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A cytokine pathway
array has identified
variants and functional
interactive networks
regulating platelet
formation in stress
thrombocytosis.

IFNA16 genetic
variants behave as
susceptibility loci in
essential (but not
reactive) thrombocyto-
sis, limited to
JAK2V6"7F.negative
cohorts.
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Inflammatory stimuli have divergent effects on peripheral platelet counts, although the
mechanisms of thrombocytopenic and thrombocytotic responses remain poorly
understood. A candidate gene approach targeting 326 polymorphic genes enriched in
thrombopoietic and cytokine signaling pathways was applied to identify single
nucleotide variants (SNVs) implicated in enhanced platelet responses in cohorts with
reactive thrombocytosis (RT) or essential (myeloproliferative neoplasm [MPN])
thrombocytosis (ET). Cytokine profiles incorporating a 15-member subset, pathway
topology, and functional interactive networks were distinct between ET and RT,
consistent with distinct regulatory pathways of exaggerated thrombopoiesis. Genetic
studies using aggregate (ET + RT) or ET-restricted cohorts identified associations with 2
IFNA16 (interferon-a16) SNVs, and the ET associations were validated in a second
independent cohort (P = .0002). Odds ratio of the combined ET cohort (n = 105) was
4.92, restricted to the JAK2"%?"F-negative subset (odds ratio, 5.01). ET substratification
analysis by variant IFNA16 exhibited a statistically significant increase in IFN-a16 levels
(P = .002) among 16 quantifiable cytokines. Recombinantly expressed variant IFN-a16
encompassing 3 linked non-synonymous SNVs (E®*>H%°P13%) retained comparable antiviral
and pSTAT signaling profiles as native IFN-a16 (V**D9°A'3%) or IFN-a2, although both
native and variant IFN-a16 showed stage-restricted differences (compared with IFN-a2)
of IFN-regulated genes in CD34*-stimulated megakaryocytes. These data implicate
IFNA16 (IFN-a16 gene product) as a putative susceptibility locus (driver) within the
broader disrupted cytokine network evident in MPNs, and they provide a framework for
dissecting functional interactive networks regulating stress or MPN thrombopoiesis.

Introduction

Megakaryocytopoiesis and proplatelet formation represent progressively linked stages of hematopoietic
stem cell (HSC) development that maintain the normal circulating pool of platelets, critical components
of normal hemostasis, pathologic thrombosis, and host adaptive immunologic responses.' Mechan-
isms regulating normal thrombopoiesis are distinct from those occurring during stress, with evidence
that a genetically distinct subset of megakaryocyte (MK)-committed progenitors are mobilized during
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inflammatory stimuli.* Indeed, pathologically exaggerated platelet
production (reactive thrombocytosis [RT]) is generally classified as
a stimulus-dependent phenomenon occurring in the setting of cyto-
kine release.>® Similarly, inflammatory dysregulation is evident in
thrombocytosis-associated myeloproliferative neoplasms (MPNs)
occurring in conjunction with constitutive activation of the Jak/Stat
pathway.”® Whether cytokines in MPNs function as disease drivers
in the setting of predisposition alleles'®'2 or as sequelae of clonal
hematopoietic expansion remains unestablished. Inflammatory trig-
gers on the background of JAK2 susceptibility loci have been sug-
gested as initiating stimuli for sustained expansion of JAK2"¢"7F
mutant clones, either secondary to hypermutable somatic mutagen-
esis or expansion of cells with preexisting mutant alleles. Interest-
ingly, the JAK2 susceptibility locus has also been associated with
Crohn's disease,'® further implicating dysregulated cytokine stimu-
lation as pathogenetic drivers for inflammatory bowel disease.

Thrombopoiesis is primarily regulated by the thrombopoietin (TPO)/
c-mpl receptor/ligand system, although there is little explanation for
the genetic variability of platelet counts in normal and diseased sub-
jects. The normal range of platelet counts in humans is broad
(1.5 X 10%mL to 3.5 X 10%/mL) and remarkably constant over
time, with coefficients of variation of 6.7% in male subjects and
8.6% in female subjects.'* Twin studies indicate that genetic factors
account for normal variation of platelet counts in the healthy popula-
tion,'®'® although the associated genes remain unidentified. Limited
studies have focused on polymorphisms within c-mp/ as platelet
modifier genes,'” and genome-wide association studies (GWAS)
have identified candidate single nucleotide variants (SNVs) that may
influence the number and size (mean platelet volume) of platelets18
and/or red blood cells."® More recent studies have expanded the
subset of SNV loci that account for 18% and 30%, respectively, of
platelet count and mean platelet volume variability.2° Despite this
progress, a preponderance of genetic modifiers regulating physio-
logical platelet production remains uncharacterized, and identifica-
tion of genetic loci that modulate stress-associated platelet
production is specifically unknown.

Inflammation induces widely variable patterns of cytokine release,
although downstream cellular effects are mediated by shared cyto-
kine and hematopoietic signaling pathways.*?' The current study
applies a candidate gene approach to dissect the role of cytokine
pathway SNVs as genetic modifiers of enhanced thrombopoiesis. A
custom SNV array encompassing nonredundant cytokine signaling
pathway genes identified variants and distinct functional networks
differentially associated with RT or essential thrombocytosis (ET)
cohorts, and a predominant /FNA16 (interferon-a.16) predisposition
locus in ET validated in a second, unrelated cohort. These data pro-
vide the first comprehensive study of cytokine pathway variants
implicated in exaggerated thrombopoietic responses in humans, and
they provide a framework for further dissecting the complex interplay
of regulatory networks linked to inflammatory stimuli.

Materials and methods

Human subjects

All subjects (ET, n = 106; RT, n = 56; healthy control subjects,
n = 224) were enrolled in a protocol approved by the Stony Brook
University Institutional Review Board that was conducted in accor-
dance with the Declaration of Helsinki,?> applying well-established
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clinical criteria for phenotypic classification.?®2* ET recruitment was
completed in 2 phases, Cohort 1 (n = 52 was used for initial geno-
typing and association studies), followed by a second validation
phase (Cohort 2, n = 54), under the auspices of Institutional
Review Board #88960 (Platelet Systems Biology in Health and
Disease).

SNV selection, genotyping, and statistical analyses

Peripheral blood high-molecular weight genomic DNA was used for
genotyping, CALR insertion/deletion detection,®® and JAK2'®'7F
allelic quantification. Genotyping was completed by using a custom
SNV array encompassing discrete pathways implicated in hemato-
poietic cytokine signaling®' and thrombopoiesis: (1) the TPO/c-mpl
(TPO/TPO receptor) pathway; (2) the JAK/STAT pathway; (3) a ste-
roidogenic pathway previously implicated in thrombocytosis®®; and
(4) platelet-modifier SNVs implicated in platelet function®” or throm-
bopoiesis (mean platelet volume or number) based on human
GWAS."® Details of the 326 gene/1056 SNV list are provided in
supplemental Table 1. Samples were blinded to case-control, and
call rates ranged between 97.0% and 99.5%; platform reliability
and quality control were established by using 10 randomly dupli-
cated samples with concordance >98%. Pyrosequencing was
used for JAK2Y®'"F allelic determination (defining homozygosity
by >95% mutant A alleles) and as a secondary validation step for a
subset of eight SNVs (genes and oligonucleotide primers provided
in supplemental Table 2). Assay design and allelic discrimination
were completed by using PyroMark software version 2.0.1.15
(Qiagen, Germantown, MD), with sensitivity of mutant allele detec-
tion ~3%; concordance between genotyping and pyrosequencing
was >98%. Focused nucleotide confirmation of /FNA16 was
established by dideoxy sequence analysis.

