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The JAK2 V617F and calreticulin mutations (CALR) are frequent within myeloproliferative
neoplasms (MPNs). JAK2 V617F has been detected in the general population, but no

® CALR mutations are
studies have previously investigated the CALR prevalence. Thus, we aimed to determine

prevalent in the
general population but
are much less frequent
compared with the
estimated JAK2
V617F prevalence.

the CALR and JAK2 V617F population prevalence and assess the biochemical profile and
lifestyle factors in mutation-positive individuals with and without MPN. 19958 eligible
participants, enrolled from 2010-2013, from the Danish General Suburban Population
Study were screened for JAK2 V617F and CALR by droplet digital polymerase chain
reaction with (3.2%) mutation positives of which 16 (2.5%) had MPN at baseline. Of
645 participants, 613 were JAK2 V617F positive, and 32 were CALR positive, corresponding
to a population prevalence of 3.1% (confidence interval [Cl], 2.8-3.3) and 0.16% (Cl,
0.11-0.23), respectively. Increasing age, smoking, and alcohol were risk factors for the
mutations. JAK2 V617F positives with and without MPN presented elevated odds for
prevalent venous thromboembolism. The odds ratio for a diagnosis of MPN per percentage
_/ allele burden was 1.14 (95% Cl, 1.09-1.18; P = 1.6 x 10~"°). Mutation positives displayed
higher blood cell counts than nonmutated participants, and 42% of mutation positives
without MPN presented elevation of 21 blood cell counts; 80 (13%) even presented blood cell counts in accordance
with current MPN diagnostic criteria. In conclusion, we present a novel population prevalence of CALR and a JAK2
V617F prevalence that is 3 to 30 times higher compared with less sensitive methods. Mutation-positive non-MPNs with
elevated blood cell counts raise concerns of MPN underdiagnosis in the population. (Blood. 2019;134(5):469-479)

® JAK2V617F and CALR
mutations in the
general population are
linked to a distinct
blood count profile,
also in the absence of
MPN diagnosis.

population study found the JAK2 V617F prevalence to be 0.1%
based on final quantification by real-time quantitative poly-
merase chain reaction (PCR).2> By whole-exome sequencing,
2 research groups have assessed clonal hematopoiesis of
indeterminate potential (CHIP) in larger cohorts unselected for
hematologic phenotype at the time of blood sampling and
found JAK2 V617F to be prevalent in 0.18%% and 0.19%,%
respectively. Also in cohorts unselected for blood disorders,
McKerrell et al detected a JAK2 V617F prevalence of 0.61% by
next-generation sequencing.?® Among random hospital blood
samples, Xu et al detected a prevalence of 0.94% found by a nested
allele-specific PCR method.? To our knowledge, no previous
studies have estimated the population prevalence of CALR.

Introduction

The driver mutation Janus kinase 2 V617F (JAK2 V617F) and
calreticulin mutations (CALR) are frequent within the chronic
Philadelphia chromosome—negative myeloproliferative neoplasms
(MPNs),"2 and they constitute one of the major diagnostic cri-
teria of MPNs.3
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JAK2 V617F has also been detected in healthy volunteers*® and
patients with cardiovascular diseases,® venous thromboses,’
splanchnic vein thromboses,® and apoplexias,’ all vascular com-
plications associated with MPN. Few studies have assessed
CALR in other disease entities,”'®> with only rare detection of
CALR in patients with splanchnic vein thrombosis' and cere-
bral venous thrombosis.'® JAK2 V617F is also more prevalent

among smokers,'® and smoking has been suggested to be a risk
factor for MPN development'”?' and other related myeloid
neoplasias??*?* due to the chronic inflammatory stimulus.

Few studies have investigated the prevalence of JAK2 V617F in
the general population?® or larger cohorts.?*2? A Danish general
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Thus, the aims of this cross-sectional study are to determine the
prevalence of CALR type 1 and 2 as well as JAK2 V617F in the
Danish General Suburban Population Study (GESUS) by use of
a highly sensitive method and to characterize these individuals’
biochemical profile and lifestyle in relation to their mutational
status.

€ blood® 1 AUGUST 2019 | VOLUME 134, NUMBER 5 469


https://crossmark.crossref.org/dialog/?doi=10.1182/blood.2019001113&domain=pdf&date_stamp=2019-08-01

Table 1. Allele burden according to mutation type

JAK2 V617F

Number 613

24 8

Allele burden, %

Mean (SE), range 2.1 (0.34), 0.010-96

<0.1, n (%) 255 (42)
0.1-0.99, n (%) 253 (41)
1-10, n (%) 75 (12)
>10, n (%) 30 (5)

6.2 (2.3), 0.020-44 11 (5.9), 0.013-38

5(21) 1(13)
9 (38) 4(50)
4 (17) 0

6 (25) 3(38)

Methods

Participants

The study population consisted of GESUS (N = 21 205), where
participants had DNA stored in a biobank for future research
after proper consent. GESUS invited all Danish citizens irre-
spective of health status in the municipality of Naestved aged
>30 years and 25% of citizens aged 20 to 30 years from January
2010 to October 2013.3° The population study consisted of
a health examination, biochemical measurements, and a ques-
tionnaire about health and lifestyle (for details, see supplemental
Methods, available on the Blood Web site).

