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Human Erythropoiesis
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KABSTRACT

Inhibition of vascular endothelial growth factor (VEGF) signal-
ing increases red blood cell (RBC) counts, and erythropoiesis
markers have been proposed to guide antiangiogenic therapy
in humans. We analyzed RBC measurements in patients en-
rolled inthree studies: a phase Il trial of axitinib in thyroid can-
cer; a study of sorafenib in advanced solid tumors; and a
randomized trial of fluorouracil, hydroxyurea, and radiation
with and without bevacizumab for head and neck cancer. In
the sorafenib trial, plasma erythropoietin concentrations were
measured at baseline, day 8, and day 35. Over the first 84 days of
treatment, RBC counts increased for each day on sorafenib (2.7
M/ L [95% confidence interval (Cl), 1.5-3.9]) and axitinib (4.3
M/ L [95% Cl, 2.2—6.5]). RBCs declined over the first 68 days of

cytotoxic chemoradiotherapy alone (—12.8 M/uL per day [95%
Cl, —15.7 to —9.8]) but less so with added bevacizumab (—7.2
M/l per day [95% Cl, —9.5 to —4.9]). Erythropoietin levels in-
creased, on average, by 9.5 mlU/mLbetween day 8 and day 35 of
sorafenib exposure. No significant relationships between eleva-
tions in RBCs and changes in volume status or blood pressure or
between elevations in erythropoietin and smoking status were
found. VEGF signaling inhibition is associated with increased RBC
and erythropoietin production in humans. The effects of these
changesare subtle at physiologic doses and are unlikely to be clin-
ically useful biomarkers for guiding the administration of or pre-
dicting treatment responses to VEGF pathway inhibitors. The
Oncologist 2013;18:965-970

Implications for Practice: Studies of preclinical models often uncover unexpected physiologic effects of new drugs. For the VEGF
signaling inhibitors, one study suggested that they stimulated hepatic synthesis of erythropoietin and erythrocytosis. The inves-
tigators hypothesized that erythropoietin or red blood cell counts could be a pharmacodynamic biomarker with which to person-
alize VEGF inhibitor therapy in cancer patients. In this study, we detected subtle, consistent effects of axitinib, bevacizumab, and
sorafenib on red blood cell counts. We further investigated the changes in circulating erythropoietin after initiation of sorafenib
therapy. Although an average effect was detectable, the measured changes were small and variable. We concluded that although
the preclinical models detected this physiologic effect, it is unlikely that these measures will be effectively developed to guide

VEGF inhibition therapy in human cancer patients.

INTRODUCTION

Vascular endothelial growth factor (VEGF) signaling is crucial
to numerous adult physiologic functions but more so in condi-
tions of pathologic angiogenesis such as cancer [1, 2]. Disrup-
tion of VEGF signaling has demonstrated therapeutic benefit
[3—-13]; however, given the severity of the conditions for
which these agents were developed, their use and dosing
were determined empirically. Although much is known about
the biology of angiogenesis and angiogenesis inhibition by dis-
ruption of VEGF signaling, no noninvasive biomarker has been
sufficiently developed to guide the optimal and safe adminis-
tration of VEGF signaling pathway (VSP) inhibitors [14-16].

In cynomolgus monkeys that received the VSP inhibitor af-
libercept, Tam et al. observed erythrocytosis [17]. To explain
this observation, the investigators administered various mo-
dalities of VEGF inhibition to rodents and demonstrated (a)
that VEGF inhibition stimulates production of erythropoietin
by hepatocytes, (b) that this occurs through a mechanism inde-
pendent of hypoxia-inducible factor 1« and is associated with
suppression of renal erythropoietin mRNA expression, (c) that
these effects are dose dependent and are readily detected
through measurement of circulating red blood cell (RBC) counts
or plasma erythropoietin, and (d) that the increases are cumula-
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tive and detectable after 4 weeks of chronic VSP inhibition with
aflibercept. The authors concluded “that levels of erythropoietin
and erythrocytosis could represent noninvasive surrogate mark-
ers for stringent blockade of VEGF in vivo,” but they acknowl-
edged that “whether the high degree of VEGF blockade
associated with erythrocytosis . . . would be either safe or desir-
able remains to be seen.” Notably, aflibercept was recently ap-
proved by the U.S. Food and Drug Administration (FDA) for
second-line therapy of metastatic colorectal cancer in combina-
tion with 5-fluorouracil, leucovorin, and irinotecan at a dose of 4
mg/kg every 2 weeks (equivalent to one-ninth of the dose admin-
istered to cynomolgus monkeys) [11, 18, 19].