For each SNV, genotype frequencies were delineated and excluded
from association studies for sample call rates <70% or for failure to
meet Hardy-Weinberg equilibrium. SNV case-control data were ana-
lyzed by using the x> test, Fisher's exact test, or the Cochran-
Armitage trend test, using distinct genetic models (allelic, dominant,
and recessive), substratified according to phenotype (ET alone, RT
alone, or ET + RT) and a common control subset; Cohort 1 and
Cohort 2 recruitment proceeded independently with no subject
overlap. Association testing of ET, odds ratios (ORs), and confi-
dence intervals (Cls) were computed in R package (version 3.6.2).
Sample size validation of association testing was established by
including five JAK2 SNVs as internal controls for ET genetic sus-
ceptibility, with a post hoc power analysis of 0.77 at the significance
levels of 0.05 (one-sided).'® Statistical comparisons were com-
pleted by using analysis of variance or t tests (or their nonparametric
counterparts if the normality assumptions were not met) at the sig-
nificance level of P < .05 adjusted for the false discovery rate.?®

Cytokine measurements

Cytokines analyzed in this study were selected from a broad group
of inflammation-related cytokines based on 3 criteria: (1) demon-
strated role in thrombosis-related inflammation®®3°; (2) dysregulated
expression patterns in ET and/or RT?°®'32; and (3) availability of
sensitive and robust detection methods. Plasma cytokines were
measured by using multiplex, bead-based immunoassays (Procarta-
Plex; Thermo Fisher Scientific, Waltham, MA), or IFN-a16 was
quantified by using capture enzyme-linked immunosorbent assay
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Figure 1. Genotyping overview. (A) Work-flow schema showing clinical characteristics and genotyping strategy. (B) Genetic overrepresentative analysis (N = 311 genes)
was completed by using Reactome,®® and enriched pathways are highlighted in yellow. (C-E) Genome-wide association plots (aggregate ET and RT [C], ET [D], and RT [E])
detailing significant gene/SNVs (at P < .01) identified by dominant, allelic, or recessive models; the most significant gene/SNVs (P < .001) are in red (Table 1). HWE,

Hardy-Weinberg equilibrium; NA, not available.

(MyBioSource, Inc., San Diego, CA). Sample concentrations were
determined in duplicate by using standard curves run in parallel.

Expression and functional characterization

of IFN-a16

Recombinant human IFN-a:16 wild-type (IFN-o16"") or mutant (IFN-
a16MVT) were expressed and purified as C-terminal Hisg-Strep chi-

meric proteins in Escherichia coli Origami2 DE3 cells. Recombinant
proteins were serially purified by tandem affinity purification, and
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after cleavage from carriers, bacterial endotoxin was removed by
using a high-capacity endotoxin removal spin column (Thermo Fisher
Scientific). IFN-a protein concentrations were quantified, stabilized
with purified bovine serum albumin (final concentration 0.1%), and
stored at —80°C. IFN-a antiviral activity was determined by using
adenovirus type 5-infected human diploid fibroblasts (HDF/Tert?),
whereas cellular pSTAT1 activation was established by using A549
(lung epithelial), human diploid fibroblast (HDF/tert7), or primary
human CD34" cells incubated for 1 hour with 500 U/mL human
universal type | IFN-a2 (PBL Assay Science, Piscataway, NJ), or
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Table 1. Gene/SNV association studies according to cohort

ET and RT ET RT
SNV Gene P Model* SNV Gene P Model SNV Gene P Model

rs28368163 IFNA16 .000283 A rs28368163 IFNA16 7.80 X 107° A rs8191984 SHP2 .000373

rs17860266 IL10RB .000368 A rs2069824 IL6 8.34 X 107° A rs12628803 EP300 .000381 A
rs2069824 IL6 .000377 A rs2280583 STAM .001066 D rs2066809 STAT2 .000406 A
rs72862555 VIPR1 .000392 A rs6072296 PLCG1 .001215 D rs17860266 IL10RB .000559 A
rs3087209 L2 .001225 D rs2336384 MFN2 .001395 A rs581950 PI3K .001202 A
rs3822430 SRD5A1 .001728 R rs28368160 IFNA16 .001505 D rs28691160 CALM1 .001378 A
rs35835913 CBLB .002254 A rs34417936 IL6ST .002258 D rs3217921 CCND2 .001664 A
rs149698066 BLVRB .002581 D rs1045000 AP-1 .002473 A rs35835913 CBLB .001664 A
rs34417936 IL6ST .002914 A rs6723506 UGT1A1 .003189 D rs72862555 VIPR1 .001671 A
rs2336384 MFN2 .004046 A rs10849023 CCND2 .003374 R rs35504537 SOCS4 .003172 A
rs10076470 SRD5A1 .005248 A rs8179183 LEPR .003642 A rs75887164 P2RX1 .003301 A
rs166049 SRD5A1 .005722 A rs12340895 JAK2 .005952 A rs140463378 TBXAS1 .004211 A
rs12628803 EP300 .006147 A rs3737224 PEART .006491 R rs149698066 BLVRB .00428 D
rs3217921 CCND2 .006147 A rs72862555 VIPR1 .006491 D rs7689953 TEC .004382 A
rs8191984 SHP2 .00647 A rs1008084 CCDC162P .008285 R rs4252249 IL10RA .004565 D
rs2066809 STAT2 .006477 A rs1800797 IL6 .008654 R rs1051442 THBS1 .004586 R
rs28368160 IFNA16 .007803 D rs12343867 JAK2 .008962 A rs2572207 DENND4A .004676 A
rs7732059 GHR .010701 D rs3780367 JAK2 .009638 A rs35695978 HSD17B4 .004871 A
rs4252249 IL10RA .011014 A rs904011 FDFT1 .010497 D rs13244259 WBSCR22 .005213 A
rs1800797 IL6 .011145 R rs166049 SRD5A1 .011011 A rs74474807 GNAS .006456 A

The top SNVs (N = 20 per cohort) rank-ordered according to P value.
*Genetic model applied for association testing: allelic (A), dominant (D), and recessive (R).

equimolar concentrations (50 ng/mL) of IFN-a16"T or IFN-o16MYT,

Primary antibodies were directed against phosphorylated STAT1
(Y701) and total STAT1 (Cell Signaling Technology, Danvers, MA),
or a-tubulin (as loading control; MilliporeSigma, Burlington, MA), fol-
lowed by immunodetection using appropriately conjugated second-
ary antibodies.

Hematopoietic and cellular studies

Human CD34" HSCs obtained from umbilical cord blood and
CD34™" immunoselection contained >95% CD34™" cells at the start
of individual experiments. CD34" cells were cultured in serum-free
expansion medium Il expansion medium for 24 to 48 hours followed
by terminal MK differentiation using serum-free serum-free expansion
medium media containing MK expansion supplement CC220 (Stem-
cell Technologies, Vancouver, BC, Canada), supplemented (or not)
every 48 hours with individual IFNs (600 U/mL human universal type
I IFN-a2), or equimolar concentrations (50 ng/mL) of IFN-a16"" or
IFN-0.16MYT, At distinct time points, cells were stimulated (or not)
with the same concentration of IFNs for 60 minutes, followed by
RNA isolation and quantitation using fluorescence-based real-time
polymerase chain reaction technology (TagMan Real-Time PCR;
Applied Biosystems, Foster City, CA).3® Oligonucleotide primers are
provided in supplemental Table 2. Cell differentiation was monitored
by flow cytometry, gating on live 7-actinomycin D—negative cells for
immunophenotypic quantification and lineage specification, using
fluorescein isothiocyanate—conjugated anti-CD41a (integrin oy, MK)
or Annexin V as a marker of phosphatidylserine exposure and
apoptosis.3+3°
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Computation and bioinformatics

Pathway enrichment®® and functional interactive networks were gen-
erated by using the set of phenotype-restricted genetic variants
associated with ET or RT. Because multiple SNVs were variably
represented within the same gene, interactive networks were built
by using the global adaptive rank truncated product method, which
allows for different modes of inheritance and multiple SNVs associ-
ated with individual genes.®” Sources for construction of the interac-
tive networks included well-curated databases (Reactome, Kyoto
Encyclopedia of Genes and Genomes, and Human PPI), which
were trained and validated by using a naive Bayes classifier.

All statistical analyses, including gene expression, cytokine quantifi-
cation, and principal component analysis (PCA), were conducted in
the R program environment as previously described,®3* using
normalized (logo-transformed) data and clustering (on Euclidean
space) for cross-group comparisons, defining a significance level of
P < .05 adjusted for the false discovery rate.?®

Additional detailed Methods are provided in the supplemental Mate-
rials and methods.

