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Abstract

Background: Conventional cytoreductive therapy for patients with chronic
Philadelphia-negative myeloproliferative neoplasms (MPNs) includes hydroxyu-
rea (HU), interferon-alpha2 (IFN), and anagrelide. HU is worldwide the most
used cytoreductive agent, which lowers elevated blood cell counts within days in
the large majority of patients. However, some patients may experience rebound
cytosis when HU is reduced due to cytopenia, thereby potentially giving rise to
fluctuating cell counts during therapy. Such rapid oscillations may be harmful
and potentially elicit thrombosis. Treatment with IFN gradually lowers elevated
cell counts within weeks and when the dosage is reduced, the cell counts do not
rapidly increase but are sustained within the normal range in the large majority
of patients. Conventional hematological response criteria are among others based
upon single absolute cell count values and do not take into account the relative
decreases toward normal for each cell count.

Materials, Methods & Results: Using serial data from the Danish DALIAH
trial, we herein describe a novel integrated biomarker index for the assessment
of hematological and molecular (JAK2V617F) responses in patients with MPNs
during treatment with IFN or HU.

Discussion: This novel tool convincingly displays the superiority of IFN versus
HU in normalizing elevated cell counts. Our results need to be validated in larger
studies but already now call for studies of the safety and efficacy of combination

therapy during the initial treatment of patients with MPNs.

KEYWORDS

combination therapy, essential thrombocythemia, hydroxyurea, interferon-alpha2, MPN,
myelofibrosis, novel integrated biomarker index, polycythemia vera, treatment responses

WILEY

Hans C. Hasselbalch and Johnny T. Ottesen contributed equally to this work.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.

© 2022 The Authors. Cancer Medicine published by John Wiley & Sons Ltd.

Cancer Medicine. 2022;00:1-9.

wileyonlinelibrary.com/journal/cam4

1

85UR017 SUOWIWIOD 3RS0 3(eat|dde 3y} Aq peusenob afe 3Pl e VO ‘8sN 4O S3INJ 10} A1g1T8UIIUO A8]IM UO (SUORIPLOD-PUR-SUBY WD A3 1M AfeIq 1 )BUI|UO//SHRL) SUORIPUOD PUe SWIB L 38U} 885 *[2202/0T/92] LU0 ARIqIT8uljuO AB|IM ‘(-oul eAnde 1) 8anopesy Aq G826 7Ued/Z00T OT/I0p/LLod A8 1M Areiq1jeul|uo//Sdiy Wwouy papeojumod ‘0 ‘vE9.SP0Z


www.wileyonlinelibrary.com/journal/cam4
https://orcid.org/0000-0001-5946-8220
https://orcid.org/0000-0001-9829-3099
https://orcid.org/0000-0001-7582-0685
https://orcid.org/0000-0002-3088-4375
https://orcid.org/0000-0002-2873-5928
https://orcid.org/0000-0001-6767-0226
https://orcid.org/0000-0003-0097-7826
mailto:﻿
https://orcid.org/0000-0003-3936-8032
https://orcid.org/0000-0002-9786-0300
http://creativecommons.org/licenses/by/4.0/
mailto:hans.hasselbalch@gmail.com

DAM ET AL.

2 ..
J—WI LEY_Cancer Medicine _
1 | INTRODUCTION

The classic Philadelphia-negative chronic myeloprolif-
erative neoplasms (MPNs) encompass essential throm-
bocythemia (ET), polycythemia vera (PV), and primary
myelofibrosis (PMF).! Prior to the MPN diagnosis, many
patients may experience thromboembolic events with
concurrent elevated cell counts for several years due to
undiagnosed MPNs.>® The MPNs are characterized by
so-called driver mutations in the following genes: JAK2,
CALR, and MPL. JAK2V617F is the most frequent muta-
tion being present in virtually all patients with PV and
half of those with ET and PMF. Mutated CALR is found
in approximately 50% of ET and PMF patients negative for
the JAK2V617F-mutation, respectively.”'* Additional mu-
tations (e.g., DNMT3A, ASXL1, and TET2) are frequently
recorded in the more advanced disease stages with severe
myelofibrosis."

