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Platelets from patients with myeloproliferative neoplasms (MPNs) exhibit a hyperreactive phenotype. Here, we

found elevated P-selectin exposure and platelet-leukocyte aggregates indicating activation of platelets from essential
thrombocythemia (ET) patients. Single-cell RNA-seq analysis of primary samples revealed significant enrichment of
transcripts related to platelet activation, mTOR, and oxidative phosphorylation in ET patient platelets. These observations
were validated via proteomic profiling. Platelet metabolomics revealed distinct metabolic phenotypes consisting of elevated
ATP generation accompanied by increases in the levels of multiple intermediates of the tricarboxylic acid cycle, but lower
a-ketoglutarate (0-KG) in MPN patients. Inhibition of PI3K/AKT/mTOR signaling significantly reduced metabolic responses
and hyperreactivity in MPN patient platelets, while o-KG supplementation markedly reduced oxygen consumption and ATP
generation. Ex vivo incubation of platelets from both MPN patients and Jak2 V617F-knockin mice with o-KG supplementation
significantly reduced platelet activation responses. Oral a-KG supplementation of Jak2 V617F mice decreased splenomegaly
and reduced hematocrit, monocyte, and platelet counts. Finally, a-KG treatment significantly decreased proinflammatory

Introduction
Philadelphia-negative chronic myeloproliferative neoplasms
(MPNs), including polycythemia vera (PV), essential thrombo-
cythemia (ET), and myelofibrosis (MF), are clonal hematopoietic
disorders characterized by overproduction of mature blood cells
such as erythrocytes, granulocytes, and/or platelets (1). MPN
patients have a significantly elevated risk of thrombosis, with an
estimated pooled prevalence of overall thrombosis among patients
with MPN of 20% at diagnosis (2). Cytoreductive therapies and
aspirin are commonly used for the treatment of MPN patients to
reduce thrombosis risk (3).

MPN-associated thrombosis is considered a multifactorial
event involving the complex interplay of blood and endothelial
cells, the coagulation cascade, JAK2 mutation allele burden, and
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cytokine secretion from MPN CD14* monocytes. Our results reveal a previously unrecognized metabolic disorder in
conjunction with aberrant PI3K/AKT/mTOR signaling that contributes to platelet hyperreactivity in MPN patients.

chronic inflammation, all of which likely contribute to the pro-
thrombotic phenotype (4). Increased thrombin generation and
elevated levels of procoagulant microparticles and soluble P-selec-
tin are seen in MPN patients and suggest hyperreactivity of plate-
lets (5-7). Platelets from homozygous JAK2 V617F-knockin mice,
which exhibit a PV-like phenotype, have reduced aggregation and
increased bleeding time, whereas heterozygous JAK2 V617F mice,
which exhibit an ET-like phenotype, showed increased platelet
aggregation and reduced bleeding time (8, 9). Chronic inflamma-
tion is a hallmark of MPNs regardless of subtype (10). Aside from
its classical functions in hemostasis, platelets also contribute to
thromboinflammatory processes by directly interacting with leu-
kocytes (11). Elevated platelet-leukocyte aggregates (PLAs) have
recently been found to be an independent risk factor for MPN-as-
sociated thrombosis, indicating that platelets could be a mediator
between thrombosis and inflammation (12-14). While it is known
that thrombotic risk in MPNs is not directly correlated with the
platelet count, the factors mediating aberrant activation of plate-
lets in MPNs have not been systematically evaluated.

Human platelets contain mitochondria, which supply approx-
imately 40% of the energy during the resting state. Oxidative
phosphorylation (OXPHOS) increases significantly during platelet
activation and secretion to meet the increased demand for energy
(15). The dysregulation of platelet metabolism has been reported
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Table 1. Demographics of HIs and MPN patients for flow
cytometry

Hi(n=7) PV (n=8) ET(n=16) MF (n = 8)
Age (yr) 441+14.7 543+10.3 546+10 591+74
Female (%) 429 62.5 68.8 75
JAK2 mutation NA 8/8 1/16 3/8

in several diseases, such as diabetes mellitus, sepsis, and pulmo-
nary hypertension (15). Previously, we reported that tumor necro-
sis factor o (TNF-0) induces mitochondrial dysfunction in mice,
which was associated with platelet hyperreactivity, particularly
during aging (16). We also reported increased mitochondrial mass
and platelet hyperreactivity in platelets from patients with MPNs,
a disease associated with chronic inflammation and significantly
high levels of TNF-a (10, 16-18). However, despite this clear asso-
ciation, the mechanisms driving metabolic dysregulation in MPN
patient platelets remain incompletely understood.