Study protocols were approved by the Regional Committee on
Health Research Ethics (5J-452) and the Danish Data Protection
Agency (REG-50-2015) and comply with the Declaration of
Helsinki.

Molecular screening design

The screening was performed by a pooled multiplex droplet
digital PCR (ddPCR) assay (supplemental Figure 1) with DNA
from GESUS. DNA from 4 participants was pooled and analyzed
by a JAK2 V617F and a CALR type 1 and type 2 assay. Both
assays were multiplexed with wild-type. If mutation positive, the
4 samples were reanalyzed separately for either JAK2 V617F or
CALR to identify the positive sample(s) and quantify the mutant
allele burden.

See supplemental Methods for details about applied ddPCR
conditions, DNA, primers, and probes.

Level of detection
The sensitivity of the assays was calculated to be 0.009% for
JAK2 V617F and 0.01% for CALR type 1 and 2. For details, see
supplemental Methods.

Elevation of blood cells

Elevation of peripheral blood cells was defined according to the
following current regional ranges: hemoglobin >15.3 g/dL
(female) or >16.9 g/dL (male); hematocrit >0.46 (female) or
>0.50 (male); erythrocytes >5.2 X 10'?/L (female) or >5.7 X
10'?/L (male); leukocytes >8.8 X 10%/L; neutrophils >7.0 X 10%/
L; monocytes >0.7 X 10%/L; eosinophils =0.5 X 10%/L; basophils
=0.1 X 10%/L; lymphocytes >3.5 X 10%L; and thrombocytes
>390 x 107/L.
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MPNs

From the electronic medical records, we manually retrieved
a diagnosis of MPN present at time of participation in GESUS on
all mutation-positive participants. Thus, the diagnosis was made
prior to GESUS in standard clinical settings by clinical hema-
tologists according to current international guidelines at the
time of diagnosis. MPN subdiagnoses included in this study
were polycythemia vera (PV), essential thrombocythemia (ET),
primary myelofibrosis (PMF), prefibrotic myelofibrosis, and
unclassifiable MPN.

Study design and statistics

In this cross-sectional study, we detected the prevalence of the
mutations in the general population, and basic characteristics
and blood tests were compared between mutation-positive
participants and the nonmutated background population.

Second, we assessed the JAK2 V617F positives stratified according
to allele burden <1% and =1%. We also analyzed mutation
positives stratified in MPNs and non-MPNs vs nonmutated to
assess whether any differences between mutation positives and
nonmutated participants were only due to the prevalent MPN
disease among the mutation positives.

Thirdly, multivariable logistic regression was performed to de-
termine the odds ratio for thrombotic/ischemic events (self-
reported) prior to GESUS for JAK2 V617F-positive non-MPNs
and MPNs compared with nonmutated. To assess whether
associations were mediated by blood cell counts, both a model
with and a model without blood cell counts were included.

Finally, we assessed the possible associations of lifestyle varia-
bles (smoking, alcohol, and body mass index) and mutational
status with the latter as the response variable. To bypass any
reverse causation, we repeated these analyses in a subpopulation
with no self-reported history of smoking-related diseases (no
acute myocardial infarction, ischemic cerebrovascular disease,
ischemic heart disease, cancer, and diabetes and no use of
asthma/bronchitis medication, antihypertensive medication, and
diabetes medication).

Stata/SE 14 was used for statistical analyses. P < .05 was con-
sidered statistically significant, and confidence intervals (Cls)
were 95%. Linear regression was used in analyses of continuous
dependent variables with logistic transformation applied when
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relevant. Statistically significant differences among groups were
not considered clinically relevant if presented mean values were
identical. Logistic regression was used in analyses with a binary
dependent variable. All regression analyses were adjusted for
age and gender except for estimated glomerular filtration rate
(eGFR). Pearson x? test was used in comparisons of 2 multi-
categorical variables. If double mutated (concurrent JAK2V617F
and CALR positive), the individual would be included in com-
parative statistics among the JAK2 V617F or CALR positives
according to the highest allele burden present.

Results

Prevalence of JAK2 V617F and CALR

Screening for JAK2 V617F and CALR was performed in 19958
GESUS participants. Six hundred forty-five participants (3.2%)
were mutation positive, and 16 of these (2.5%) had MPN at
enrolment. JAK2 V617F was found in 613 participants, corre-
sponding to a population prevalence of 3.1% (Cl, 2.8-3.3). CALR
was found in 32 participants, corresponding to a population
prevalence of 0.16% (Cl, 0.11-0.23), with the type 1 mutation
constituting 75% (supplemental Figure 2). The ratio of JAK2
V617F to CALR was 19:1. The majority of mutation-positive
participants had allele burdens <1% (Table 1). Three partic-
ipants were homozygous in JAK2 V617F (allele burdens all
>90% and all had a MPN diagnosis), whereas none of the CALR
positives had allele burden >50%. Two participants were double
mutated (both JAK2 V617F and CALR type 1). If applying the
detection limits from previous studies on JAK2 V617F prev-
alence in larger cohorts outside MPN?5-2 to our JAK2 V617F
data, we obtain a similar prevalence (supplemental Table 1).
According to smoking status, the mutations were most
prevalent among current smokers (3.5%), followed by former
smokers (3.3%), and lowest among never smokers (3.1%).