Worldwide the most used cytoreductive agent in MPNs
is hydroxyurea (HU)—a DNA-synthesis inhibitor'®'’—
that has raised concern in regard to its leukemogenic po-
tential.!” Thus, some studies have shown that long-term
exposure to HU (>10years) may be associated with an
increased risk of developing acute myelogenous leuke-
mia (AML) or myelodysplastic syndrome (MDS), the
latter with an inherently high risk of leukemic transfor-
mation."®"® HU does not target the malignant clone and
accordingly does not correct the aberrant cellular machin-
ery in MPNs. The cell counts rise to pretreatment levels
within days following discontinuation of HU, highlighting
that this agent does not influence the basic molecular ab-
errations that give rise to clonal expansion.

For about three decades, interferon-alpha2 (IFN) has
been used in the treatment of MPNs. Several studies have
shown that IFN is safe and normalizes elevated cell counts
efficiently.”** Prolonged treatment (about 5years) with
IFN may lead to polyclonal hematopoiesis, bone marrow
normalization, and low-burden JAK2V617F in a subset of
patients, with continued effect even after 2-3 years follow-
ing discontinuation of IFN.**"2° These highly encouraging
results have powered novel treatment goals of achieving
“Minimal Residual Disease” (MRD).?’

A major clinical challenge in MPN-treatment is among
others that the thrombosis risk is still substantial despite
treatment with aspirin and in high-risk patients cytoreduc-
tive therapy as well.”*** Of note, the thrombosis risk for
both venous and arterial thrombosis is most pronounced
within the first 3 months after the MPN diagnosis.*® Most
recently, we have shown that HU does not induce a sus-
tained normalization of elevated cell counts or decrease
in the JAK2V617F allele burden,* which may contribute
to the increased risk of thrombosis despite cytoreductive
treatment.”® > Most recent studies have shown that IFN

is not superior to HU in terms of normalizing elevated cell
counts after 12 and 24 months, however, IFN convincingly
displays superiority after 36 months in regard to the poten-
tial of inducing major molecular remissions as assessed by
a decline in the JAK2V617F allele burden.”>**** In these
and previous studies, assessment of clinicohematological
responses has been performed according to conventional
international response criteria.***” Accordingly, the bio-
chemical responses for the leukocyte and platelet counts
are based upon absolute values within the normal range.
During treatment with, for example, HU and IFN, some
patients achieve a normal leukocyte count but still have
an elevated platelet count and others achieve a normal
platelet count but still have an elevated leukocyte count.
The ranges above normal may vary considerably. Thus, it
might be anticipated that a patient with a normal leuko-
cyte count (e.g., in the upper normal range) but still an
elevated platelet count of e.g., 800x 10°/L might have a
response profile, which is inferior to the patient with a
leukocyte count within the normal range but an elevated
platelet count of 800x 10°/L. These discrepancies are not
captured in the current response criteria but might be of
utmost importance in terms of evaluating responses in
individual patients at a given time point and also when
assessing the dynamics in the cell count responses over
time. Such information may be even more important
when considering the differences between HU and IFN in
regard to inducing normal cell counts and the observed
fluctuations in cell counts, which we most recently de-
scribed in patients during treatment with HU.*®

Based upon serial measurements of hematological
variables (leukocyte count, platelet count, and LDH)
from patients enrolled in the Danish DALIAH trial (see
below), we have elaborated a novel data-based hema-
tological biomarker index that by a single number de-
scribes the deviation of leukocyte count, platelet count,
and LDH from normal values. Using this novel biomarker
index for the assessment of responses to IFN and HU,
we provide evidence that IFN may be superior to HU in
the treatment of patients with PV and related neoplasms.
Based upon current knowledge on the mechanisms of
action of HU and IFN, we discuss the rationales and per-
spectives for using IFN in combination with HU in the
treatment of MPNs.