Results
Targeted gene/SNV identification

We dissected the role of cytokine pathway SNVs as genetic modi-
fiers of enhanced thrombopoiesis by generating a custom SNV
array incorporating 1056 SNVs within 326 genes collectively

CYTOKINE GENOMIC SNVs IN THROMBOCYTOSIS 4887
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Figure 2. Pathway topology and functional interaction networks in ET and RT. (A-B) Venn diagram delineating pathway overrepresentation analysis using significantly
associated (P < .05) ET and RT gene/SNVs (A) and top 10 pathways each for common, ET-, or RT-restricted phenotypes (B). Scale bar (adjusted.P) is shown. (C-D)
Functional interaction networks in ET and RT were generated by applying global adaptive rank truncated product method to the SNV association data.®” For the nodes,
genes are represented by round symbols, and node color reflects the adjusted P value®® on a continuous scale from low (light green) to high (dark blue). Gray-colored round
symbols identify first-order interactors, and core genes not connected to the main network are omitted. The ET network includes 12 core genes (encompassing 127 nodes
and 362 edges), and the RT network includes 26 core genes (encompassing 150 nodes and 633 edges). Scale bar [(—logio(adjusted.P)] is shown. FGFR, fibroblast
growth factor receptor; PDGF, platelet-derived growth factor.
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implicated in hematopoietic cytokine receptor signaling. The non-
redundant gene/SNV list was modified to incorporate quantitative trait
loci associated with parameters of platelet function®” or megakaryocy-
topoiesis,'®?® and included SNVs within the JAK2 susceptibility
locus,'® which served as known association controls for ET predispo-
sition. Of the 1056 SNVs, 949 encompassed within 311 genes
passed technically required screening characteristics using lllumina
chips (San Diego, CA), and they conformed to Hardy-Weinberg equi-
librium predictions based on SNV distributions formulated from the
1000 Genomes database (Figure 1A). Overrepresentation analysis
using the curated gene list confirmed enrichment of genetic pathways
involved in immune regulation, signal transduction, development, and
hemostasis (Figure 1B).

Genotype association studies

Genotyping was initially completed on 224 healthy control subjects
and 108 subjects with thrombocytosis. Thrombocytosis cohorts
were phenotypically categorized according to etiology as a means
of further establishing risk stratified by reactive (RT, n = 56) or
MPN-associated (ET, n = 52) subtypes. Case-control association
studies using dominant, allelic, or recessive models applied to the
aggregate (ie, ET and RT) data set showed the strongest associa-
tions with immune-regulated (/FNA16 rs28368163) or cytokine (/L6
rs2069824, IL10RB rs17860266) pathway SNVs (Figure 1C-E;
Table 1; supplemental Table 3). Associations with /L6 rs2069824
and /FNA16 rs28368163 reached greater statistical significance in
the ET cohorts than in the aggregated cohort; technical validation of
the most significant /FNA76 rs28368163 SNV was confirmed by
pyrosequencing. Not surprisingly, the RT cohort displayed gene/
SNV associations that were distinct from ET, most significant for
SHP2 rs8191984, EP300 rs12628803 (validated by pyrosequenc-
ing), STAT2 rs2066809, and /L10RB rs17860266; /L10RB
rs17860266 identified in the aggregate cohort retained its stron-
gest association in the RT (and not ET) cohort. The protein tyrosine
phosphatase SHP2 (PTPN11), adenovirus E1A-associated cellular
transcriptional coactivator EP300, and STAT2 collectively regulated
cellular proliferation, with evidence that EP300 functionally regulates
megakaryocytopoiesis in mp/~’~ (myeloproliferative leukemia pro-
tein) mice.®®

Pathway topology identifies functionally diverse
thrombocytosis interaction networks

The initial association data imputed the presence of distinct path-
ways regulating enhanced platelet formation in pathogenetically
divergent thrombocytosis phenotypes; these results were confirmed
by pathway enrichment analyses36 applied to the ET and RT gene
sets. The phenotypes converged on a limited subset of overlapping
pathways (n = 39) encompassing immune and cytokine signaling
(Figure 2A-B), although the most significant RT- or ET-restricted
pathways were distinct. Pathways enriched in RT (but not ET)

included platelet-derived growth factor, fibroblast growth factor, and
calcium signaling, whereas the 10 most significant ET-restricted
pathways included IFN signaling (n = 3) or regulation by peroxi-
some proliferator-activated receptor o (n = 2).

Because genes rarely act alone, we applied the gene/SNV data to
reconstruct synergistic effects of variants on functional interaction
networks defining thrombopoiesis in RT and ET (Figure 2C-D). The
ET network incorporates a smaller subset of core genes (n = 12)
compared with the RT network (n = 26), implying that molecular
pathways regulating thrombopoietic stimuli in RT display greater
redundancy and are less centralized. Predicated on the network
plot, ET-regulated thrombopoiesis appears to be largely controlled
by integrated cytokine interactions involving /L2, IL6 (and its intracel-
lular effector IL6ST), and immune mediators (ie, IFNs) that presum-
ably synergize to amplify the thrombopoietic signaling repertoire
linked to JAK2.

An IFNA16 susceptibility genotype in ET

Type 1 IFNs include 17 subtypes that encompass 13 IFN-a iso-
forms,®® whose genes are located within the IFN gene cluster on
chromosome 9 (Figure 3). Two non-synonymous /FNA76 SNVs
rs28368163 (397G>C, Ala'®*Pro) and rs28368160 (283G>C,
Asp®®His) were significantly associated with both aggregate and ET
phenotypes but not with the RT phenotype; a contiguous /IFNA16
SNV 1528368159 (194T>A, Val®*Glu) included in the genotyping
data were excluded from the association testing because of failed
Hardy-Weinberg equilibrium. The SNV chip included 2 additional
markers within the IFN gene cluster (IFNA77 [rs9298814] and
IFNAS5 [rs41298200]), allowing for association testing across these
5 markers; comparative testing across the JAK2 susceptibility locus
served as a genetic standard for MPN risk (Figure 3A). The three
IFNA16 markers (but neither centromeric IFNA5 nor IFNA17
SNVs) were in linkage disequilibrium, results confirmed by dideoxy
sequencing of the ET cohort (Figure 3A-B); unavailability of parental
genotyping data did not allow us to assign haplotypes. IFNA16
SNVs represented strong susceptibility alleles (Table 2): the
IFNA16 rs28368163 OR was 5.40 (Cl, 2.32-12.53), and the
IFNA16 rs28368160 OR was 4.71 (Cl, 1.77-11.81). ORs for both
SNVs were greater than those of the JAK2 susceptibility SNVs
(rs12340895 [OR, 2.13; Cl, 1.14-3.97], rs12343867 [OR, 2.07;
Cl, 1.11-3.91], rs3780367 [OR, 1.95; Cl, 1.04-3.65], rs10974944
[OR, 1.89; Cl, 1.01-356], and rs1159782 [OR, 1.84; CI,
0.99-3.46]) and were in excellent agreement to those previously
described (supplemental Table 4).'°"2 RT was not associated with
JAK2 predisposition alleles (or with JAK26"7F). IFNA16 genotyping
substratified according to JAK2V6"7F status exhibited predisposition
risk restricted to JAK2®""F-negative ET cohorts, evident for both
rs28368163 (OR, 8.60; Cl, 2.75-26.94; P = 2.01 X 107°) and
rs28368160 (OR, 7.84; Cl, 2.35-26.21; P = .0001).

Figure 3 (continued) IFNA16 genetic characterization. (A) Chromosome 9 structure shows JAK2 and /IFNA16 genomic regions and SNVs used for association

analyses in the P value (—logyo) scatter plots (n = 51). Note the stronger association of both /FNA76 SNVs compared with those of JAK2 SNVs. The accompanying
linkage disequilibrium heatmap was generated by using pairwise X2 test for 7 evaluable JAK2 SNVs or 5 evaluable /IFNA SNVs (3, IFNA16; 1, IFNA17; 1, IFNA5) using the
MPN genotyping data. Boxes indicate D values for SNV pairs. (B) Genomic organization of the IFN gene cluster and /FNA76 dideoxy sequence analysis delineating the 3

SNVs and their predicted translation products (all displayed 5'-3’ orientation using RefSeq NM_002173.3 as reference). For all sequences, the polymorphic transition is

underscored and delineated by the asterisk. Chromosomal positions are based on National Center for Biotechnology Information Build 37 (GRCh37).
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Table 2. IFNA16 SNV ORs substratified according to JAK2V¢'7F

Gene SNV Alleles P OR* 95% CI
Cohort 1 (n = 52)
IFNA16 rs28368163 G/Gt GC CE
Aggregate 38 (74.5%) 12 (23.5%) 1 (2.0%) 2.23 X 107° 5.40 2.32-12.53
JAK2VET7FE 24 (47.0%) 5 (9.8%) 1 (2.0%) A9% 0.26% 0.00-14.69
JAK2VE17F= 11 (21.6%) 6 (11.8%) 0 (0%) 2.01 X 107° 8.60 2.75-26.94
IFNA16 rs28368160 G/G GC &e
Aggregate (N = 46) 37 (80.4%) 9 (17.7%) 0 (0%) .0004 4.71 1.87-11.81
JAK2VET7FE 25 (54.4%) 4 (7.8%) 0 (0%) .36 0.18% 0.00-10.09%
JAKQVE17F- 12 (26.1%) 5 (9.8%) 0 (0%) .0001 7.84 2.35-26.21
Cohort 2 (n = 54)
IFNA16 rs28368163 G/G GC cc
Aggregate 42 (77.8%) 12 (22.2%) 0 (0%) .0002 451 1.92-10.56
JAK2VET7FE 25 (46.3%) 9 (16.7%) 0 (0%) 62+ 0.37% 0.00-20.1%
JAK2VE17F- 17 (31.5%) 3 (5.6%) 0 (0%) 12 2.78 0.72-10.73
Cohort 1+cohort 2 (n = 105)
IFNA16 rs28368163 G/IG GC CE
Aggregate 80 (76.2%) 24 (22.9%) 1 (0.96%) 3.23 X 107° 4.92 2.40-10.10
JAK2VET7FF 49 (46.7%) 14 (13.3%) 1 (0.96%) 31% 0.55% 0.00-16.45%
JAK2VE17F= 28 (26.7%) 9 (8.6%) 0 (0%) .0002 5.01 1.98-12.94

*The x? test using genotyped controls (N = 218).
1C, minor (variant) allele; G, major allele.
$Haldane-Anscombe correction.