Age was positively associated with allele burden (B coefficient,
1.01; 95% Cl, 1.00-1.03; P = .02) and with presence of mutation
with odds ratio of 1.02 (95% ClI, 1.02-1.03; P =7.1 X 1079 as
also depicted in Figure 1.

The distributions of mutation types and allele burdens according
to MPN subdiagnoses are listed in supplemental Table 2. MPN
was present in 2 of 32 (6.3%) CALR positives and in 14 of 613
(2.3%) JAK2 V617F positives. Among mutation positives with
MPN (n = 16), PV (n = 10) was the most frequent subdiagnosis
(63%). The odds ratio for a diagnosis of MPN per percentage
allele burden was 1.14 (95% Cl, 1.09-1.18; P = 1.6 X 10719,

Blood tests

Compared with JAK2 V617F, CALR positives had significantly
higher allele burden (mean [standard error (SE)], 7.5% [2.2%)] vs
2.1% [0.34%]) and thrombocyte counts (Table 2, A vs B).
Compared with nonmutated participants, CALR-positive par-
ticipants also had higher thrombocyte counts (Table 2, B vs C),
and JAK2 V617F positives had higher hemoglobin, leukocyte,
and thrombocyte counts, whereas ferritin, high-sensitivity
C-reactive protein (hsCRP), and cholesterol levels were lower
(Table 2, Avs C). CALR positives had lower eGFR compared with
both JAK2 V617-positive (A vs B) and nonmutated participants
(B vs C). Key blood cell counts are depicted in Figure 2.

POPULATION-BASED SCREENING OF MPN DRIVER MUTATIONS
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Figure 1. Associations between age and MPN driver mutations. (A) Mean allele
burden per age decade. (B) Mutation frequency per age decade. Caped spikes
represent 95% Cls.

Compared with JAK2 V617F positives with allele burden <1%,
JAK2 V617F positives with allele burden =1% had higher he-
matocrit, leukocyte, neutrophil, and thrombocyte counts and
lower cholesterol levels (Table 3, A vs B). Both JAK2 V617F
groups had significantly higher leukocyte, neutrophil, and
thrombocyte counts and lower ferritin levels compared with
nonmutated participants (Table 3, Avs C and B vs C). Also, JAK2
V617F positives with allele burden =1% had lower cholesterol
levels, and JAK2 V617F positives with allele burden <1% had
lower hsCRP compared with the nonmutated participants.

Compared with mutation positives without MPN (non-MPN's),
mutation positives with MPN had a higher allele burden (mean
[SE], 35% [8.1%)] vs 1.6% [0.20%)]) and hsCRP (Table 4, A vs B).
Also, leukocyte and thrombocyte counts and alkaline phosphatase
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Table 2. Basic characteristics and blood tests according to

o A 4 =

mutation type

Number 613 32 — 19313 — —
Sex, female/male, n (%) 281/332 (46/54) 11/21 (34/66) 2 10566/8747 (55/45) <.0001 .03
Age, y 60 (0.52) 64 (2.3) 1 56 (0.098) <.0001 .002
Allele burden, % 2.1 (0.34) 7.5 (2.2) <.0001 — —_ —_
Blood test results
Hemoglobin, g/dL 14.2 (0.053) 14.2 (0.24) .8 14.0 (0.0089) 0.04 1.0
Hematocrit 0.43 (0.0015) 0.44 (0.0062) 7 0.43 (0.00024) .002 .8
Leukocytes, x10%/L 7 (0.095) 5(0.41) .6 3(0.014) <.0001 4
Neutrophils, X10%/L 4 (0.068) 5(0.21) 7 1 (0.0096) <.0001 1
Thrombocytes, X10%/L 280 (3.7) 346 (37) .01 250 (0.41) <.0001 <.0001
Ferritin, pg/L 150( 6) 196 (31) 4 158( 2) <.0001 7
hsCRP, mg/L 3(0.12) 5(0.63) 7 8 (0.039) .001 7
Cholesterol, mmol/L 4 (0.043) 5 (0.20) .5 5 (0.0076) .006 1.0
Alkaline phosphatase, U/L 9 (0.83) 6 (2.9) 0.3 8 (0.14) b 4
eGFR, mL/min/1.73 m? 1(0.67) 5(3.2) .03 2 (0.12) A .01

Data are shown as raw mean (SE) for continuous variables. P values in bold are <.05

levels were higher, whereas hemoglobin, ferritin, cholesterol, and
eGFR were lower, compared with both mutation-positive non-
MPNs (A vs B) and nonmutated (B vs C). Mutation-positive non-
MPNs had higher hemoglobin, leukocytes, neutrophils, and
thrombocytes and lower ferritin, hsCRP, and cholesterol com-
pared with nonmutated (A vs C).