2 | MATERIAL AND METHODS

The DALIAH trial is an investigator-initiated, open-label,
randomized controlled, parallel design, clinical phase
III trial (ClinicalTrials.gov Identifier: NCT01387763)
conducted at eight study sites in Denmark from 2012
to 2020. In this trial, the safety and efficacy of different
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IFN formulations (PegIntron and Pegasys) are compared
with HU. HU was administered at a starting dose of 500
to 1000mg/day, according to the treating investigator.
The dose was adjusted according to pre-defined dose lev-
els to achieve a hematologic response (leucocyte count
<10x10°/L and platelets <400x10°/L). In order to de-
crease toxicity-related treatment-discontinuation, IFN
was initially administered at low levels (Pegasys: 45 pg/
week and Peglntron: 35pg/week). The IFN dose was es-
calated in a response-driven manner at pre-specified time
points to achieve a complete hematologic response at 4
and 12months and a partial or a complete molecular re-
sponse by 2009 European Leukemia Net (ELN) criteria
(ET, PV, Pre-MF) or EUMNET 2005 criteria (PMF) at 12
and 18 months.*®*? The study was approved by the local
ethical committee.

2.1 | Calculation of biomarker index

The Hematological Biomarker Index (HBI) combines
the leucocyte count, the platelet count, and LDH from
the individual patient into a single number. These bio-
markers have been selected since they are included in
the criteria for diagnosis and treatment response (leu-
kocyte and platelet count), and prognosis (leukocyte
count). The LDH was selected as an integrated signature
of myeloproliferation. The hemoglobin concentration
level as well as the hematocrit level were not included in
the index for several reasons. First, in patients with PV,
rapid reductions in these parameters are also caused by
venesection. Second, HU may induce macrocytosis unre-
lated to vitamin B12 or folic acid status,'” hence falsely
elevating the hematocrit level. Third, for simplicity and
usefulness of the index we aimed to minimize the num-
ber of included biomarkers.

To calculate the HBI, we determine the distance from
the normal level for each of the three biomarkers (leuco-
cyte count, platelet count, and LDH). If a measurement
is above the normal level, we calculate the distance to
the upper limit of the normal level and if the measure-
ment is below the normal level, we calculate the distance
to the lower limit of the normal level (see Table 1 for
normal levels). If a measurement falls within the normal
level, it adds zero to the HBI. To give each biomarker

TABLE 1 Normal levels and weights

Bi k
are used for HBI calculations. For LDH, lomariker
an average of the two age groups is taken Leucocytes (10°/L)
as the inverse weight Platelets (10°/L)

LDH, age <70 (U/L)
LDH, age >70 (U/L)
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comparable weight, we weight the distances by the
upper limit for the normal level of each biomarker. See
Supplementary Materials 1, Figure 1 for an example of
HBI calculation.

By the relative change in JAK2V617F we mean (JAK2V
617F—JAK2V617F,)/JAK2V617F,, where JAK2V617F, is
the JAK2V617F at baseline and JAK2V617F is that at the
instance considered. We will use the shorthand “relative
JAK2” to mean the relative change in JAK2V617F.

2.2 | JAK2V617F analysis
Mutated JAK2V617F was detected by qPCR, as previously
described.* The sensitivity of the assay was 0.1%.

2.3 | Statistics

Computations are carried out using Python 3.5.3 and the
packages Matplotlib version 3.0.3 and Numpy version
1.18.5. For statistical analysis (Figure 2), we use Python
3.5.5 and the package SciPy version 1.4.1.

3 | RESULTS

A total of 56 (ET: 12, PV: 36, Pre-MF: 3, PMF: 3) of 206
patients, enrolled in the Danish DALIAH-trial, were in-
cluded in the study. Only JAK2V617F mutated patients >
age 60 with 5 or more serial JAK2V617F measurements
receiving monotherapy with either HU (n = 27) or IFN
(n = 29) were considered eligible. Patient characteristics
by treatment group at baseline are presented in Table 2.

Using data from the DALIAH trial, we compared
the efficacy of treatment with HU and IFN (Pegasys or
Peglntron) in MPN patients. In Figure 1, we plot the HBI
over time for patients aged 60 and above 60years from the
DALIAH study. After 36 months, a statistically significant
difference (p<0.05) was recorded in the mean value of
the HBI between patients treated with HU and patients
treated with Pegasys or Peglntron.