For confirmation, we applied /FNA16 rs28368163 as a tag SNV in
a second ET validation cohort (n = 54) and reconfirmed a highly
significant association (P = .0002) and OR (4.51; Cl, 1.92-10.56),
nearly identical to that found in Cohort 1 (Table 2). Consistent with
results in Cohort 1, substratification revealed no association in
JAK2Y8"7F cohorts; in contrast, association within the JAK2V677%.
negative cohort was less robust, approaching statistical significance
(P = .12) with a less robust OR (2.78; Cl, 0.72-10.73). Combined
IFNA16 rs28368163 data incorporating both cohorts (n = 105
subjects) confirmed the overall association (OR, 4.92; Cl, 1.92-
10.56) and the specificity with JAK2V8'"F-negative ET (OR, 5.01;
Cl, 1.98-12.94). These collective data showed that: (1) /IFNA16
SNVs represent significant ET predisposition alleles'®; and (2) ET
susceptibility was largely restricted to JAK2V®'"F-negative ET. These
results were distinct from those previously described for the JAK2
predisposition haplotype, which selectively confers hypermutability
to JAK2®"7F expansion.'®12

Comparative cytokine profiles across the
thrombocytosis spectrum

We characterized RT and MPN-associated “inflammasomes” by
measuring 15 cytokines in a randomly selected subset of ET
(n = 20), RT (h = 18), and healthy cohorts (n = 14), focusing
on IFNs (a-, B-, v-), various interleukins (ILs), and components of
the tumor necrosis factor (TNF) receptor pathway previously
identified in thrombosis-related inflammation®®° or thrombocyto-
sis.2%31:32 Unsupervised hierarchical clustering using the aggre-
gate cytokine data confirmed general segregation according to
phenotype (Figure 4A), with statistically significant cross-group
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differences for the majority (13 of 15) of cytokines measured.
PCA designed to reduce the data dimension revealed overlap-
ping clusters of healthy control and RT cohorts, and relative seg-
regation of ET cohorts that were broadly distributed along the
PCA spectrum (Figure 4B). ET cytokine determinations generally
displayed a broader intersample dynamic range than those from
RT or healthy control subjects. Compared with both RT and
healthy control subjects, cytokines were generally elevated in ET
subjects, and pairwise comparisons established that 11 of 15
cytokines were statistically different between the ET and RT
cohorts (Figure 4C). Binary logistic Least Absolute Shrinkage
and Selection Operator regression reduced the cytokine profile
to a 4-member subset (CD30, IL-10, TNF receptor 1, and TNF-a)
that optimally distinguished ET from healthy cohorts, and a dis-
tinct 4-member subset that distinguished ET from RT (Tweak,
IL1RA, TSLP, and TNF receptor 2 cytokine). Within the ET
cohort, repeat PCA substratified according to IFNA16
rs28368163 or JAK2Y9""F genotypes failed to generate mean-
ingful separation (Figure 4D-E), imputing the lack of /IFNA16- or
JAK2V6""Frestricted mean differences for the cytokines studied.
Thus, although the cytokine profiles are clearly different between
ET and RT, these data further established that neither JAK2"6"7"
nor IFNA16 rs28368163 independently partitioned the cytokine
abnormalities evident in ET.

Evolutionary duplication of 13 highly homologous IFN-a. subtypes
results in a largely redundant mechanism for viral neutralization and
cellular effects. We saw no differences in aggregate serum IFN-o
levels in ET cohorts using a multiplex bead assay (discussed earlier)
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Figure 4. Cytokine studies in thrombocytosis. (A) Cytokines (n = 15) were quantified from ET (n = 20), RT (h = 18), or healthy controls (n = 14), and the
normalized data (centered and scaled) were used for unsupervised hierarchical clustering using aggregated data; P values corresponding to group differences were
determined by using Kruskal-Wallis tests); scale bar is shown. (B) PC analysis was applied to cytokine levels for data reduction, and iteratively applied to ET, RT, or
healthy cohorts; note the general segregation of ET from RT and healthy controls. (C) Box plots show normalized cytokine levels by cohort; group-wise (upper panels)
and statistically different pairwise P values are shown. (D-E) PC analysis applied to cytokine levels was iteratively applied to ET cohorts delineated by JAK2'®"7F (D) or
IFNA16 rs28368163 genotype (E). In both panels D and E, mutant alleles are in red. (F-H) IFN-a16 was quantified by enzyme-linked immunosorbent assay from ET

(n = 19 [1 of 20 samples was censored for a technical limitation]) and healthy cont
alleles in panels G and H are in red. P values using the t test are shown. *P < .05,
member 14; CD30, TNF receptor superfamily member 8; IFN, IFNs «, B, «y; IL, inter]

rols (n = 20), substratified according to IFNA16 or JAK2®"7F genotype. Mutant
P < .01, P < .001, ***P < .0001. CD258, tumor necrosis factor superfamily
leukins 6, 8, 10, or 1B; IL1RA, IL-1 receptor antagonist; N.S., not significant; TNFa,

tumor necrosis factor «; TNFRI, TNF receptor type 1 cytokine; TNFRII, TNF receptor 2 cytokine; TSLP, thymic stromal lymphopoietin; Tweak, TNF-like weak inducer

of apoptosis.

but expanded these studies using an enzyme-linked immunosorbent
assay designed to specifically quantify IFN-«16 (Figure 4F-H).
Although IFN-a16 levels between ET and normal were nearly identi-
cal, substratification according to /IFNA716 rs28368163 revealed
statistically greater concentrations in ET cohorts expressing the

4892 GNATENKO et al

mutant C allele (P = .002); in contrast, IFN-a16 differences sub-
stratified according to JAK2"6"7F were not evident. These results
established that among the cytokines quantified, only ET IFN-a.16
concentrations were associated with the presence of the mutant
IFNA16 SNV.
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Figure 5. Characterization of inflammatory gene profiles in platelets. (A-B) RNA-Seq data from ET (N = 7) or healthy control (N = 3) platelets®® were filtered by
using Hallmark®® inflammatory response (A, n = 200) or IFN response (B, n = 224) genes, followed by unsupervised hierarchical clustering by Euclidean distance
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Figure 5 (continued) (differentially expressed genes are shown). Note clear
segregation of phenotypes in both panels. (C) In silico expression studies of
aggregated IFN response genes (n = 224) by phenotype (normal, n = 3; ET,

n = 7); data are expressed as mean * standard error of the mean (SEM) of reads
per kilobase per million (RPKM) normalized and scaled to mean 0. (D) Platelet
quantitative polymerase chain reaction of select IRGs or platelet-specific genes
(VWEF and PF4) from a secondary cohort of healthy controls (n = 4) or ET (n = 8),
expressed as mean = SEM normalized to actin; box plots (panels C-D) represent
the within-group interquartile range encompassing 50% of the values, whereas the
95% Cls and outliers are depicted. The horizontal bar within each box represents

the group median. P values (t test) are shown. NS, not significant.