In mutation-positive non-MPNs, positive associations between
blood cell counts and allele burden were detected for hemo-
globin, leukocytes, and thrombocytes (Figure 3). Individuals with
current MPN were not included in this analysis due to an an-
ticipated altered blood cell profile by cytoreductive therapy.

Additional blood tests for all groups are presented in supple-
mental Tables 3-5.

Of the 629 mutation-positive non-MPNs, 262 (42%) had elevated
blood cell counts above upper normal range (Table 5). Of these,
66%, 20%, 9%, and 5% had elevation of 1, 2, 3, or =4 blood cells,
respectively, and the most commonly involved cell types were
white blood cells. Median allele burden was 0.14% (interquartile
range, 0.049% to 0.84%), and the mutational distribution was
13 CALR- and 249 JAK2 V617F-positive participants.

Furthermore, 80 (13%) of the mutation-positive non-MPNs
presented blood cell counts in accordance with the current
WHO diagnostic criteria of ET, PV, prefibrotic myelofibrosis,
or PMF.3

Thrombosis

The odds ratio (model 1) for prevalent venous thromboembo-
lism (deep vein thrombosis and/or pulmonary embolism) was 2.8
(95% Cl, 1.1-7.0; P = .02) for JAK2 V617F-positive non-MPNs
with allele burden =1% and 6.0 (95% Cl, 1.3-28; P = .04) for
mutation-positive MPNs compared with nonmutated individuals
(Table 6). Additional adjustment for blood cell counts (model 2)
slightly changed the odds ratio, but results remained significant,
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suggesting mediation by (although not limited to) blood cell
counts. The odds ratio (model 1) for prevalent ischemic cerebro-
vascular disease was 4.6 (95% Cl, 1.2-18; P = .03) in mutation-
positive MPNs; additional adjustment for blood cell counts (model
2) decreased the odds ratio, which also became nonsignificant,
suggesting mediation primarily by blood cell counts.

Lifestyle factors

Lifestyle factors are presented for all mutation positives and the
total nonmutated background population for completion
(Table 7). To avoid possible reverse causation, we also analyzed
lifestyle factors in a subpopulation with no smoking-related dis-
eases; more current smokers and heavy smokers (=10 pack-years)
were found among mutation positives as well as a significant
positive trend in smoking exposure for mutation positives. The
mutation positives from the subpopulation also had a significantly
higher alcohol consumption than nonmutated participants.

Among mutation positives, the frequency of current smokers
also increased by number of elevated blood cell counts (P = 6.1
X 107°) (supplemental Table 6). In the total population, the
frequency of current heavy smokers was higher in those with
elevated blood cell counts both with (25%) and without mutation
(24%) and among MPNs (19%) compared with smokers without
elevated blood cell counts irrespective of mutational status
(9.7% and 9.5%) (P = 3.2 X 10'%) (supplemental Table 7).

Discussion

In a population-based screening of 19958 adult citizens by
highly sensitive ddPCR, we found a novel CALR population
prevalence of 0.16% with mean allele burden of 7.5% and a
JAK2 V617F population prevalence of 3.1% with a mean allele
burden of 2.1%. The population-based JAK2 V617F:CALR ratio
was 19:1. These are novel findings. Increasing age, smoking, and
alcohol consumption were risk factors for these mutations. Risk
of MPN increased 14% per percentage allele burden. Mutation

CORDUA et al
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Figure 2. Dot plots of key blood cell counts for the non-

mutated, JAK2 V617F-positive, and CALR-positive patients. A . B .
(A-B) Hemoglobin (male/female). (C) Leukocytes. (D) Thrombo- Hemog|0bm (male) Hemoglobln (female)
cytes. Solid black lines represent means. Dashed black lines . . .
represent lower and upper limit ranges. JAK2, JAK2 V617F- 22
positive individuals; Non-mut, nonmutated individuals. o
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positives displayed higher blood cell counts compared with
nonmutated participants, and 42% of mutation positives without
MPN presented elevation in =1 blood cell counts.

CALR

We are the first to report a CALR prevalence in the general
population and to substantiate presence of CALR in non-
MPNs.'® Compared with the population prevalence of JAK2
V617F, CALRis rare, which could be explained by (1) the structural
biology of the mutations, meaning that larger insertions/deletions
(CALR) ought to be less prone to happen by chance than a point
mutation (JAK2 V617F); or (2) the more pronounced immuno-
genicity of CALR compared with JAK2 V617F, which in theory
means that the adaptive immune system might be able to control
or even clear CALR.3" Also, the slight difference in sensitivity of
the CALR assay vs JAK2 V617F could account for part of the
prevalence difference.

