading to a “cycling hypoxia” due to
variations in red blood cells (RBCs) flux through an abnormal
tumour vascularisation.”' Cycling hypoxia is a key determi-
nant of radioresistance, impaired drug delivery and increased
metastatic potential in HNSCC but also an important feature in
the hypoxia imaging assessment.

HPV-Associated HNSCC and Hypoxia

HPV-associated HNSCC is a distinct entity due to Human
papilloma virus (HPV) infection which has been detected
especially in oropharyngeal tumors.>” It is characterized by
a different molecular biology, epidemiology, radiosensivity
and prognosis.” Several clinical studies have explored the
possible association between the favorable radiosensivity of
HPV positive tumors and their hypoxic status with gene
expression profiles assessment, pO2 measurements or hypoxia
positron emission tomography (PET) scanning,*>> but no
positive correlation between HPV status and tumor hypoxia
have been recorded, yielding disappointing results concerning
the link of radiosensivity and hypoxia. In fact randomized
trials investigating the effect of hypoxic modification as
nimorazole and tirapazamine in HNSCC have shown no eva-
luable effects in HPV positive tumors.”>>” In vitro studies
addressing this correlation in HPV-positive cell lines, have
provided the evidence that HPV-positive cell lines are, overall,
more radiosensitive than HPV-negative cell lines.”® However
the effect of hypoxia and nimorazole during irradiation has
been demonstrated similar in HPV positive and HPV negative
cell lines in terms of patterns of upregulation of hypoxia
induced genes in response to hypoxia.’® To this regard,
Sorensen et al tried to find a relation, looking to the radio-
sensitivity, the impact of hypoxia and the effect of nimorazole
in HPV positive and HPV negative cell lines which were
irradiated with various doses under normoxia, hypoxia or
hypoxia +1mM nimorazole.”® As a result, although the HPV
positive cell lines were up to 2.4 times more radiation sensitive
than HPV negative cell lines, all HPV positive cells displayed
the same response to hypoxia in radiosensitivity, with an OER
in the range 2.3-2.9, with a sensitizer effect of nimorazole of
1.13-1.29, similar to HPV negative cells. It was also found
that the hypoxic fraction of the HPV-positive tumor models

decreased in response to radiotherapy. This trend was not seen
in the HPV-negative tumors probably due to reoxygenation
effect following irradiation. Authors concluded that HPV
positive patients do not seem to benefit from nimorazole
treatment as a consequence accounted for by the overall higher
radiosensitivity of HPV positive cells. By these findings,
future treatment directions for HPV-related oropharyngeal
cancers should be based on radiobiological rationale account-

. . . . . 1
ing these properties as aimed by Marcu in a review.’

Methods in Tumors Hypoxia

Assessment

Improvements have been achieved to assess hypoxia in
HNSCC with direct and indirect methods. The most com-
mon direct method using an invasive technique consists of
the polarographic electrodes approach in which the current
between the cathode and the reference electrode has been
found directly proportional to tissue p02.°* Among indir-
ect methods, immunohistochemical staining of hypoxic
cells as the angiogenesis assessment or the DNA strand
break assay (comet assay) after radiation have been also
accounted.®® Nowadays, advances in imaging and func-
tional non invasive techniques provide a better mean for
tumor hypoxia investigations.These techniques like the
blood oxygen level-dependent magnetic resonance ima-
ging (BOLD MRI) and PET imaging using hypoxia-
specific radiotracers have been found highly effective to
record the heterogeneous distribution of oxygen within the
tumor and its sub-volumes.