Expression studies of IFN-response genes
in ET platelets

Given the evidence for immune and cytokine disruption in ET, we
applied inflammatory and IFN-restricted gene sets*® to initially
characterize downstream cellular effects on ET platelet signatures
using previously generated RNA-Sequencing (RNA-Seq) data®®
(Figure 5A-B); these initial analyses were designed to address
putative cellular responses in targets (MKs/platelets) exposed to
altered cytokine signaling. Unsupervised hierarchical clustering
showed clear segregation of ET and healthy control platelets
using both gene sets, with further evidence for downregulation
of IFN genes in ET platelets (Figure 5C). For a subset of
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IFN-regulated genes (IRGs) (Figure 5D),*'"*? we validated these
patterns in a second unrelated cohort (ET, n = 8; normal, n = 4)
using a gene subset that is induced during stress hematopoietic
models (IFIT1, IFITM3, MX1, ISG15, IFRD1, and OAS1).* Con-
sistent with the RNA-Seq data, the majority (four of six IRGs
[IFIT1, OAS1, MX1, and ISG15]) were downregulated in ET com-
pared with normal platelets (P = .07 to P = .004); only IFITM3
was upregulated in ET (2.8-fold) and approached statistical signif-
icance (P = .07). We saw no evidence for differential platelet fac-
tor 4 (PF4) expression, although VWF (von Willebrand factor) as
a marker of MK-biased stress hematopoiesis identified in inflam-
matory disorders*® was upregulated in ET (4.4-fold; P = .02).
These genetic expression studies established that the dysfunc-
tional ET cytokine profiles were associated with concomitant tar-
get cellular effects in MKs/platelets, with further evidence for
defective IFN IRG signatures, possibly mediated by IFN-«186.

Comparative studies of IFN-a2 and IFN-a16

IFNs are functionally characterized by their antiviral and antiprolifera-
tive properties, and IFN-a cellular responses are mediated by bind-
ing to a common IFNAR1/IFNAR2 heterodimeric receptor
complex.3®*® To study putative cellular effects mediated by IFN-
a16, we used a tandem affinity tag to express and purify wild-type
(VE°D%A'%) and mutant IFN-a16 as recombinant proteins in
E coli. Because IFNA16 mutant SNVs were found in linkage dis-
equilibrium (T'®*A, G2#3C, G®°7C) (Figure 3), mutant IFN-a16 was
specifically designed to incorporate the triple mutation (E°H®®P'33)
in the IFN-a16 backbone (supplemental Figure 1A). Both wild-type
(IFN-0:16"T) and mutant (IFN-a16MYT) exhibited comparable solubil-
ity and purification characteristics as E coli recombinant proteins,
excluding the likelihood that E°°H®°P'® mutant affected protein sta-
bility. An adenoviral replication system designed to quantify antiviral
properties exhibited comparable inhibitory effects between wild-type
and mutant IFN-a.16, and antiviral properties were functionally equiv-
alent to that of clinically used recombinant human IFN-a2a (Hu-IFN-
«2a) (supplemental Figure 1B). Functional integrity of IFNAR1/
IFNAR?2 signaling was established by using both A549 lung epithe-
lial cells (not shown) and HDF/Tert1 skin fibroblasts (supplemental
Figure 1C), with no differences in STAT1 phosphorylation between
recombinant IFN-a16"T and IFN-a16MYT, and nearly identical to
IFN-a2. These initial data excluded the possibility that mutant IFN-
a16 represented a gain-of-function or loss-of-function mutation of
key antiviral or cell-signaling mechanisms.

IFN-a16 effects on MKs

Given the sustained cytokine disruption in ET, we applied an in vitro
model system to characterize effect(s) of chronic IFN exposure on
gene expression and patterns of IRG expression during megakaryo-
cytopoiesis. CD34" HSCs were differentiated in the absence or
presence (supplemented every 48 hours) of IFN-a:2, IFN-a16%T, or
IFN-a16MYT over a 14-day MK differentiation protocol (Figure 6A).
At the concentration(s) of IFNs studied, we saw no evidence for dis-
parate effects on CD41* (integrin ay) or Annexin V expression, the
latter used as a quantitative marker of phosphatidylserine exposure
that accompanies terminal megakaryocytopoiesis (Figure 6B).%° To
determine if the IFN-regulated gene profiles were differentially modu-
lated by IFN isoforms, we quantified gene expression over time,
applying the same IRG subset used in the ET/normal platelet
expression studies (discussed earlier). In the absence of interferon,
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Figure 6. Functional and cellular characterization of IFN-a2 and IFN-«16 in hematopoietic stem cells. (A-B) CD34" HSCs were expanded in TPO-conditioned
media supplemented (or not) with IFNs «2b (600 U/mL) or equimolar concentrations (50 ng/mL) of IFN-a16"T or IFN-a16MYT at 2-day intervals (A), followed by flow
cytometric quantification of CD41™ (integrin ayp) and Annexin V (phosphatidylserine) at designated time points (B). Data represent the mean =+ standard error of the mean
(SEM) from triplicate determinations of a single representative experiment, repeated once. (C) Differentiating CD34 " HSCs at specific time points (day 0 [DO], D4, and
D14) were stimulated with IFN-a2a (500 U/mL) or equimolar (50 ng/mL) concentrations of IFN-a16%T or IFN-a16M“t for 60 minutes, followed by RNA isolation and

L b]OOd advances 23 AuGUST 2022 - VOLUME 6, NUMBER 16 CYTOKINE GENOMIC SNVs IN THROMBOCYTOSIS 4895



5 of 6 genes (IFIT1, MX1, ISG15, IFRD1, and OAST) exhibited
time-dependent induction corresponding to maximal CD41™ positiv-
ity at day 14 (Figure 6C). IRG induction was most striking for /FIT1
(175-fold), IFRD1 (65-fold), and MX7 (65-fold); the most abundant
gene (IFITM3) exhibited minimal (1.7-fold) change.

To determine if there were stage- or isoform-restricted differences
after IFN stimulation, cells were stimulated with corresponding
IFNs for 60 minutes, and IRG responses were quantified at baseline
(day 0), at an early stage of MK differentiation (day 4), or at terminal
MK differentiation (day 14). Across the IFN isoforms (a2, 16T,
and «16MVT), maximal and comparable gene induction was evident
at day O, with less robust responses at day 14; indeed, day 14
gene induction was minimal for all IRGs and essentially comparable
to maximal expression evident during terminal differentiation in the
absence of IFN. At a time corresponding to modest CD41* acquisi-
tion (~30% at day 4), HSCs retained their capacity for IFN induc-
tion, although we noted clear differences in IRG responses
between the a2 and a16 isoforms. Although gene induction by
a16™T and «16MYT was nearly identical, both responses were con-
sistently attenuated compared with that of the a2 isoform. These dif-
ferences were not due to accompanying divergence in pSTAT
phosphorylation (Figure 6D), confirming the presence of a functional
IFNAR axis, and excluding the possibility of cell desensitization with
continuous IFN exposure; heat-inactivated IFN-a16 (WT and MUT)
failed to induce pSTAT1 phosphorylation, establishing specificity of
the IFN-a/IFNAR signaling axis, and suggesting progressive (or tran-
sient) loss of pSTAT1 signaling during cell differentiation in the
absence of an acute IFN stimulus. These collective data provide evi-
dence for divergent IFN-a isoform- and stage- restricted IRG
responses during MK lineage speciation, and they are consistent
with prior evidence for a STAT-independent mechanism regulating
IRG responses.*®

Discussion

We have identified a subset of gene/SNVs associated with throm-
bocytosis that provides a framework for dissecting molecular mech-
anisms of enhanced platelet formation during inflammatory triggers.
These interactions are distinct from those during steady-state throm-
bopoiesis, and they provide insight into genetic variants that regulate
disparate platelet responses to stress in the general population. We
applied the SNV data to better define epistatic interactions in throm-
bocytosis, with evidence for both overlapping and functionally
diverse pathways that comprise the ET and RT interactive networks.
These distinct genetic networks are consistent with the pathophy-
siologically divergent mechanisms of enhanced thrombopoiesis in
clonal and stress thrombocytosis. In contrast to rare single-gene
defects resulting in predominant phenotypes (ie, hemophilia and
sickle cell disease), complex phenotypes such as thrombopoietic
responses likely result from epistatic gene—gene interactions exert-
ing synergistically additive effects within overlapping pathways**;

these data provide a framework for further dissecting the complex
interplay of regulatory genetic networks linked to inflammatory and
clonal thrombopoiesis.