To compare our JAK2 V617F:CALR ratio from the general
population with the corresponding prevalence ratio within MPN,
we calculated a rough estimate of 5.6:1 for the latter based on
national MPN prevalence numbers from Brochmann et al*? and
the mutational distribution within MPN from Nangalia et al.2 The
marked difference between our population-based JAK2 V617F:
CALR ratio and the MPN-based JAK2 V617F:CALR ratio sug-
gests that a higher percentage of the CALR positives in the

POPULATION-BASED SCREENING OF MPN DRIVER MUTATIONS

general population evolves into MPN compared with JAK2
V617F positives. This is supported by our MPN data, where
~3 times as many of the CALR positives have a MPN diagnosis
compared with the frequency within JAK2 V617F, and that the
mean CALR allele burden is significantly higher than for JAK2
V617F. Our observations are in line with the striking absence
of reports of low CALR allele burdens in newly diagnosed/
untreated MPN patients, suggesting that, when present, the
mutation quickly takes dominance of the stem cell compartment
and consistently entails a MPN phenotype, as also suggested by
others.3® A CALR (type 1) mouse model is also indicative of this
assumption,3* as well as patient data showing similar high levels
of CALR allele burden in progenitor and hematopoietic stem
cells when comparing early MPN (ET) with late-stage disease
(PMF).3 In contrast, the JAK2 V617F allele burden significantly
differs between MPN subdiagnoses,® and JAK2V617F has been
detected in healthy volunteers, in general presenting very low
allele burdens.** Low JAK2 V617F allele burdens <1% have also
been described in newly diagnosed MPN patients,**3” and the
low allele burdens can be stable for years in a fraction of
patients.*® Accordingly, we find our novel results regarding
CALR positivity and low allele burdens in non-MPN individuals
intriguing. Do these individuals constitute a healthy entity with
stable/diminishing CALR allele burdens, or will they eventually
experience increasing allele burdens with emergence of overt
MPN? If the latter is the case, we might need to change our
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Table 3. Basic characteristics and blood tests according to JAK2 V617F allele burden

Number 508 105 — 19313 — —
Sex, female/male, n (%) 233/275 (46/54) 48/57 (46/54) 1.0 10566/8747 (55/45) <.0001 1
Age, y 0 (0.58) 63 (1.2) .02 56 (0.098) <.0001 <.0001
Allele burden, % 0.18 (0.0090) 12 (1.7) — — — —
Blood test results
Hemoglobin, g/dL 14.2 (0.058) 14.3 (0.14) .08 14.0 (0.0089) 3 .01
Hematocrit 0. 43 (0.0016) O 44 (0.0041) .001 0.43 (0.00024) 2 <.0001
Leukocytes, X10%/L 5(0.081) 7 (0.38) <.0001 7.3 (0.014) .001 <.0001
Neutrophils, x10%/L 3 (0.061) 0 (0.26) <.0001 4.1 (0.009¢6) .002 <.0001
Thrombocytes, X 10%/L 264( 7) 361 (15) <.0001 250 (0.41) <.0001 <.0001
Ferritin, pg/L 151 (5.2 145 (10) 2 158 (1.2) .002 .004
hsCRP, mg/L 2(0.12) 8 (0.38) 4 2.8 (0.039) .001 .6
Cholesterol, mmol/L 4 (0.046) 1(0.11) .001 5.5 (0.0076) 3 <.0001
Alkaline phosphatase, U/L 9 (0.81) 229 8 68 (0.14) 7 b
eGFR, mL/min/1.73 m? 1(0.73) 1(1.7) .9 82 (0.12) 1 4

Data are shown as raw mean (SE) for continuous variables. P values in bold are <.05

approach to “healthy” individuals with low JAK2 V617F allele
burdens correspondingly and consider them as (pre)MPNs in
the very early stage of the biological continuum CHIP-ET-PV-
PMF; a viewpoint also supported by the high hazard ratios of 11
and 12.9 for hematological malignancies in individuals with
detectable mutation found in the above-mentioned CHIP
studies?*?” and by our data showing significant association with
MPN by increasing allele burden. According to an estimate from
a mathematical model on MPN development, the time span

from the first mutational hit to overt MPN (represented by JAK2
V617F allele burden of 7%) is 24 years,*? which underscores the
relevance of an early diagnosis as this long prediagnosis phase
allows preventive and interventional actions.