The MRI Approach

BOLD MRI uses the paramagnetic deoxyhemoglobin as
a contrast agent to target RBCs because this method is
sensitive to pO2 fluctuation in blood vessels. Several studies
have been conducted to evaluate the relationship between
pO2 and BOLD signal changes.®* A particular MRI study
applied to this concern is the so called Intrinsic Susceptibility
MRI (IS-MRI). This approach is based on the quantitation of
the transverse relaxation rate R,*. This parameter seems to
be very sensitive to the concentration of paramagnetic deox-
yhemoglobin within the tissues vessels. Given the high con-
centration of deoxygenated RBCs in tumor microcirculation,
tumors exhibit a relatively fast R,* to be easier distinguished
from normal tissues. Variations in levels of paramagnetic
deoxyhemoglobin have been associated to cycling hypoxia
both in human CAL® xenografts and HNSCC patients on

a 3T clinical MRI clinical scanner by a study of Panek et al.®>
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In this research, as signal processing, the R,* maps were
calculatedfor each time point and the volume transfer con-
stant between blood plasma and extracellular extravascular
space, K™ were elaborated for each voxel. As a result,
spontaneous R,* fluctuations were detected in both cate-
gories and predominantly associated with regions of hetero-
geneous perfusion and hypoxia in the CAL® xenografts. In
patients, Ry*fluctuations spatially correlated with regions of
lymph nodes with low K"™" values, typically nearest the
necrotic cores. The authors concluded that such fluctuations
are predominantly associated with regions of impaired tumor
vasculature and this finding may be predictive for a poorer
outcome. However, the MRI technique does not allow direct
measurement of tissue pO2. BOLD MRI seems to be a more
sensitive measure of oxygen levels for perfusion-related
hypoxia than for diffusion-dependent or chronic hypoxia.

The PET Approach

Of all the currently existing techniques for in vivo detection of
hypoxia, positron emission tomography (PET) is the best
validated and not invasive clinical approach. PET is
a functional imaging technique, which measures the in vivo
distribution of radio-labelled isotopes, after the injection of
a radioactive contrast medium. For hypoxia imaging, PET
uses hypoxia-specific radioisotopes which together with 18F-
FDG (Fluorodeoxyglucose) show a complete representation of
hypoxia distribution in the tumour, identifying and quantifing
the hypoxic sub-volumes with subsequent impact on hypoxic-
customized radiation treatment.*> Among the hypoxia-specific
radioisotopes, the most used belongs to radio-labelled nitroi-
midazoles which are well known to bind selectively to hypoxic
cells where they are reduced.®® The first labelled nitroimida-
zole compound used in hypoxia PET studies has been the 18F-
MISO (18F-Fluoromisonidazole). Pretreatment 18F-MISO
uptake has been found as an independent prognostic indicator
following treatment of head and neck cancer. In fact, an high
F-MISO uptakes seems to correspond to low tissue oxygen
concentrations, which usually are indicative of poor response
to treatment.®” Another interesting radiotracer which has been
intensively studied in relation to hypoxia is 18F-FAZA
(Fluoro-azomycin-arabinoside). This tracer show an advantage
consisting of higher tumor to background and tumor-to-blood
ratios due to more rapid clearance from blood and no-target
tissues.®® While the 18F-FDG is not particularly useful for the
assessment of hypoxia with static PET imaging, in dynamic
modality, it seems to offer a better valuable quantitative infor-
mation on blood perfusion and also on drug pharmacokinetics
through an indirect evaluation of vascular density and

functionality.”” This approach is a work in progress.
Although more expertise is needed for dynamic PET image
acquisition and interpretation, with this method there is the
possibility of following over time the radiotracer’s metabolism
in the region of interest. This allows for a better differentiation
among metabolically dissimilar areas, including differently
oxygenated regions. Further it provides data on vascular altera-
tions during the radiotherapy.’ In line with these discoveries,
a PET-based quantification of statistical properties of hypoxic
tumor sub-volumes in HNSCC and their impact on failure rate
of standard chemoradiation has been assessed by Chirla et al.
As a result, the number and the intensity of hypoxic voxels
significantly reduced during therapy.”' The change of the
hypoxic volume during therapy, as well as the statistical dis-
tribution of the hypoxic fraction (HF) were evaluated.
Interestingly the HF strongly correlated with the median T/M
(tumor-to-muscle) SUV (standard up take value) ratio, but not
with gross tumor volume. Hypoxia appeared 2.2 times more
frequently in T3 + T4 than in T1 + T2 primary tumors. Authors
concluded that the use of computational models with func-
tional assessment of hypoxic regions could be effective in
targeting radioresistant hypoxic tumor sub-volumes using
complex dose gradients or even simpler boost doses treatment.
Work is in progress.