Here, we apply multiomic approaches in conjunction with
functional interrogation of platelets from MPN patients to
delineate mechanisms of platelet hyperreactivity. We confirm
that MPN patient platelets exhibit increased activation and
uncover metabolic alterations, such as in OXPHOS and mTOR
signaling activation, as critical contributors to this platelet
hyperreactivity. In addition, across MPN primary samples and
mouse models, we demonstrate that o-ketoglutarate (a-KG)
supplementation suppresses platelet activation and mega-
karyopoiesis, in part due to inhibition of cellular metabolism
and mTOR pathway signaling, thereby identifying a promising
therapeutic strategy for MPN patients.

Results

ET patients show significantly increased P-selectin levels and PLA for-
mation. First, platelet activation was measured in peripheral blood
from 32 MPN (PV = 8, ET = 16, MF = 8) patients and healthy indi-
viduals (HIs, n = 7; Table 1). There were no significant differenc-
es in age and sex between MPN patients and HIs. Platelets from
ET patients had significantly higher basal P-selectin, a marker
of a-granule activation and secretion, compared with HIs, with
no significant differences observed after platelet agonist throm-
bin receptor activator peptide 6 (TRAP6) stimulation (Figure 1,
A and B). We also observed increased PLA formation in PV and
ET peripheral blood samples (Figure 1, C and D), consistent with
previous reports (19). Platelets from ET patients had higher aIIbp3
integrin activation following TRAP6 stimulation, but there was no
difference at baseline (Figure 1E). P-selectin exposure positively
correlated with aIIbp3 integrin activation and PLA formation, as
expected (Figure 1, F-H, and Table 2).

Platelets from ET patients carrying JAK2 mutations exhib-
ited stronger responses to TRAP6 stimulation than those with
CALR mutations, as indicated by higher P-selectin exposure and
alIbB3 integrin activation, which is consistent with the lower risk
of thrombosis reported in CALR-mutant patients compared with
JAK2 (Table 3 and Supplemental Figure 1A; supplemental mate-
rial available online with this article; https://doi.org/10.1172/
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JCI172256DS1) (20). Platelet aggregometry showed decreased
platelet responses in MPN patients when compared with HIs, like-
ly related to the effects of aspirin (Supplemental Figure 1, B and C).
However, platelet aggregation responses were significantly high-
er in patients with the JAK2 mutation when compared with those
carrying CALR mutations (Supplemental Figure 1D). Overall, our
results show elevated P-selectin levels and increased aIIbf3 inte-
grin activation and PLA formation, indicating hyperreactivity of
platelets in patients with MPNs. To interrogate the significance
of PLA formation, we coincubated platelets and monocytes and
measured cytokine production by monocytes. Boosted secretion
of proinflammatory cytokines by monocytes in the presence of
platelets suggested that PLA increases in MPN patients might also
contribute to hyperinflammation (Supplemental Figure 1E).
Platelets from ET patients show enrichment of genes involved in
platelet activation, PI3K/AKT/mTOR signaling, and OXPHOS.
Based on our findings of increased platelet reactivity and PLA for-
mation, and to better understand the transcriptional landscape of
platelets and other blood cells from MPN patients, we performed
single-cell RNA-seq (scRNA-seq) of peripheral blood samples
from ET patients (n =5) and age- and sex-matched HIs (n = 3) (Fig-
ure 2A and Table 4). Cell types were assigned according to their
canonical transcripts, such as CDI14 for CD14* monocytes, CD8A
for CD8" T cells, and PPBP for platelets (Figure 2B and Supple-
mental Figure 2A). Cell clusters showed distinct transcriptional
enrichments (Supplemental Figure 2B). Subsequent cell compo-
sition analysis showed that CD4" T cells were the most abundant
cell type in both ET patients and HIs, accounting for 30%-55%
of cells (Supplemental Figure 2C). Percentages of platelets and
monocytes increased in ET patients (Supplemental Figure 2C).
Platelets were further clustered into 10 distinct groups using unsu-
pervised clustering methods (Figure 2, C and D). Platelets in clus-
ter 6 exhibited the highest expression score for the platelet activa-
tion gene set and were all from ET patients, whereas cluster O with
the lowest expression score was predominantly represented by HI
platelets (Figure 2, C and E). We then interrogated the overlap of
the platelet activation gene set (composed of 261 genes) with dif-
ferentially expressed genes in platelets from HIs and ET patients.
While none of the 261 genes were enriched in platelets from HIs,
62 genes were upregulated in platelets from ET patients, includ-
ing SELP, PF4, and GP1BA (Figure 2, F and G). Consistently, unbi-
ased Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) analyses showed enrichment of genes involved
in platelet activation in ET patients (Supplemental Figure 2, D-F).
Gene set enrichment analysis (GSEA) confirmed increases in tran-
scripts associated with platelet activation and IFN-y pathways, and
showed upregulation of genes involved in PI3K/AKT/mTOR sig-
naling and OXPHOS in ET platelets (Supplemental Figure 2, G-K).
Of note, IFN and TNF signaling pathways were further enriched
in platelets from 3 JAK2-mutant patients compared with 2 CALR-
mutant patients (Supplemental Figure 2H), which might be rel-
evant to the lower platelet activation we observed above and
decreased thrombosis risk reported previously in CALR-mutant
MPNs (21). We also performed transcription factor (TF) analysis
using DoRothEA, a curated collection of TFs and their transcrip-
tional targets (22). The enrichment of specific TFs in blood cells,
such as GATAI in platelets and ZEB2 in T cells, is consistent with