The majority of cytokines were statistically different in cross-group
comparisons (13 of 15), and non-overlapping 4-member subsets
effectively distinguished ET from normal (CD30, IL10, TNF recep-
tor 1, and TNF-a) or ET from RT (Tweak, IL1RA, TSLP, and TNF
receptor 2 cytokine). These observations highlight the important
pathophysiological differences in inflammatory responses in phe-
notypically divergent thrombocytosis models. There is consider-
able interest in identifying polymorphic changes that influence
cytokine levels in various disease states,*® although literature
review using the 48-member ET-associated SNV list (supplemen-
tal Table 3) failed to implicate these gene/SNVs as modulators of
cytokine levels in ET; similarly, we saw no differences in cytokine
profiles according to age or sex. Interestingly, gene/SNVs involv-
ing both /L6 and IL6ST (signal transducer encoding the IL-6
subunit) were prominently identified in the ET network but not in
the RT network where IL-6 has been identified as a driver of
stress thrombopoiesis.® IL-6 is nonselectively elevated in a num-
ber of inflammatory (and malignant) conditions,*® although /L6
polymorphisms (including those in the promoter) inconsistently
influence serum levels or confer disease risk in various disease
states*®*°: thus, the lack of /L6 SNV associations in RT is not
unexpected. Consistent with prior data,® serum IL-6 was statisti-
cally different among the 3 phenotypes (and highest in ET),
and the /L6 SNV rs1800797 associated with ET has been asso-
ciated with higher serum IL-6 levels, putatively linking cytokine
levels with genetic susceptibility.?° Interestingly, RT was associ-
ated with both /L70RA (rs4252249) and IL10RB (rs17860266)
SNVs, which are encompassed within both polypeptide chains
(o and B) of the IL-10 receptor, and known to be required for
IL-10 signaling. Although IL,10 is largely considered an anti-
inflammatory cytokine (and statistically different in cross-group
comparisons), data using recombinant human IL-10 show that it
retains pro-inflammatory effects in infection®' and Crohn's dis-
ease,” with putative adverse effects on platelet production.®®
Neither IL-10 nor its cognate receptor complex is studied in the
context of RT, although associations with both /L70RA and
ILTORB SNVs impute previously uncharacterized functions rele-
vant to inflammation, receptor signaling, and thrombopoiesis.

Our initial genetic studies identified polymorphic /IFNA76 as a novel
susceptibility allele in aggregate (ET and RT) thrombocytosis. The
IFNA16 association was most exaggerated in the ET cohort (to the
exclusion of RT), which also revealed overrepresentation of IFN-
regulated pathways. These data extend previous GWAS in MPN
cohorts that implicate various SNVs in risk susceptibility,>*°? patho-
genesis,®® or prognosis,®®®° although the majority of loci conferring
familial MPN risk remain unidentified.?” Limitations of our study are
the relatively small sample size compared with aggregated and

Figure 6 (continued) quantification of selected IRGs (IFIT1, IFITM3, IFRD1, OAS1, MX1, and ISG15) or MK-specific genes (VWF and PF4). Data are from a single
representative experiment (mean = SEM from triplicate determinations normalized to actin), repeated once; statistically significant differences (a2b to either a1 6T [red
asterisks] or a16™YT [black asterisks]) only seen at D4 are shown (t-test; **P < .01, ***P < .001). (D) D4 HSCs were stimulated for 60 minutes with IFN-a2a (500 U/mL) or
equimolar (50 ng/mL) concentrations of IFN-«16*Y" or IFN-a.16M, followed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and pSTAT1 detection by immunoblot

analysis (20 pg/lane); a-tubulin and total cellular STAT1 are shown as loading controls. Heat-inactivated IFN-a1 6T and IFN-a16™YT exhibit no pSTAT1 activation. N.S,,

not significant.
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long-term data reported for the JAK2 susceptibility locus.'®'? None-
theless, our conclusions are supported by a sequential study design
that incorporated an initial and secondary (validation) cohort for
independent confirmation. Unlike the JAK2-suscpetibility haplotype,
the risk was greater in the initial subset of JAK2'®'” -negative
cohorts, although substratification data from the validation cohort
were not as robust as those from the initial cohort. Aggregated
IFNA16 rs28368163 data incorporating both cohorts (n = 105
subjects) confirmed the overall association (OR, 4.92) and the spe-
cificity with JAK2Y®'"F-negative ET (OR, 5.01). Predicated on
these initial studies, variant /FNA16 represents a stronger suscepti-
bility allele than that previously described for SNVs within the
JAK2 locus. %% Because of our limited sample size, we were
unable to further substratify according to c-MPL, CALR, or triple-
negative MPN.

We were unable to show that variant IFN-a16 displayed cellular or
antiviral properties that diverged from those of native IFN-o16,
although plasma IFN-a16 levels were higher in subjects expressing
the mutant /FNA76 allele. Unexpectedly, both IFN-a16"T and IFN-
a16MYT displayed stage-restricted differences in IRG responses
compared with therapeutically used IFN-a2 at a confined develop-
mental time point of MK differentiation. These results are paradoxical
given the redundancy and evolutionary conservation of 13 type 1
IFN-a isoforms that collectively use the identical IFNAR1/IFNAR2
heterodimer for downstream signaling.%*® Although type | IFNs
share a common docking mode for receptor binding, recent data
suggest that ligand discrimination occurs through distinct energetics
of shared receptor contacts. Indeed, the extent of pSTAT activation
as measured by tyrosine phosphorylation does not fully explain the
level of gene expression*® results that are consistent with our
CD34*-differentiated IRG data, which exhibit dichotomous IFN-
a16/IFN-a.2 genetic changes (at day 4) in the setting of comparable
pSTAT patterns. Although IFN-a2 induces complete hematologic
responses in subsets of MPN patients,61 the mechanism(s) remain
incompletely understood, and our data suggest that its effect
may be at a discrete stage of lineage development. Whether alter-
native IFN isoforms display differential efficacy in IFN-responsive dis-
orders remains speculative®® but supported by these collective
observations.

Our data suggest that chronic IFN stimulation may be sufficient
as an initiator for clonal expansion, although the complex cytokine
profiles identified in ET confound linear causal relationships. Ele-
vated IFN-a16 levels were restricted to the subgroup expressing
the IFNA16 rs28368163 mutant (C) allele, although the mecha-
nism(s) whereby this variant affects circulating levels remains
unestablished. We did not complete expression studies in
eukaryotic systems, although variant IFN-a16 displayed compara-
ble solubility and yield characteristics as the naive recombinant
protein in E coli, minimizing a mechanism related to intrinsic pro-
tein stability or cellular expression as identified with polymorphic
IL-6.%%° The low minor allele frequency (~0.03) in healthy con-
trol subjects was insufficient to establish comparable effects on
serum IFN-a16 levels in otherwise healthy individuals. Inflamma-
tory stimuli induce variable effects on peripheral platelet counts,
observations that are compounded by the complex patterns of
cytokine release evident in various autoimmune, inflammatory, or
malignant processes. In mice, IFN (IFN-a2) results in expansion
of a genetically biased pool of MKs designed to rapidly regener-
ate the platelet pool,* although such inflammatory models fail to
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incorporate MK genetic responses in diseases of chronicity
or those displaying complex patterns of cytokine release (eg,
MPNs).

Variability in platelet inflammatory and IFN genes was evident in
our ET cohort, consistent with transcriptomic changes in the set-
ting of chronic cytokine dysfunction. Interestingly, evidence for
an ‘“interferogenic” platelet profile has been established in
patients with systemic lupus erythematosus,®® presumably due
to immune complex-mediated stimulation of plasmacytoid den-
dritic cells resulting in type | IFN release and downstream
effects on MKs. Three of the genes (PRKRA, IFITM1, and
CD69) had concomitant increased changes in protein expres-
sion and were associated with vascular disease in systemic
lupus erythematosus. Paradoxically, IFN genes were downregu-
lated by using aggregate RNA-Seq data from an initial ET
cohort, observations that were validated in a second ET cohort
for an IRG subset (MX1, ISG15, OAS1, and IFIT1; P = .004 to
P = .07). CD34" experiments focusing on the differentially
expressed ET genes confirmed that IRG subsets are generally
induced during megakaryocytopoiesis. Furthermore, MKs retain
the capacity for IRG induction during in vitro models of IFN sup-
plementation, most striking in undifferentiated (day 0) CD34"
HSCs and progressively attenuated during terminal MK differen-
tiation. The limited changes in IRGs with IFN stimulation evident
in terminally differentiated MKs may provide an explanation for
the decreased IRG expression levels evident in ET, although
lack of information on differential mMRNA decay rates limits firm
conclusion.®® Similarly, whether these altered expression pat-
terns have functional effects on the platelet thrombohemorrhagic
phenotype remains unestablished.?® Interestingly, MKs retain the
capacity for IFN-a secretion and paracrine MK stimulation of
IFITM3 (IFN-induced transmembrane 3 restriction factor), defin-
ing novel function(s) in antiviral neutralization, innate immunity,
and IFN-dependent hematopoietic responses.®® Among the
IRGs characterized, /IFITM3 displays abundant and relatively sta-
ble expression in differentiating MKs, and is upregulated in ET
platelets (2.8-fold; P = .07), imputing a comparable function of
ET platelets that may regulate innate immunity and thromboin-
flammatory responses.