For erythropoietin levels or RBC counts to serve as clini-
cally relevant biomarkers, this effect of VSP inhibitors should
be detectedin human subjects withinthe typical range of ther-
apeutic doses. Several studies in cancer patients have ob-
served increased hemoglobin levels associated with the use of
VEGF inhibitors including bevacizumab, sunitinib, sorafenib,
and axitinib [20—-24]. In addition, studies have shown reduced
risk of anemia with bevacizumab in patients receiving chemo-
therapy [25]. These studies verify in humans the observation
that VSP inhibitor therapy increases RBC counts and erythro-
poietin levels; however, developing these measurements as
biomarkers for prediction of treatment outcomes with these
agents or improving the precision of dosing these drugs for in-
dividual patients requires a stepwise evaluation process [26].
During the past decade, the FDA provided guidance on bio-
marker development [27] that has been increasingly incorpo-
rated into National Cancer Institute [28] and industry-
sponsored investigations [29]. A key element of the approach
is to distinguish biomarkers that are measured in an analytical
test system with well-established performance characteris-
tics for which there is a scientific framework that elucidates
the clinical significance of the results as “probable valid bio-
markers.” This initial step is important for promoting a bio-
marker from simply exploratory to a candidate worth further
investigation and investment.

We analyzed complete blood counts from patients at our
institution who received axitinib, sorafenib, or bevacizumab
within early clinical trials. In addition, we measured erythro-
poietinin prospectively collected, stored, frozen plasma spec-
imens to determine the time course and magnitude of
changes during sorafenib treatment. Our findings confirm
that VSPinhibitor therapy is associated with increases in RBCs
and erythropoietin, but these changes are subtle and variable,
making further development of these biomarkers unlikely to
be useful for individualized treatment.

METHODS

Clinical Trials

Patients were enrolled in one of three clinical trials. In “A Phar-
macokinetic, Pharmacodynamic, and Pharmacogenetic Study
of Sorafenib and Blood Pressure Elevation in Patients with Ad-
vanced Malignancies,” patients received sorafenib 400 mg
twice daily (57 patients) [30]. In “AStudy of the Anti-Angiogen-
esis Agent Axitinib in Patients with Metastatic Thyroid Can-
cer,” patients received axitinib 5 mg twice daily (16 patients)
[31]. In “A Study of Chemoradiotherapy for Intermediate
Stage/Selected Stage IV Cancers of the Head and Neck,” pa-
tients received biweekly chemoradiation: twice daily radia-
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tion and continuous infusion 5-fluorouracil 600 mg/m? per
day for 5 days and 500 mg hydroxyurea twice daily for 6 days
with (14 patients) or without (8 patients) bevacizumab 10
mg/kg on day 1 of each treatment week [32]. In the sorafenib
and axitinib trials, no patient required transfusion and growth
factors were not permitted. To isolate the pharmacodynamic
effects of bevacizumab from disease and cytotoxic treatment
effects, patients who required administration of packed RBCs
or erythropoiesis-stimulating agents (n = 3) were excluded
from the analysis. This research was approved by the Univer-
sity of Chicago institutional review board, and patients pro-
vided written informed consent for relevant specimen
collections and retrospective data analysis.

RBC and Erythropoietin Measurements
To determine whether disruption of VEGF signaling in humans
is associated with increased erythropoiesis, we analyzed RBC
measurements in patients at a single institution. AllRBC count
data were processed at the University of Chicago Hospitals
with the Coulter LH755 Hematology Workcell (Beckman
Coulter, Fullerton, CA, http://www.beckmancoulter.com).
RBC count was obtained by direct measurement of erythro-
cytes with multiplication by calibration factor. Reportable
ranges using the Coulter LH755 are 0.00 to 8.00 X 10°/uL.
Mean difference, a measure of accuracy, is =0.05.
Erythropoietin plasma concentrations were measured
only for patientsinthe sorafenib study at baseline and on days
8and 35. Erythropoietin levels were measured in these stored
plasma samples using the Immulite 2000 assay (Arup Labora-
tories, Salt Lake City, UT, http://www.aruplab.com/), accord-
ing to the manufacturer’s specifications. Thirty-two subjects
were included in the analysis.