J Clin Invest. 2024;134(3):e172256 https://doi.org/10.1172/JC1172256



The Journal of Clinical Investigation

RESEARCH ARTICLE

A B 100 100 100 0.0306 4 HI
wod  wp  EEEHIL02 0.0397 n L PV
FA . PT135 o 8 B I . o 80 ET
E £ 60 £ & £ 60d + .1 MF
§ 1 -‘\\1, g E 60 s . Dln E ] A)Yw\
wd A '\ g 40 1 9 407 . =lw 3 40 ; N A
I \ - ] = \ .
] \ C o0l o e % g & 204 s
14 - ° 23 gy
Lok -O""'l T " ,0'5 0 :". 8 ® 0 0 A
APC-CDB2P Basal TRAPG Collagen
0.0417
c D <0.0001
100- 0.0208 100 0.0296
0 I HIl02 100 00322 LoH
] I PT135 80 ; 80 s . 80 A ‘ s PV
0= . . - [& n ET
£ '-.lh- £ 60 - . ® 604 =, T - 4 SRS I T i e MF
S o' < ! < f = 1 g 4 i
8§ *7 | i * 4 ™ - — i ’
f JL flt a 40 ° ‘,\.:,\1 I o 40 utn ! o 40 Ala s -
0= |
i ﬁﬂ \ ﬁfg, 204 ot . 20 20
]
0 1w 0 0 0
PerCP-CD61 Basal TRAPE Collagen
_ 3
= i & o
E F g 2 & o
100 150 100 s HI
80 * 0.024 80 " L~ PV AGE
= 60 . fwo R . f 604 :;
iy . i n = | A
g 40 : * 1 g i= e % a0 - :A ) PAC-1
0 20 eges o b, o 504 ® :T: s o AL alda 4
od o i = B " 204 * N aha peal o | oo
20 0 0
Basal TRAPG Collagen P-selectin| o026 | o012
G H
100+ 1009 r2=06785
80- .. . o] P <0.0001 i
* 60- ™ [ ] n . " m =
< - ] it
i | Q
o 404 &
[ ]
20- r?=0.3558
P =0.0027 o
0 T T T 1 0 T = T T 1
0 20 40 60 80 0 20 40 60 80
P-selectin % P-selectin %