Hypoxia Studies in HNSCC

Several studies have investigated hypoxia in HNSCC.
Nordsmark et al found that patients with LRF presented
a higher median hypoxic fraction than those with locoregio-
nal tumor control (22% versus 6%). A lower rate of actuarial
two-year tumor control was recorded in patients with pre-
treatment median hypoxic fractions (defined as % pO2
values <2.5 mmHg) >15% than in those with fractions
<15% (33% and 77%, respectively; p=0.01).> The fact that
in normal tissue the median estimated pO2 values are 51
mmHg in subcutis and 37 mmHg in skeletal muscle, and that
these values remain relatively constant over Hb levels in the
range of 10—16 g/dL, lends support to the idea that treatment
outcome should be better for well-oxygenated tumors than
for poorly oxygenated ones. In this regard, Brizel et al com-
pared radiation therapy outcomes between well-oxygenated
or poorly oxygenated primary tumors and metastatic lymph
nodes in HNSCC patients, and found that tumor hypoxia
with median % pO2 values <10 mmHg adversely affected
two-year locoregional control (30% vs 73%, p=0.01), DFS
rate (26% vs 73%, p=0.005), and OS rate (35% vs 83%,
p=0.02).° A subsequent study evaluated the repeatability and
prognostic impact of pretreatment pO2 histography on
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survival in patients with advanced head and neck cancer
treated with accelerated hyperfractionated radiation therapy,
with or without chemotherapy. Multivariate analysis indi-
cated that the fraction with pO2 values <2.5 mmHg was the
only significant (p=0.05) prognostic factor for survival,’*
implying that the hypoxic fraction is a negative prognostica-
tor for survival.

Hypoxia and the Tumor

Microenvironment

As a direct effect, hypoxia may induce tumor resistance to
radiation therapy and some chemotherapeutic agents via
deprivation of molecular oxygen during treatment that
requires adequate levels of intratumoral oxygen. Indirectly,
hypoxia may lead to treatment resistance through modulation
of gene expression and post-transcriptional or post-
translational modifications. The results include proteomic
alterations that subsequently lead to changes in proliferation
kinetics, cell-cycle position, or ratio of cells remaining in the
GO phase. These effects can influence the number of cells
destroyed by either radiation therapy or chemotherapy.”
Hypoxia-induced proteomic changes may also influence cel-
lular metabolism, such as the induction of the glycolytic
pathway, or, for example, increased transcription of glucose
transporters, DNA repair enzymes, growth factors, and pro-
teins involved in tumor cell detachment, invasiveness, and
resistance. Numerous hypoxia-inducible genes are controlled
by the HIF1A and HIF2A transcription factors, including
those involved in erythropoiesis, angiogenesis, glycolytic
metabolism, and tumor invasiveness.”* HIF transcription
factors are heterodimeric proteins that are upregulated in
response to hypoxia. The major function of these proteins
in tumor cells is to regulate hypoxia-driven changes in the
expression of CA-9, GLUT-1, EPO, and other tumor growth-
promoting factors. CA-9 is a transmembrane protein belong-
ing to a large family of zinc metalloenzymes that catalyze the
reversible hydration of carbon dioxide, and is involved in
various biological processes, including acid-base balance and
formation of saliva, cerebrospinal fluid, and gastric acid, and
may also be involved in cell proliferation. CA-9 is also
considered a prognostic marker for HNSCC, and its expres-
sion seems to correlate with poor survival, independently of
tumor hypoxia.”> Lactate production may also have a role in
hypoxia, as, in the absence of oxygen, glucose is converted to
lactate through anaerobic glycolysis (Warburg effect).”® An
increased HIF1A level is associated with increased glucose
consumption, which requires increased levels of glucose

transporters, such as GLUT-1, to upregulate glucose uptake.
In turn, an increased level of GLUT-1 correlates with poor
outcome for HNSCC patients as it decreases apoptosis,
thereby favouring tumor growth.”” Tumor hypoxic tissue is
acidified through lactate production, which increases tumor
invasiveness and leads to metastasis. An increase in lactate
due to increased glycolysis can be used as a biomarker in
measuring tumor hypoxia.”®