Ambulatory Blood Pressure and Creatinine

Clearance Measurements

Ambulatory blood pressure measurement was collected
based on previously published methods [30] and was per-
formed at baseline, once between days 6—-12 of sorafenib
treatment, and once during weeks 5-7 (typically on day 35).
For 19 patients, 24-hour urine collections and same-day
plasma creatinine measurements were also available. All
plasma and urine creatinine measurements were determined
at the University of Chicago Hospitals Analytical Laboratory
with the Roche Hitachi P800 Analyzer (Roche, Indianapolis, IN,
http://www.roche.com), according to the manufacturer’s
specifications. The reportable ranges of plasma and urine cre-
atinine measurementsare 0.2-25 mg/dLand 4.0-650 mg/dL,
respectively.

Collection of Smoking History

Patient smoking history was collected from retrospective
chart review of physician’s initial social history assessment at
presentation to the institution and, if the patient was treated
at University of Chicago prior to enrollmentin the clinical trial,
again on the study pretreatment visit note.

Statistical Analysis

Linear mixed models with random intercept were used to de-
termine the effect of VEGF signaling inhibitors on RBC mea-
surements. Study day was included as a fixed effect, and
subject wasincluded as arandom effect. Changes over timein
weight and creatinine clearance were also analyzed using lin-
ear mixed models. Repeated measures analysis of variance
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with the Greenhouse-Geisser adjustment was used to exam-
ine whether erythropoietin levels changed significantly over
time. Because of the skewness of the distribution, erythropoi-
etin levels were natural log transformed prior to analysis.
Pearson’s correlation coefficient was used for determination
of the association between changes (week 57 vs. baseline) in
blood pressure and RBC concentration. Changes in erythro-
poietin level among those with a history of smoking versus
those who never smoked were analyzed with a two-sample t
test using log-transformed erythropoietin values. Statistical
significance was defined as p < .05. All statistical analyses
were performed with Stata 10 (StataCorp, College Station, TX,
http://www.stata.com).

RESULTS

Increased RBC Levels With Exposure to

VEGF Inhibitors

RBC measurements were collected from patients in the stud-
ies previously described. Over the first 84 days of treatment,
RBC counts increased for each day on sorafenib (2.7 M/uL;
95% confidence interval [CI], 1.5-3.9; p < .001) and axitinib
(4.3M/uL;95%Cl, 2.2—-6.5; p <.001) (Fig. 1A, 1B). RBC counts
declined over the first 68 days of chemoradiation only (—12.8
M/uL per day; 95% Cl, 15.7 to —9.8) but less so (—7.2 M/ulL
per day; 95% Cl, —9.5 to —4.9) with added bevacizumab (p =
.003 for the study day by treatment interaction) (Fig. 1C).
Women had lower RBC counts than men (p = .002). For pa-
tients enrolled in the sorafenib study, the test of gender by
time interaction on change in RBC count was not statisti-
cally significant. Because sample size was small, this inter-
action was not calculated for patients enrolled in the
axitinib or bevacizumab studies.

Increased Erythropoietin With Exposure to Sorafenib
To determine whether VEGF inhibition in humans had effects
similar to those in monkeys, baseline, day 8, and day 35 eryth-
ropoietin measurements were collected from patients en-
rolledinthe sorafenib trial. Thirty-two patients with complete
data wereincluded in this analysis. There was a significant dif-
ference in erythropoietin levels across the three visits (p =
.027). The highest levels, on average being reached at day 35,
were 9.5 mlU/mL greater than on day 8 of sorafenib exposure
(Fig. 2A). The individual trajectories, however, were highly
variable (Fig. 2B). Data on smoking history, antihypertensive
use, and mean corpuscular volume (MCV) are included in Ta-
ble 1 (pulse oximetry andreticulocyte count data were not col-
lected in the clinical trials and were not available for analysis).
There was no significant change in MCV for patients receiving
sorafenib or axitinib. Notably, 34 of 57 patients receiving
sorafenib had data on RBC counts as well as erythropoietin
levels at baseline and at day 35. For these patients, there was
not a significant positive correlation between changein eryth-
ropoietin and change in RBC count. Pharmacokinetic analyses
were performed on 32 subjects who had steady-state plasma
total sorafenib minimum concentration measurements avail-
able. There was no correlation between sorafenib concentra-
tion and change in erythropoietin (r* = .05, p = .24).

www.TheOncologist.com
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Figure 1. Evidence that red blood cell (RBC) levels increase with
exposure to vascular endothelial growth factor inhibition. (A):
Percent change in RBC counts (in million per microliter) in pa-
tients receiving sorafenib. (B): Percent change in RBC counts in pa-
tients receiving axitinib. (C): Bevacizumab inhibits declines in RBC
counts due to chemotherapy. In Figure 1A—1C, each colored line rep-
resents an individual patient’s observed change over time.