The molecular and hematological treatment re-
sponses are assessed by combining the HBI and the rela-
tive change in JAK2V617F allele burden, thus taking into

Lower limit  Upperlimit Weight

3.5 8.8 1/8.8

145 390 1/390

105 205 2/(205+255) = 1/230
115 255 2/(205+255) = 1/230
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FIGURE 1 Box plots of the HBI
in the DALIAH study for patients over
60 grouped by treatment. The numbers

® Hydrea (27)

®  Pegasys (17)

+ Peglntron (11)
below each box indicate the number of

patients. The numbers beneath the arrow
pairs indicate the p-value in Welch's
unequal variances t-test for equality of
means for HU vs. Pegasys and for HU vs.

° Peglntron for HU vs. Pegasys and for HU
vs. Peglntron.
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account both the hematological and molecular aspects
of the disease. This is shown in Figures 2-4 for 4, 24,
and 36 months after treatment onset, respectively. Thus,
Figures 2-4 illustrate the treatment effect over time
where successful treatment corresponds to clustering in
the lower left corner. We illustrate the time progression

Hydrea (24)
Pegasys (17) |
Pegintron (9)

24 months 36 months

FIGURE 2 TheJAK2V617F allele
burden change relative to baseline versus
the HBI at month 4 after treatment onset.
Each point represents a patient from the
DALIAH study. The legend indicates the
number of patients per treatment group.
Above and to the right of the main plot,
the distribution of the patients is shown
in a histogram. The markers (dot, star,
and cross) on the histograms indicate the
mean value in each treatment group. The
closer a data point is to the lower left, the
closer the patient is to total remission.

'r
L

100

of the JAK2V617F allele burden and HBI as three “snap-
shots in time.” An illustrative animated movie of the
treatment inducing partial remission over time can be
found in Supplementary Materials 2, Animation 1. The
three figures show that HU induces a decrease in the
mean relative JAK2V617F allele burden early, whereas
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FIGURE 3 The JAK2V617F allele
burden change relative to baseline versus
the HBI at month 24 after treatment
onset. Each point is a patient from the
DALIAH study. The legend indicates the
number of patients per treatment group.
Above and to the right of the main plot,
the distribution of the patients is shown
in a histogram. The markers on the
histograms indicate the mean value in
each treatment group.
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TABLE 2 Patient characteristics by treatment group

MPN subtype

ET

PV

Pre-MF

PMF
Age (years), median (range)
Biological sex

Female

Male
JAK2V617F allele burden (%)
Hemoglobin (mmol/L)
Hematocrit (vol%)
Leucocytes (x 10°/L)
Platelets (x 10°/L)
LDH (U/L)

HU, n =27
7(26)

17 (65)

0(0)

2(8)

69 (63-72)

10 (38)

16 (62)
35(15-52)
9.5 (8.6-10.2)
47 (43-52)
9.9 (8.7-11.5)

664 (552-895)
229 (204-288)

-

JL

e e

0

@® Hydrea (24)
% Pegasys (17)
4 Pegintron (11)

% 1 ®
x ‘S"‘bﬁ:x:&r 9 ?‘o e ++

25 50

Relative JAK2 (%)

Pegasys, n =17

2(12)
12(71)
2(12)
1(6)

66 (63-69)

8 (47)

9(53)

45 (41-62)
9.4 (8.9-11.2)
47 (45-55)

47 (45-55)
513 (361-719)
249 (204-344)

75

Pegintron, n =13

3(23)
7(54)
1(8)
2(15)

65 (64-67)

5(38)

8(62)

14 (4-45)

8.9 (8.1-9.5)
44 (41-46)

44 (41-46)
611 (380-296)
611 (380-796)

o \J
AO N

100

Total, n = 56

12 (21)

36 (64)
3(5)

5(09)

67 (64-71)

23 (41)
33(59)

40 (16-55)

9.3 (8.5-10.2)
46 (43-52)

9.8 (8.4-12.6)
611 (431-786)
229 (195-290)

Abbreviations: ET, essential thrombocythemia; Pegasys, pegylated interferon-alpha2a; PegIntron, pegylated interferon-alpha2b; PMF, primary myelofibrosis;

Pre-MF, prefibrotic myelofibrosis; PV, polycythemia vera.

Pegasys takes effect on a longer timescale but also in-
duces a larger change in the mean relative JAK2V617F
allele burden. In addition, over time, patients treated
with Pegasys or Peglntron achieve a lower mean HBI

than patients treated with HU.