The HIF Pathway in HNSCC

Chemoradiation Resistance

Solid tumors, such as HNSCC, present nonhomogeneous
regions of hypoxia, the degree of which can be quantified
through the expression of hypoxia-regulated proteins such
as HIF1A and its downstream effectors, including CA-9."”
High levels of these proteins have been found to be strictly
related to decreased survival in HNSCC patients treated
with CCRT. Koukourakis et al found that high expression
of HIFIA and HIF2A was associated with incomplete
responses to chemoradiation (p=0.007 and p=0.02, respec-
tively). Univariate analysis indicated that high HIF1A and
HIF2A expression was significantly associated with poor
local relapse-free survival (p=0.003 and p=0.003, respec-
tively) and poor OS (p=0.05 and 0.001, respectively), while
multivariate models showed that HIF2A expression was an
independent prognostic factor.”” Based on these results, the
authors conducted a new investigation to confirm the effect
of hypoxia-regulated proteins on the outcome in platinum-
based CCRT. Complete response was obtained in 85.2% of
patients and the HIF1A level was marginally related to
disease persistent after RT (p=0.05). The level of HIF1A
was significantly associated with poor local relapse-free
survival (LRFS) (p=0.006) and OS (p=0.008), whereas
HIF2A was not. Moreover, a significant association between
CA-9 expression and poor LRFS was noted (p=0.01). This
study confirmed that high levels of the hypoxia-regulated
proteins HIFIA and CA-9 in HNSCC are predictors of
resistance to platinum-based radiochemotherapy.'®

VEGF and Tumor EPOR Expression

The role of VEGF in tumor oxygenation via neovascular-

ization remains undisputed, and is associated with
hypoxia-related signaling pathways. During hypoxia,
HIF1A is known to upregulate the expression of VEGF,
thereby inducing neoangiogenesis.*® Increased VEGF pro-
duction by tumor cells is associated with poor prognosis,

nodal metastasis, advanced clinical stage, and low survival
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in HNSCC.®' These observations, together with the finding
that EPOR is expressed in several cancers, including
HNSCC," have led to the suggestion that autocrine or
paracrine EPO signaling, and, consequently, rHu-EPO
treatment, may play a role in HNSCC malignant progres-
sion and treatment resistance.

EPOR Expression in HNSCC

Li et al investigated the expression of EPO and EPOR in
65 resected squamous cell carcinomas (SCC) of the
tongue.'” Their results showed that the proportion of
changes in EPO and EPOR expression in these specimens
was greater than that in normal squamous epithelium
(p<0.05). EPO expression was associated with age, micro-
vessel density, and tumor stage (p<0.05). After adjusting
for other clinicopathological factors, EPO and EPOR
expression remained independent, adverse prognosticators
for postoperative survival (p<0.05). The authors concluded
that EPOR expression influences the prognosis of carcino-
genesis, angiogenesis, and malignant progression of SCC
of the tongue, suggesting that a hypoxic tumor microen-
vironment might stimulate angiogenesis and promote
tumor survival and growth. In support of these findings,
Lin et al analyzed 256 surgical specimens of patients who
had not received previous radiotherapy and/or chemother-
apy, and found that EPOR was widely overexpressed in
oral squamous cancer tissues. These results indicated that
elevated EPOR expression may be significantly correlated
with advanced T classification (p<0.001), advanced TNM
stage (p<0.001), and positive N classification (p=0.001).
Furthermore, univariate analysis indicated that patients
with high tumor EPOR expression showed lower five-
year OS (p=0.0011) and disease-specific survival rates
(»=0.0017) than patients exhibiting low tumor levels of
EPOR. The EPO receptor was assessed to be an indepen-
dent prognostic marker in patients with oral cancer.'®