JAK2 V617F

The JAK2 V617F prevalence of 3.1% in our general population
study is 3 to 30 times higher than in earlier reports,®-2? whereas
the MPN prevalence was found much lower with only 14 of

Table 4. Basic characteristics and blood tests according to MPN status

Mutation positive

Non-MPN (A) MPN (B) P (A vs B) Nonmutated (C) P (A vs C) P (B vs C)
Number 629 16 — 19313 — —
Sex, female/male, n (%) 285/344 (45/55) 7/9 (44/56) .9 10566/8747 (55/45) <.0001 4
Age, y 60 (0.51) 68 (2.9 .02 56 (0.098) <.0001 .001
Allele burden, % 1.6 (0.20) 35 (8.1) <.0001 — — —
Blood test results
Hemoglobin, g/dL 14.2 (0.053) 13.5(0.37) .03 14.0 (0.0089) .02 .03
Hematocrit 0. 43 (0.0014) 0 44 (0.013) 2 0. 43 (0.00024) .005 .06
Leukocytes, X10%/L 6 (0.078) 1(2.0 .001 3(0.014) <.0001 <.0001
Neutrophils, X107/L 4—.4 (0.057) 3(1.7) .05 1 (0.0096) <.0001 .006
Thrombocytes, X10%/L 281 (4.0) 370 (27) <.0001 250 0.41) <.0001 <.0001
Ferritin, pg/L 155 (4.7) 54 (21) <.0001 8 (1.2) .008 <.0001
hsCRP, mg/L 2 2 (0.12) 4.4 (1.1) .02 8 (0.039) <.0001 .06
Cholesterol, mmol/L 4 (0.042) 4.4 (0.23) <.0001 5 (0.0076) 0.04 <.0001
Alkaline phosphatase, U/L 8 (0.75) 100 (12) <.0001 8 (0.14) 7 <.0001
eGFR, mL/min/1.73 m? 81 (0.66) 71 (4.4) .02 2 (0.12) .08 .006
Data are shown as raw mean (SE) for continuous variables. P values in bold are <.05
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Figure 3. Scatterplots with regression line of mutation-positive non-MPNs with
allele burden vs key blood cell counts. (A) Hemoglobin. (B) Leukocytes. (C)
Thrombocytes. Solid red line represents the regression line (unadjusted). Red
shading represents the 95% Cl.

613 (2.3%) JAK2 V617F positives. Nielsen et al found a JAK2
V617F prevalence of 0.1% of which 19% had MPN (13 of
68) among 49488 citizens in a Danish population-based
screening.?®> Genovese et al found JAK2 V617F mutations in
0.19% of which 29% (7 of 24) had MPN among 12380 cases
(bipolar disorders or schizophrenia) and controls.?” Jaiswal et al
found a JAK2 V617F prevalence of 0.18% among 17 182 indi-
viduals mainly from cohorts of diabetes cases and controls.?®
McKerrell et al found a JAK2 V617F prevalence of 0.61%
among 4067 blood donors and participants from the general

POPULATION-BASED SCREENING OF MPN DRIVER MUTATIONS

population.?® Xu et al found a JAK2 V617F prevalence of 0.94%
among 3935 random blood samples from a Chinese hospital.?*
Detailed information on MPN diagnoses was not available from
Jaiswal et al,?* McKerrell et al,?® or Xu et al.? The discrepancies
between the studies can likely be explained by the difference in
the sensitivity of the assays (supplemental Table 1). Thus, in
studies using methods with a high sensitivity, like ours, more
participants having very low allele burdens will be detected
(supplemental Table 1), whereas in studies using methods with
lower sensitivity, the detection limit is less sensitive leading to
a higher MPN prevalence.

MPN phenotype

Our data reveal that all mutation positives irrespective of sub-
grouping present a more hyperproliferative blood cell count
profile compared with the nonmutated background. The fact
that two-fifths of the mutation-positive non-MPNs have elevation
of =1 blood cell count and >10% present elevated blood cell
counts meeting the current MPN diagnostic criteria underscore
the resemblance with the MPN phenotype suggesting that some
mutated participants remain undiagnosed for MPN in the
population. If just half of the 80 high-risk individuals with ele-
vated blood cell counts meeting diagnostic criteria turn out to be
true MPN patients, the MPN prevalence in our study population
increases 350%. Extrapolated to nationwide numbers, >14000
individuals in Denmark may suffer from MPN, of which almost
10000 would be unrecognized at time of GESUS based on the
prevalence of Philadelphia chromosome-negative MPNs in
Denmark in 2013 reported by Brochmann et al.®? This is in line
with the yearlong prediagnosis MPN phase, where patients may
have elevated blood cell counts elicited by thrombotic events
and/or concurrent chronic inflammatory conditions*®4! but that
have either been interpreted as “reactive” or remained un-
detected. The majority of these individuals with elevated blood
cell counts had allele burdens well below 1%, and combined
with the positive association detected between allele burden
and blood cell counts in mutation-positive non-MPNs, these
findings add to the unresolved issue on how to interpret low
JAK2V617F allele burdens in relation to (early) MPN diagnostics
when all conventional diagnostic criteria are not (yet) met. In our
opinion, these individuals should be considered as high risk for
progressing to overt MPN, and studies on this highly important
issue are urgently needed.