RBC Elevation Does Not Correlate Significantly With
Blood Pressure Elevation

In initial reports, investigators hypothesized that RBC eleva-
tion was secondary to loss of plasma volume or to blood pres-
sure elevation rather than a direct effect of VEGF signaling
inhibition [33]. Consequently, we examined changes in

©AlphaMed Press 2013
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A Table 1. Characteristics of 32 patients receiving sorafenib
200+ ® for whom erythropoietin values were analyzed
150
- o
i . - ° Characteristics n (%)
- . - Sex
501 ° Male 20 (63)
£ T Female 12 (37)
E Smoking Status
o
& Never 17 (53)
10+ Former 13 (41)
Current 2 (6)
—— = No. of antihypertensive agents used
—r . At baseline
BL Day 8 Day 35 0 22 (69)
1 10 (31
B (31)
S - At day 35
0 19 (59)
s 1 10 (31)
£ 2 3(9)

400
1

Percent Change From Baseline
200
!
\

0 8 35
Study Day

Figure 2. Erythropoietin increases subtly with sorafenib expo-
sure. (A): After steady-state concentrations of sorafenib are
reached (on approximately day 8), plasma EPO concentrationsin-
crease by day 35. (B): Percent change of each individual subject’s
EPO measurements (in milli-international units per milliliter) are
depicted. There is significant interindividual variability among
these trajectories.
Abbreviation: Erythropoietin, EPO.

weight, creatinine clearance, and precise ambulatory diastolic
blood pressure (DBP) in sorafenib-treated patients. Weight
decreased 0.4 kg foreach week ontreatment(95%Cl,0.3-0.5;
p <.001; n = 36). In addition, there was no statistically signif-
icant change in urine creatinine clearance over time (—0.08
mLperminute perday; 95%Cl, —0.20t00.03; p = .16;n = 19).
To determine whether the RBC elevation was associated with
DBP elevation, ambulatory data were collected from 43 pa-
tients. There was a weak correlation between change in DBP
and change in RBC count. The Pearson’s correlation coeffi-
cientwas 0.10 (95% Cl, —0.21t0 0.39; p = .52) (Fig. 3).

Smoking Status Is Not Significantly Correlated With
Changes in Erythropoietin Levels

Active and prior cigarette smoking can lead to a relative
pro-erythropoietic state. Of the 34 subjects who had eryth-
ropoietin measurements available, 15 patients reported a
prior history of smoking and 19 patients reported never
smoking (Table 1). Changes in erythropoietin levels from
baseline to week 5 were compared between the never-
smokers and the patients with a history of smoking. There

©AlphaMed Press 2013

Laboratory measures Mean value (SD)

Erythropoietin, mlU/mL

Baseline 17.4 (18.0)
Day 8 16.7 (20.1)
Day 35 26.2 (38.4)
Change (day 35 vs. day 8) 9.5 (19.5)
RBCs, M/uL
Baseline 4.2 (0.6)
Day 35 4.5 (0.8)
Change (day 35 vs. baseline) 0.3 (0.5)
Corpuscular volume, fL
Baseline 87.6 (8.4)
Day 35 87.6 (8.3)
Change(day 35 vs. baseline) 0.0 (2.4)

Abbreviation: RBC, red blood cell.

was a mean increase of 5.6 mlU/mL (standard deviation
[SD]: 29.6) in the group of patients who had a prior history
of smoking versus 12.9 mIU/mL (SD: 42.7) in those who had
never smoked. There was no significant association be-
tween smoking status and rise in erythropoietin levels with
sorafenib treatment (p = .39).