Acknowledgments

The authors thank Eli Hatchwell (Cold Spring Harbor Laboratory)
for assistance with oligonucleotide primer design.

This work was supported by grants from the National Institutes of
Health (National Cancer Institute, CA122677 [P.H.]; National Heart,
Lung, and Blood Institute, HL091939 and HL153144 [W.F.B] and
HL147793 [D.V.G), National Institutes of Health/National Heart,
Lung, and Blood Institute DNA Resequencing and Genotyping Ser-
vice at Northwest Genomics Center (University of Washington
Department of Genome Sciences), Subcontract G175 under U.S.
Federal Government contract number HHSN268201100037C, an
American Society of Hematology Bridge Grant (W.F.B.), the New
York State Stem Cell Foundation (C026716, W.F.B.), and Associa-
zione ltaliana Ricerca sul Cancro (number 1G14505 and number
12237 AIRC “5xMILLE") to AF.

This article was prepared while D.V.G. was employed at Stony
Brook University. The opinions expressed in this article are
the author's own and do not reflect the view of the National

CYTOKINE GENOMIC SNVs IN THROMBOCYTOSIS 4897



Institutes of Health, the Department of Health and Human Serv-
ices, or the United States government.

Authorship

Contribution: D.V.G., SW., W.Z., and W.F.B. conceptualized the
study and formulated the hypothesis; S.W., D.V.G., W.Z,, and
W.F.B. designed the research; SW., LEM, AF, PH., S-Y.S, ZL,
DV.G, W.Z, YH., and W.F.B. performed the research, analyzed
the data, and generated images; and W.F.B. directed the overall
research and finalized the manuscript preparation.

References

Conflict-of-interest disclosure: The authors declare no competing
financial interests.

The current affiliation for D.V.G. is Center for Scientific Review,
National Institutes of Health, Bethesda, MD.

ORCID profiles: Z.L., 0000-0002-0847-2286; A.F., 0000-
0003-0338-2000; W.Z., 0000-0003-3218-8573.

Correspondence: Wadie F. Bahou, Department of Medicine,
State University of New York, Stony Brook, NY 11794-8151;
e-mail: wadie.bahou@stonybrookmedicine.edu.

1. Bahou WF. Disorders of platelets. In: Kumar D, ed. Genomics and Clinical Medicine. Oxford, United Kingdom: Oxford University Press; 2006:

221-248.

Senzel L, Gnatenko DV, Bahou WF. The platelet proteome. Curr Opin Hematol. 2009;16(5):329-333.

3. Morrell CN, Aggrey AA, Chapman LM, Modjeski KL. Emerging roles for platelets as immune and inflammatory cells. Blood. 2014;123(18):

2759-2767.

4. Haas S, Hansson J, Klimmeck D, et al. Inflammation-induced emergency megakaryopoiesis driven by hematopoietic stem cell-like megakaryocyte

progenitors. Cell Stem Cell. 2015;17(4):422-434.

5. Kaser A, Brandacher G, Steurer W, et al. Interleukin-6 stimulates thrombopoiesis through thrombopoietin: role in inflammatory thrombocytosis.

Blood. 2001;98(9):2720-2725.

6. Hsu HC, Tsai WH, Jiang ML, et al. Circulating levels of thrombopoietic and inflammatory cytokines in patients with clonal and reactive

thrombocytosis. J Lab Clin Med. 1999;134(4):392-397.

7. Koschmieder S, Mughal Tl, Hasselbalch HC, et al. Myeloproliferative neoplasms and inflammation: whether to target the malignant clone or the

inflammatory process or both. Leukemia. 2016;30(5):1018-1024.

Lussana F, Rambaldi A. Inflammation and myeloproliferative neoplasms. J Autoimmun. 2017;85:58-63.

Xu X, Gnatenko DV, Ju J, et al. Systematic analysis of microRNA fingerprints in thrombocythemic platelets using integrated platforms. Blood. 2012;

120(17):3575-3585.

10. Olcaydu D, Harutyunyan A, Jager R, et al. A common JAK2 haplotype confers susceptibility to myeloproliferative neoplasms. Nat Genet. 2009;

41(4):450-454.

11. Kilpivaara O, Mukherjee S, Schram AM, et al. A germline JAK2 SNP is associated with predisposition to the development of JAK2(V617F)-positive

myeloproliferative neoplasms. Nat Genet. 2009;41(4):455-459.

12. Jones AV, Chase A, Silver RT, et al. JAK2 haplotype is a major risk factor for the development of myeloproliferative neoplasms. Nat Genet. 2009;

41(4):446-449.

13. Barrett JC, Hansoul S, Nicolae DL, et al; Wellcome Trust Case Control Consortium. Genome-wide association defines more than 30 distinct

14.
15.
16.
17.

18.
19.
20.

21.
22.
23.

24.

4898 GNATENKO et al

susceptibility loci for Crohn's disease. Nat Genet. 2008;40(8):955-962.

Siebers RW, Wakem PJ, Carter JM. Long-term intra-individual variation of platelet parameters. Med Lab Sci. 1989;46(1):77-78.

Garner C, Tatu T, Reittie JE, et al. Genetic influences on F cells and other hematologic variables: a twin heritability study. Blood. 2000;95(1):342-346.
Whitfield JB, Martin NG. Genetic and environmental influences on the size and number of cells in the blood. Genet Epidemiol. 1985;2(2):133-144.

Zeng SM, Murray JC, Widness JA, Strauss RG, Yankowitz J. Association of single nucleotide polymorphisms in the thrombopoietin-receptor gene,
but not the thrombopoietin gene, with differences in platelet count. Am J Hematol. 2004;77(1):12-21.

Gieger C, Radhakrishnan A, Cvejic A, et al. New gene functions in megakaryopoiesis and platelet formation. Nature. 2011;480(7376):201-208.
van der Harst P, Zhang W, Mateo Leach |, et al. Seventy-five genetic loci influencing the human red blood cell. Nature. 2012;492(7429):369-375.

Astle WJ, Elding H, Jiang T, et al. The allelic landscape of human blood cell trait variation and links to common complex disease. Cell. 2016;
167(5):1415-1429.e19.

Baker SJ, Rane SG, Reddy EP. Hematopoietic cytokine receptor signaling. Oncogene. 2007;26(47):6724-6737.
Gnatenko DV, Zhu W, Xu X, et al. Class prediction models of thrombocytosis using genetic biomarkers. Blood. 2010;115(1):7-14.

Murphy S, Peterson P, lland H, Laszlo J. Experience of the Polycythemia Vera Study Group with essential thrombocythemia: a final report on
diagnostic criteria, survival, and leukemic transition by treatment. Semin Hematol. 1997;34(1):29-39.

Tefferi A, Thiele J, Orazi A, et al. Proposals and rationale for revision of the World Health Organization diagnostic criteria for polycythemia vera,
essential thrombocythemia, and primary myelofibrosis: recommendations from an ad hoc international expert panel. Blood. 2007;110(4):
1092-1097.

23 AUGUST 2022 - VOLUME 6, NUMBER 16 & b]OOd advances


https://orcid.org/0000-0002-0847-2286
https://orcid.org/0000-0003-0338-2000
https://orcid.org/0000-0003-0338-2000
https://orcid.org/0000-0003-3218-8573
mailto:wadie.bahou@stonybrookmedicine.edu

25. Park JH, Sevin M, Ramla S, et al. Calreticulin mutations in myeloproliferative neoplasms: comparison of three diagnostic methods. PLoS One.
2015;10(10):e0141010.

26. Gnatenko DV, Cupit LD, Huang EC, Dhundale A, Perrotta PL, Bahou WF. Platelets express steroidogenic 17beta-hydroxysteroid dehydrogenases.
Distinct profiles predict the essential thrombocythemic phenotype. Thromb Haemost. 2005;94(2):412-421.

27. Jones Cl, Bray S, Garner SF, et al; Bloodomics Consortium. A functional genomics approach reveals novel quantitative trait loci associated with
platelet signaling pathways. Blood. 2009;114(7):1405-1416.