Figure 1. Platelets from ET patients show significantly increased P-selectin level and PLA formation. (A) Representative figure of exposure of P-selectin
on the surface of platelets measured by flow cytometry. (B) P-selectin expression on the surface of platelets at baseline and following 1 uM TRAP6 or 5 pg/
mL collagen stimulation (HI =7, PV = 8, ET = 16, MF = 8). Data are mean + SD and were assessed by Kruskal-Wallis test. (C) Representative figure of PLA
ratio measured by flow cytometry. Data are presented as percentages of aggregates from the respective leukocyte population. (D) PLA measurements in
whole blood at baseline and following 1 uM TRAPS6 or 5 ug/mL collagen stimulation (HI =7, PV =8, ET = 16, MF = 8). Data are mean + SD and were assessed by
Kruskal-Wallis test. (E) allbB3 integrin expression (presented as the percentage positive staining of anti-PAC-1 antibody; see Supplemental Table 2) at base-
line and following 1 uM TRAPS or 5 pug/mL collagen stimulation (Hl =7, PV = 8, ET = 16, MF = 8). Data are mean + SD and were assessed by Brown-Forsythe
and Welch's ANOVA test. (F) Pearson’s correlation coefficient among platelet (PLT) markers and parameters in ET. (G) Simple linear regression between PLA
percentage and P-selectin percentage in ET. (H) Simple linear regression between allbf3 integrin percentage and P-selectin percentage in ET.

previous studies (23, 24), which in turn validated the accuracy of
our cell identity assignments (Supplemental Figure 2, L and M). In
addition, we observed upregulation of GATAI and STATI, import-
ant regulators of megakaryopoiesis, in platelets from ET patients,
which echoes elevated platelet counts observed in ET patients
(Supplemental Figure 2, N and O) (25).

To validate our scRNA-seq findings, we analyzed GSE2006
(26), a publicly available comparative microarray of platelets
from ET patients and HIs, and found enrichment of platelet acti-

J Clin Invest. 2024;134(3):e172256 https://doi.org/10.1172/JC1172256

vation and OXPHOS gene sets in platelets from ET patients (Sup-
plemental Figure 3, A-D). We also observed significant upregu-
lation of representative platelet activation genes in GSE2006,
including TIMPI1, ITGB3, ITGA2B, FLNA, GP6, SELP, and CD36
(fold change > 2, P < 0.05; Supplemental Figure 3E), replicat-
ing our scRNA-seq results. Thus, these results not only support
the hyperactivation of platelets in MPN patients, but also led to
the hypothesis that platelet metabolic changes contribute to the
platelet hyperreactivity observed in MPNG.
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Table 2. P values of Pearson’s correlations between platelet
parameters from ET patients

Platelet  P-selectin
count (%) PAC-1 (%) Age PLA (%)
Platelet count 0.228 0.469 0.601 0474
P-selectin (%) 0.228 0 0.579 0.003
PAC-1 (%) 0469 0 0.608 0.045
Age (yr) 0.601 0.579 0.608 0.861
PLA (%) 0474 0.003 0.045 0.861

Gene expression analyses of IFN-y and inflammation
response pathways revealed that monocytes exhibited the highest
score of all blood cells analyzed (Supplemental Figure 4, A and C).
Notably, monocytes from patients with JAK2 V617F showed high-
er activities in IFN-y and inflammation response pathways com-
pared with patients with CALR mutations (Supplemental Figure
4, B and D). Enrichments of SPI1 and IRF TFs in monocytes from
ET patients support our observations (Supplemental Figure 4E).
Further clustering showed that 2 distinct monocyte clusters (8 and
9) exhibited the highest transcriptional levels of IFN-y pathway
genes (Supplemental Figure 4, F and G). Of note, these 2 clusters
also showed robust enrichments of monocytes from ET patients
and higher levels of PPBP, a platelet marker, suggesting a role of
platelets in activating monocytes (Supplemental Figure 4, H and
I). These observations supported the results of our platelet-mono-
cyte coincubation experiments (Supplemental Figure 1E). GSEA
showed enrichment of IFN signaling and metabolism pathways
in monocytes from ET patients (Supplemental Figure 4]). Thus,
monocytes from ET patients display elevated inflammation, with
increased PLA formation potential contributing.

Proteomics and metabolomics analyses confirm elevated PI3K/
AKT/mTOR signaling and mitochondrial activity in MPN platelets.
To better understand metabolic alterations in MPN platelets, we
performed ultra-high-performance liquid chromatography cou-
pled with mass spectrometry (LC-MS) metabolomics on paired
plasma and washed platelets from MPN patients along with age-
and sex-matched HIs (Figure 3A and Table 5; ET =12, PV =7, MF =
9, HI = 8). Platelet proteomics showed evident clustering of MPN
samples in the PCA plot (Figure 3B). Enrichment of genes involved
in mTOR signaling and OXPHOS pathways in platelets from MPN
patients was also observed in proteomics analyses (Figure 3, C and
D), consistent with our scRNA-seq data. Further validating our
proteomics results, MPN platelets showed significantly elevated
RNA and protein levels of ME1 and CTSC, mTORCI signaling pro-
teins, compared with HIs (Supplemental Figure 5, A and B).