The odds for prevalent venous thromboembolism were higherin
MPNs compared with nonmutated individuals, which is in line
with previous studies.®*#! As a novel finding, we detected
a similar risk in JAK2 V617F-positive non-MPNs (representing
CHIP), which is in line with a recent study of 10000 citizens
showing significantly higher thrombotic rates with CHIP (espe-
cially JAK2 V617F) than with non-CHIP.#? In this context it is
intriguing to consider enhanced inflammation (eg, smoking®'?
or comorbidities such as inflammatory bowel disease or rheu-
matic diseases*'*3), occurrence of comutations (such as Ten—
Eleven Translocation-2*%), or presence of a particular haplotype
(eg, 46/1%) as promotors for progression from CHIP toward
overt MPN.

The decreased iron markers in most of the mutation-positive
subgroup are consistent with existing MPN evidence, especially
in PV patients, in whom chronic inflammation is an important part
of the complex mechanisms of the sustained iron deficiency.*¢4”
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Table 5. Distribution of elevated blood cell counts in 262 mutation positive participants without a MPN diagnosis

Number of elevated

blood cell types

Number (%) from 262 participants

Leukocytosis, %* Erythrocytosis, %t Thrombocytosis, %

1 174 (66) 90 2 9
2 53 (20) 81 23 28
3 23 (9) 78 48 43
=4 12 (5) 100 58 58

*Including neutrophils, monocytes, lymphocytes, basophils, eosinophils, and leukocytes (if none of the former subtypes were elevated).

TIncluding hemoglobin, hematocrit, and erythrocytes.

Decreased eGFRin the MPN and CALR subgroups complies with
the frequent occurrence of chronic kidney disease reported
within MPNs,*® and together with higher alkaline phosphatase, it
could also be indicative of a general organ involvement from
systemic inflammation present in cancer,* including MPN%0-53
and other myeloid malignancies.>3 Systemic inflammation is also
an apparent explanation for the elevated level of hsCRP found in
our MPNs in accordance with previous findings.>*¢ As we argue
that hsCRP is associated with chronic inflammation and chronic
inflammation is associated with mutation/MPN,57°¢ we have no
obvious explanation for the lower hsCRP levels within other
mutation-positive subgroups compared with the nonmutated
background. However, CRP levels are influenced by several
health-related, genetic, and lifestyle factors that we have not
adjusted for.5?

The lipid profile with low cholesterol values in almost all
mutation-positive subgroups is in accordance with observations
from MPN patients®©-¢2 as well as other cancers.¢34* Although the

exact mechanisms are not fully understood, cholesterol seems to
promote cancer cell growth, thereby inducing a plasma cho-
lesterol depletion, which makes the hypocholesterolemic state
a symptom of progressive cancer.®

Lifestyle

Based on earlier reports of significant associations between
smoking and MPN,'82" we hypothesized that a similar associa-
tion exists between smoking and mutation,'® as smoking is a
strong inflammatory stimulus® and the presence of a driver mu-
tation is considered a “precursor state” for overt MPN. We are
concerned about the detected association of current smoking
and the presence of mutation as well as the increasing number
of elevated blood cell counts because of the implication of
future MPN occurrence. Our data suggest that the association
is characterized by ongoing considerable smoking exposure,
which indicates that smoking cessation matters, as also reported
within other myeloid malignancies.?® Acting as an inflamma-
tory driver, we speculate whether sustained smoking will induce

Table 6. Odds ratios for prevalent thrombotic/ischemic events in individuals with JAK2 V617F-positive non-MPNs and
mutation-positive MPNs compared with nonmutated in 2 multiadjusted models with and without blood cell counts

included
JAK2 JAK2 Model 1, odds Model 2, odds
Nonmutated V617F <1% V617F 21% MPN ratio (95% CI)* ratio (95% CI)t
Total 19313 507 92 16 — — — —
IHD, n (%) 441 (2.3) 16 (3.2) 3(3.3) 0 <1%: | .95(0.54-1.7) | .9 <1%: 0.97 (0.55-1.7) | .9
=1%: | .67 (0.19-2.4) | .5 =1%: 0.74 (0.21-2.7) | .6
MPN: — — | MPN: — —
VTE, n (%) 363 (1.9) 8 (1.6) 6 (6.5) 2(13) <1%: | .71(0.33-1.5) | 4 <1%: 0.71 (0.33-1.5) | 4
=1%: | 2.8 (1.1-7.0) 03 | =1%: 3.0 (1.2-7.8) .02
MPN: | 6.0 (1.3-28) .02 | MPN: 5.6 (1.1-28) .04
ICVD, n (%) 494 (2.6) 17 (3.4) 2(2.2) 3(19) <1%: | 1.1(0.64-1.8) | .8 <1%: 1.0(0.61-1.7) | .9
=1%: | .57 (0.14-2.4) | 4 =1%: 0.44 (0.10-1.9) | .3
MPN: | 4.6 (1.2-18) .03 | MPN: 3.5 (0.89-14) .07

P values in bold are <.05.

ICVD, ischemic cerebrovascular disease; IHD, ischemic heart disease; JAK2V617F <1%/=1%, JAK2V617F positives with allele burden <1% or =1%, respectively, without MPN; VTE, venous

thromboembolism (deep vein thrombosis and/or pulmonary embolism).