28. Hochberg Y, Benjamini Y. More powerful procedures for multiple significance testing. Stat Med. 1990;9(7):811-818.

29. @bro NF, Grinfeld J, Belmonte M, et al. Longitudinal cytokine profiling identifies GRO-a and EGF as potential biomarkers of disease progression in
essential thrombocythemia. HemaSphere. 2020;4(3):e371.

30. Esmon CT. Molecular circuits in thrombosis and inflammation. Thromb Haemost. 2013;109(3):416-420.

31. Pourcelot E, Trocme C, Mondet J, Bailly S, Toussaint B, Mossuz P. Cytokine profiles in polycythemia vera and essential thrombocythemia patients:
clinical implications. Exp Hematol. 2014;42(5):360-368.

32. Subramaniam N, Mundkur S, Kini P, Bhaskaranand N, Aroor S. Clinicohematological study of thrombocytosis in children. ISRN Hematol. 2014;
2014:389257.

33. Gnatenko DV, Dunn JJ, McCorkle SR, Weissmann D, Perrotta PL, Bahou WF. Transcript profiling of human platelets using microarray and serial
analysis of gene expression. Blood. 2003;101(6):2285-2293.

34. Nesbitt NM, Malone LE, Liu Z, et al. Divergent erythroid megakaryocyte fates in Blvrb-deficient mice establish non-overlapping cytoprotective
functions during stress hematopoiesis. Free Radic Biol Med. 2021;164:164-174.

35. Wu S, Li Z, Gnatenko DV, et al. BLVRB redox mutation defines heme degradation in a metabolic pathway of enhanced thrombopoiesis in humans.
Blood. 2016;128(5):699-709.

36. Fabregat A, Sidiropoulos K, Viteri G, et al. Reactome pathway analysis: a high-performance in-memory approach. BMC Bioinformatics. 2017;18(1):
142.

37. Vilor-Tejedor N, Calle ML. Global adaptive rank truncated product method for gene-set analysis in association studies. Biom J. 2014,;56(5):
901-911.

38. Kauppi M, Murphy JM, de Graaf CA, et al. Point mutation in the gene encoding p300 suppresses thrombocytopenia in Mpl”” mice. Blood. 2008;
112(8):3148-3153.

39. Piehler J, Thomas C, Garcia KC, Schreiber G. Structural and dynamic determinants of type | interferon receptor assembly and their functional
interpretation. /mmunol Rev. 2012;250(1):317-334.

40. Liberzon A, Birger C, Thorvaldsdéttir H, Ghandi M, Mesirov JP, Tamayo P. The Molecular Signatures Database (MSigDB) hallmark gene set
collection. Cell Syst. 2015;1(6):417-425.

41. Rusinova |, Forster S, Yu S, et al. Interferome v2.0: an updated database of annotated interferon-regulated genes. Nucleic Acids Res. 2013;
41 (database issue):D1040-D1046.

42. Siegrist F, Singer T, Certa U. MicroRNA expression profiling by bead array technology in human tumor cell lines treated with interferon-alpha-2a.
Biol Proced Online. 2009:11(1):113-129.

43. Thomas C, Moraga |, Levin D, et al. Structural linkage between ligand discrimination and receptor activation by type | interferons. Cell. 2011;
146(4):621-632.

44. Phillips PC. Epistasis — the essential role of gene interactions in the structure and evolution of genetic systems. Nat Rev Genet. 2008;9(11):
855-867.

45. Smith AJ, Humphries SE. Cytokine and cytokine receptor gene polymorphisms and their functionality. Cytokine Growth Factor Rev. 2009;20(1):
43-59.

46. Fishman D, Faulds G, Jeffery R, et al. The effect of novel polymorphisms in the interleukin-6 (IL-6) gene on IL-6 transcription and plasma IL-6 levels,
and an association with systemic-onset juvenile chronic arthritis. J Clin Invest. 1998;102(7):1369-1376.

47. Giannitrapani L, Soresi M, Giacalone A, et al. IL-6-174G/C polymorphism and IL-6 serum levels in patients with liver cirrhosis and hepatocellular
carcinoma. OMICS. 2011;15(3):183-186.

48. Qi L, van Dam RM, Meigs JB, Manson JE, Hunter D, Hu FB. Genetic variation in IL6 gene and type 2 diabetes: tagging-SNP haplotype analysis in
large-scale case-control study and meta-analysis. Hum Mol Genet. 2006;15(11):1914-1920.

49. Terry CF, Loukaci V, Green FR. Cooperative influence of genetic polymorphisms on interleukin 6 transcriptional regulation. J Bio/ Chem. 2000;
275(24):18138-18144.

50. Koh SJ, Jang Y, Hyun YJ, et al. Interleukin-6 (IL-6) -572C->G promoter polymorphism is associated with type 2 diabetes risk in Koreans. Clin
Endocrinol (Oxf). 2009;70(2):238-244.

51. Lauw FN, Pajkrt D, Hack CE, Kurimoto M, van Deventer SJ, van der Poll T. Proinflammatory effects of IL-10 during human endotoxemia. J Immunol.
2000;165(5):2783-2789.

52. Tilg H, van Montfrans C, van den Ende A, et al. Treatment of Crohn's disease with recombinant human interleukin 10 induces the proinflammatory
cytokine interferon gamma. Gut. 2002;50(2):191-195.

L b]OOd advances 23 AuGUST 2022 - VOLUME 6, NUMBER 16 CYTOKINE GENOMIC SNVs IN THROMBOCYTOSIS 4899



53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.
65.

Sosman JA, Verma A, Moss S, et al. Interleukin 10-induced thrombocytopenia in normal healthy adult volunteers: evidence for decreased platelet
production. Br J Haematol. 2000;111(1):104-111.

Poletto V, Rosti V, Villani L, et al. A3669G polymorphism of glucocorticoid receptor is a susceptibility allele for primary myelofibrosis and
contributes to phenotypic diversity and blast transformation. Blood. 2012;120(15):3112-3117.

Tapper W, Jones AV, Kralovics R, et al. Genetic variation at MECOM, TERT, JAK2 and HBS1L-MYB predisposes to myeloproliferative neoplasms.
Nat Commun. 2015;6(1):6691.

Trifa AP, Banescu C, Bojan AS, et al. MECOM, HBS1L-MYB, THRB-RARB, JAK2, and TERT polymorphisms defining the genetic predisposition to
myeloproliferative neoplasms: a study on 939 patients. Am J Hematol. 2018;93(1):100-106.

Bao EL, Nandakumar SK, Liao X, et al; 23andMe Research Team. Inherited myeloproliferative neoplasm risk affects haematopoietic stem cells.
Nature. 2020;586(7831):769-775.

Varricchio L, Masselli E, Alfani E, et al. The dominant negative 3 isoform of the glucocorticoid receptor is uniquely expressed in erythroid cells
expanded from polycythemia vera patients. Blood. 2011;118(2):425-436.

Ferrer-Marin F, Arroyo AB, Bellosillo B, et al; GEMFIN Group. miR-146a rs2431697 identifies myeloproliferative neoplasm patients with higher
secondary myelofibrosis progression risk. Leukemia. 2020;34(10):2648-2659.

Masselli E, Carubbi C, Cambo B, et al. The -2518 A/G polymorphism of the monocyte chemoattractant protein-1 as a candidate genetic predisposition
factor for secondary myelofibrosis and biomarker of disease severity. Leukemia. 2018;32(10):2266-2270.

Quintas-Cardama A, Abdel-Wahab O, Manshouri T, et al. Molecular analysis of patients with polycythemia vera or essential thrombocythemia
receiving pegylated interferon a-2a. Blood. 2013;122(6):893-901.

Friedman RM, Contente S. Interferons as therapy for viral and neoplastic diseases: from panacea to pariah to paragon. Pharmaceuticals (Basel).
2009;2(3):206-216.

Lood C, Amisten S, Gullstrand B, et al. Platelet transcriptional profile and protein expression in patients with systemic lupus erythematosus:
up-regulation of the type | interferon system is strongly associated with vascular disease. Blood. 2010;116(11):1951-1957.

Mills EW, Green R, Ingolia NT. Slowed decay of mMRNAs enhances platelet specific translation. Blood. 2017;129(17):e38-e48.

Campbell RA, Schwertz H, Hottz ED, et al. Human megakaryocytes possess intrinsic antiviral immunity through regulated induction of IFITM3.
Blood. 2019;133(19):2013-2026.

4900 GNATENKO et al 23 AUGUST 2022 - VOLUME 6, NUMBER 16 & blOOd advances



	TF1
	TF2
	TF3
	TF4
	TF5