EPO/EPOR Signaling and Anemia in
HNSCC

Autocrine or paracrine EPO signaling may also be activated
by rHu-EPO therapy in the malignant progression and inva-
siveness of HNSCC, and could potentially be the source of
the detrimental effects evidenced in the main EPO trials.®?
Mohyeldin et al investigated the expression and function of
EPO and EPOR in HNSCC-derived biopsies and cell lines.
The EPO responsiveness of the cell lines was assessed
through epoetin alpha-induced tyrosine phosphorylation of

Janus kinase 2 (JAK?2). The authors observed a significant
association between disease progression and expression of
EPO and its receptor in 32 biopsies. EPO expression was
highest in malignant cells, particularly within hypoxic
regions and regions of tumor infiltration. Although the
expression of both EPO and EPOR was detected in
human head and neck carcinoma cell lines, only the expres-
sion of EPOR was upregulated as a result of hypoxia.
Epoetin alpha treatment induced marked JAK2 phosphory-
lation and enhanced cell invasion, while inhibition of JAK2
phosphorylation reduced both basal and EPO-induced inva-
siveness. Further, Winter et al also examined the relation-
ship between EPO/EPOR and anemia.® First, they found
that EPO and EPOR were expressed in the cytoplasm of
90% and 95% of tumors, respectively, and also found
a positive correlation between EPO and EPOR expression
(r=0.18, p=0.03). They then investigated the stimuli regu-
lating the expression of both EPO and EPOR in vivo, as
well as their functional significance. Their results showed
that EPO, but not EPOR, colocalized with HIF1A and CA-
9, thereby providing further evidence that hypoxia is the
main stimulus for EPO expression in tumors. The expres-
sion of HIFIA (»p<0.01) and CA-9 (»=0.002) correlated
with the expression of EPO, but not with that of EPOR,
and no correlation was found between Hb levels and EPO
(=0.07, p=0.36) or EPOR (+=0.02, p=0.8) levels. No sur-
vival difference was detected between high or low EPO or
EPOR expression (p=0.59 and p=0.98, respectively). The
authors concluded that, in HNSCC, the HIF pathway seems
to regulate the expression of EPO, but not EPOR, at the
mRNA level in vivo. Furthermore, according to these
results, anemia does not seem to influence the hypoxic
microenvironment of tumors enough to affect EPO expres-
sion. Thus, the authors provided strong evidence for the
hypoxic regulation of EPO and a local EPO/EPOR auto-
crine signaling pathway in tumors.

Conclusion: Who Drives This

Carousel?

Hypoxia, and not anemia, seems to be the driver of resis-
tance to rHu-EPO treatment in HNSCC therapy. The EPO
trial failures should be considered as the tip of an iceberg
comprising the hypoxia-related HIF signaling pathway.
Exogenous EPO may be acting via its receptor, EPOR, in
tumor cells through the HIF pathway in vivo, thereby
enhancing tumor growth and invasiveness. One solution
to overcome this resistance could be the combined
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targeting of HIF and CA-9 proteins, which represents an
important challenge in the development of new anticancer
drugs. In this regard, several HIF inhibitors or those tar-
geting the tumor-associated isoforms of CA-9 have been
developed and are currently under investigation in clinical
trials for cancer treatment.** Although these compounds
have shown promising anticancer effects in preclinical
studies, substantial clinical trials have yet to be conducted.
A clinical Phase I trial testing the CA-9 inhibitor, SLC-
0111 (also known as WBI-5111), as monotherapy for the
treatment of solid tumors has recently been completed, but
the results have not yet been published.*> SLC-0111 is
a simple, ureido-substituted, benzenesulfonamide deriva-
tive which exhibits significant inhibitory activity against
CA-9 and CA-12 in vitro.®® In vivo, SLC-0111 was shown
to inhibit the growth of CA-9/12-expressing tumors, and
promoted a notable depletion of the cancer stem cell
population and reduced metastatic potential. Important
antitumor effects have also been observed for SLC-0111
in combination with other anticancer agents used clini-
cally, such as paclitaxel and doxorubicin.®” Although the
results of the phase I clinical trial are not yet available, the
compound has been scheduled for Phase II trials.
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