4 |

DISCUSSION

Current response criteria in MPN are based upon a com-
bination of clinical (e.g., spleen size) and biochemical
variables (blood cell counts), which are absolute values
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DALIAH study. The legend indicates

the number of patients per treatment
group. Above and to the right of the main
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below, within, or above the normal range.’>*’ During
cytoreductive treatment, some patients may at a given
time point for response evaluation have obtained a nor-
mal leukocyte count but still have an elevated platelet
count and vice versa. The efficacy of, for example, HU
and IFN is among other things evaluated by assessing if
elevated cell counts have been normalized or partially
so. Thus, these efficacy evaluations do not take into ac-
count the efficacy of these agents in terms of the relative
reduction in individual cell counts and their distance
from the normal range, and their combined efficacy in
terms of the relative reductions in individual cell counts
and LDH. Such an integrated efficacy score might be a
useful parameter in the evaluation of drug efficacy on
cell counts and LDH.

We have herein presented a novel integrated hema-
tological biomarker index, which over time segregated
responses in individual patients and easily depicted the
dynamics in their response patterns. We believe that our
HBI provides a novel score that may have the potential to
be used at population level to compare cohorts at baseline,
compare progression of a cohort during monotype treat-
ment, compare cohort responses to different treatments,
and quantify treatment response on an individual level
for longitudinal data (see supplementary for examples).
Furthermore, in combination with the molecular marker,
the JAK2V617F allele burden, the HBI provides an easily

comprehensible diagram, where a patient or cohort tra-
jectory approaching the lower left corner is the best pos-
sible outcome. Hence, this may assist in a clinical setting
to help addressing whether a given treatment should be
continued or altered. Furthermore, the visual nature of
the diagram may be a help for a hematologist in order to
communicate the patient's response status and forecast
based on a personalized score on longitudinal data.

We have used HBI to compare HU and IFN from the
DALIAH trial, revealing a fast but nonpermanent response
of HBI to HU (initially a fast vertical downward move-
ment in the diagram) compared to patients treated with
IFN, and a much more effective JAK2V617F reduction
for patients treated with IFN than patients treated with
HU. Whereas HU has a relatively fast effect on the HBI
and an indirect temporary initial effect on JAK2V617F fol-
lowed by a relapse after approximately a year, IFN shows a
slower and more steady decline with significant effects on
HBI and a direct persistent effect on JAK2V617F. Briefly,
using the novel HBI our data clearly depict that HU rap-
idly normalizes elevated cell counts but with fluctuating
levels thereafter, while IFN works slower but with a better,
more robust, and sustained result. Thus, the mathematical
modeling design suggests that a combination of HU and
IFN is a rational treatment option, especially within the
first year after the MPN diagnosis until the efficacy of IFN
has kicked in.
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Only four major thromboembolic events in four pa-
tients were recorded during follow-up; HU: 2/27 (7%)
vs. IFN: 2/29 (7%). For this reason, we did not attempt to
associate thrombosis with treatment group or with HBIL
Also, we believe that the possible superior effect of IFN
on thrombotic risk reduction compared with HU may not
be evident until a longer follow-up (> 36 months). In our
study, the mean HBI was first significantly lower in the
IFN groups at 36 months compared with HU (Figure 1)
and the reduction of the JAK2V617F allele burden re-
duction was slower but greater with time among patients
treated with Pegasys as compared with HU (Figures 2-4).
In conclusion, we describe and propose a novel biomarker
index for the assessment of hematological responses in
patients with MPNs during treatment with HU and IFN.
The novel methodology recaptures the different kinetics
in response patterns between HU and IFN and the favor-
able long-term efficacy of IFN. A limitation of the study
includes the lack of a comparison of the individual HBI
to the currently used ELN response criteria. In addition,
our novel biomarker index needs to be validated in larger
studies. However, the HBI seems a promising novel tool
to uncover the relative responses in individual cell counts,
which may yield a better signature of the “global response”
in individual patients. Our data support future studies on
the safety and efficacy of combination therapy with IFN
and HU. These studies should include concomitant mo-
lecular, genomic, and immune cell studies to decipher in
depth the impact of combination therapy with HU and
IFN upon circulating CD34+ cells and progenitors.*~*
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