*Adjusted for age, sex, smoking, alcohol, C reactive protein, hemoglobin Alc, cholesterol, blood pressure, and body mass index.

TAdjusted for age, sex, smoking, alcohol, C reactive protein, hemoglobin Alc, cholesterol, blood pressure, body mass index, hemoglobin, leukocytes, and thrombocytes.
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Table 7. Lifestyle factors according to mutation status in the total population and in a subpopulation without smoking-

related diseases*

Number 645 19313 — 372 12951 —
Current smoking, n (%) 126 (20) 3441 (18) 2 86 (23) 2426 (19) .04
Smoking status and load, n (%)
I. Never 236 (37) 7444 (39) 9 138 (37) 5309 (41) 1.0
Il. Former + <10 p-yr 107 (17) 3189 (17) 2 57 (15) 2127 (16) 7
lll. Former + =10 p-yr 138 (21) 4003 (21) 9 73 (20) 2216 (17) .6
IV. Current + <10 p-yr 21 (3) 736 (4) 3 16 (4) 578 (4) .04
V. Current + =10 p-yr trend 103 (16) 2663 (14) .6 69 (19) 1815 (14) .049
Tobacco consumption, p-yr 13(1.2) 12 (0.17) .8 12 (0.85) 9.8 (0.17) .6
Nondrinkers, n (%) 117 (18) 4699 (24) .02 66 (18) 3117 (24) A
Alcohol, U/wk 8.7 (0.43) 7.1 (0.064) .09 8.8 (0.64) 6.7 (0.075) .02
Body mass index, kg/m? 27 (0.16) 27 (0.034) .02 26 (0.20) 26 (0.039) .07

Data are shown as raw mean (SE) for continuous variables. P values in bold are <.05

p-yr, pack-years.

*Subpopulation of no smoking-related diseases: no history of acute myocardial infarction, ischemic heart disease, ischemic cerebrovascular disease, cancer, or diabetes and no use of asthma/

bronchitis medication, antihypertensive medication, or diabetes medication.

a "right shift” of individuals over time among the current heavy
smokers in supplemental Table 4 so that more will become
mutation positive and experience elevated blood cell counts,
ultimately leading to overt MPN. Thus, we find this an additional
strong argument for early mutational detection in that proactive
smoking cessation might diminish further evolvement toward
MPN.

Alcohol is yet another immune modulator, though less pro-
nounced than smoking.®” Alcohol consumption in relation to
MPN and myelodysplasia/MPN has been assessed in a few
studies, with no association detected.?°?" However, alcohol has
been suggested to have a protective effect on the risk of lym-
phoid malignancies.®4? This inverse relationship was not
present in our data, and we interpret our results as indicative of
a nonbeneficial and perhaps harmful effect of alcohol on mu-
tational status.

Strengths and limitations

The strengths of this study are the population-based unselected
cohort of adult citizens at a total number large enough to detect
even rare events and associations and with confirmation of MPN
diagnosis by electronic medical records. Also, the use of a highly
sensitive method brings novel information to the area. Limi-
tations include the cross-sectional design from which con-
clusions on causality cannot be drawn, but in future follow-up
studies, we will be able to predict the risk of thromboembolism,
especially for those with CHIP. Another limitation is the possible
reduced sensitivity in part of the analyses described in sup-
plemental Methods, as this may have bypassed some true low
burden mutations but we estimate the prevalence of JAK2
V617F and CALR to be representative, and we do not consider it
to have a significant impact on the results presented in the
paper. With regard to CALR, the fact that we have only tested for
type 1 and 2 mutations obviously implies that the true total CALR

POPULATION-BASED SCREENING OF MPN DRIVER MUTATIONS

prevalence may be higher assuming that type 1-like, type 2-like,
and type 3 CALR are present in the background population
as well.

Conclusion

In summary, we are the first to report a CALR prevalence (type 1
and 2) in the general population. We also find a JAK2 V617F
population prevalence much higher than previously detected.
When comparing mutation-positive citizens with the non-
mutated background population, we discover several significant
differences in blood test results, suggesting that the presence of
a driver mutation is associated with a distinct paraclinical profile
that mimics the MPN phenotype, also present in individuals with
allele burdens <1% and no MPN diagnosis registered. As 42% of
mutation-positive non-MPNs have elevated blood cell counts,
we have concerns that many of these individuals have an un-
diagnosed MPN. We therefore suggest that individuals with
a driver mutation, even at a very low mutant allele burden, are
considered MPN-risk patients. In this context, our finding of
elevated odds for prevalent venous thromboembolism also in
JAK2 V617F-positive non-MPNs is supportive of more regular
screening for JAK2V617F in "target populations” at risk of MPN.
Furthermore, we argue that a focus on smoking cessation and
possibly minimizing alcohol consumption can be of considerable
importance in mutation-positive individuals, including those
with no comorbidity, as changes in these lifestyle factors might
diminish further progression towards MPN by reducing the
driving inflammatory stimulus.
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