DiscussioN

This retrospective analysis across studies of three different
VSP inhibitors demonstrated consistent but small effects of
these agents on erythropoiesis. Monotherapy with sorafenib
and axitinib led to measurable increases in RBC, whereas the
presence of bevacizumab in a small randomized study of che-
moradiotherapy appeared to protect against the severity of
anemia typically caused by the myelosuppressive therapy.
Some might argue that grouping these agents assumes they
affect RBC counts by the same mechanism. VSP inhibition ef-
fects on RBCs are reproducible across species and consistent
across methods of pathway inhibition (e.g., antibodies to the
VEGF ligand and small molecule inhibitors of the VEGF recep-
tor), suggesting a mechanism-based phenomenon. These
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Figure 3. Relationship between change in diastolic blood pres-
sure and changein red blood cell count. Pearson’s correlation be-
tween change in DBP and change in RBCis 0.10 (95% confidence
interval, —0.21t00.39; p = .52).

Abbreviations: DBP, diastolic blood pressure; RBC, red blood
cell.

findings previously suggested that measures of erythropoiesis
might be strong candidate biomarkers of VSP inhibition, but
the RBC changes that we have measured are subtle and vari-
able. In fact, the majority of patients receiving these agents
will be unlikely to show clear evidence of erythropoiesis. Con-
sequently, these markers are unlikely to be developed suc-
cessfully as clinically relevant biomarkers of the extent of VSP
inhibition in human subjects.

Our results are consistent with the findings of Tam et al. in
cynomolgus monkeys [17]. At the time of their publication,
this effect had not been reported in humans, but subse-
quently, evidence of erythrocytosis as a pharmacodynamic ef-
fectof VSPinhibitorsin cancer patients was published [20, 33].
Similar to the preclinical studies, collectively, our studies and
others have verified that this is a detectable effect of VSP inhi-
bitionin humans [21, 22, 25]. Although Tam et al. clearly dem-
onstrated hepatic erythropoietin synthesis as a putative
mechanism, the clinical investigators suggested alternative
mechanisms such as volume contraction reflected by rapid
changes in blood pressure with exposure and removal of
sunitinib [33]. Our study of continuous administration of
sorafenib included more precise and sensitive measurement
of ambulatory blood pressure changes and 24-hour urine col-
lections. We did not find evidence of significant volume con-
traction over the course of sorafenib exposure and found no
strong correlation between the increase in RBC and the in-
crease in blood pressure. We did detect evidence of increases
in circulating erythropoietin after steady-state concentra-
tions of sorafenib exposure were reached (between days 8
and 35), consistent with the hypothesis of Tam et al. that VSP
inhibition led to increased erythropoietin production, which
inturn led to erythrocytosis.

Although this study was a collection of small studies, the
analytical methods applied to the available data suggested
thatthe qualitative effect of VSPinhibition onincreased eryth-
ropoiesis was identified, but the magnitude of effect was less
apparent than in the mouse and primate models. We hypoth-
esize that this may be due to differences in the relative dosage
of VSP inhibitors. The recommended dose for humans in the

www.TheOncologist.com

FDA-approved label for aflibercept, for example, is 4 mg/kg
every 2 weeks, and this dose achieves approximately 1.7-fold
the exposures achieved with a 3-mg/kg dose in monkeys [19].
To achieve the elevations in hematocrit observed in the mon-
keys, however, Tam et al. administered aflibercept 15 mg/kg
twice weekly, or 60 mg/kg every 14 days. This dosage roughly
approximates a human-equivalent dose of 36 mg/kg over 14
days, or approximately 9-fold the labeled dose. Although
there is some variability among different VSP inhibitors in the
intensity of VEGF inhibition at the standard doses, none are
likely to be equivalent to 9-fold the dose of another. At the tol-
erable doses of the different VSP inhibitors included in this
study, the subtle, reproducible, but variable effects on human
erythropoiesis likely reflect fractional inhibition of the signal-
ing pathways that lead to the greater erythropoietin produc-
tion and RBC elevations observed in the animal models.

CONCLUSION

We have demonstrated that the proposed candidate markers,
RBC count and erythropoietin level, will not achieve status as
valid or “probable valid” biomarkers. In this case, our findings
suggest that humans are receiving drug dose equivalents at
the lower end of the dose-response relationship studied in de-
tail in animal models. In future development of novel antican-
cer agents, a systematic strategy for developing mechanism-
dependent toxicities as biomarkers might routinely include
assessment of the reproducibility and precision of measure-
ments as aninitial consideration of the costs and ultimate util-
ity of such markers for individualizing therapy. In the case of
VSP inhibitors, we conclude that changes in RBC count and
erythropoietin level, although biologically related to VSP inhi-
bition, are not valid biomarkers for VSP inhibitors.
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