For metabolomics analysis, we first performed a multivar-
iate analysis to reduce dimensionality for visualization, which
revealed a clear distinction between HI and MPN platelets (Figure
3E). Differentially accumulated metabolites (DAMs) were defined
as those exhibiting a [log(fold change)| greater than 0.5 and P less
than 0.05 between MPN patients and HIs. In comparing MPN
and HIs, 24 of 181 (13.3%) were upregulated and 19 of 181 (10.5%)
were downregulated; 6-phosphogluconate, a-KG, succinate, and
ATP were among the top DAMs (Figure 3F and Supplemental
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Figure 5C). In contrast, the lack of differences in plasma metabo-
lites between HIs and MPN patients suggested that the metabolic
changes in platelets are intrinsic modifications instead of changes
in the microenvironment (Supplemental Figure 5D). Lower glu-
cose in conjunction with higher pyruvate levels indicate activation
of glycolytic pathways in platelets from MPN patients compared
with HIs (Figure 3G). Increased Krebs cycle components paral-
leled higher ATP levels, suggesting elevated mitochondrial activ-
ities in MPN patient platelets (Figure 3G). Measurement of mito-
chondrial protein and OXPHOS complexes by immunoblotting
demonstrated significant increases in TOM-20, a mitochondrial
marker, and complex V protein, the ATP synthase responsible for
energy generation, in platelets from ET patients (Figure 3, H and
I). Overall, our results revealed elevated OXPHOS and mitochon-
drial activities in MPN platelets.

Metabolomics analysis revealed additional changes in MPN
platelets. Significantly increased levels of lactate in MPN platelets
echoes a previous report describing the alteration of glycolysis in
MPN (27). We also found increases in several amino acids in MPN
platelets, including proline, glutamate, and glutamine, suggesting
enhanced protein synthesis (Supplemental Figure 5E). Increases
in S-adenosylmethionine (SAM), the methyl donor in cytosine
methylation, and methionine suggest hypermethylation in MPN
platelets (Supplemental Figure 5F). We further compared metab-
olite changes among ET patients carrying different mutations (4
CALR and 8 JAK2), with no major differences identified via PCA
(Supplemental Figure 5G). DAMs included only 3 upregulated (tet-
radecanoic acid, tetradecenoic acid, and hexadecenoic acid) and 4
downregulated (L-cysteine, glutathione, 2,3-phospho-D-glycerate,
and UTP) metabolites in platelets from JAK2-mutant ET patients
(Supplemental Figure 5H). Thus, we did not observe substantial
metabolic changes in platelets among MPN patients carrying JAK2
or CALR mutations. Processed metabolomics data are provided in
Supplemental Table 1.

Inhibition of PI3K/AKT/mTOR signaling restrains MPN plate-
let hyperactivation. To investigate the role of PI3K/AKT/mTOR
signaling in MPN platelet hyperactivation, we treated washed
platelets from MPN patients with mTOR inhibitors. Omipalisib,
a dual PI3K/mTOR inhibitor, abrogated all platelet activation
and aggregation, whereas a milder, but still significant effect
was observed by the PI3K-sparring mTOR inhibitor sapanisert-
ib (Figure 4, A and B). In contrast, ruxolitinib, a JAK2 inhibitor
approved for MPN treatment, had no effects on platelet activity.
In functional experiments, mTOR inhibitors showed dose-
dependent inhibition of platelet aggregation and activation
(Supplemental Figure 6, A and B). Apoptosis assays were per-
formed to determine whether the effects of mTOR inhibitors

Table 3. Demographics of the MPN patients for JAK2 and CALR
comparison

JAK2 (n = 18) CALR (n=11)
Age (yr) 60.7 +13.7 63.5+10.1
Female (%) 833 455
PLT count 508 + 238 641+ 327

J Clin Invest. 2024;134(3):e172256 https://doi.org/10.1172/JC1172256
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Figure 2. scRNA-seq revealed the activation of platelets and monocytes in peripheral blood from ET patients. (A) UMAP plot of cells sequenced from
Hls (n = 3) and ET patients (n = 5). (B) UMAP plot of cells sequenced from Hls and ET patients with cell type annotations. PLT, platelet; HSC, hematopoietic
stem cell. (C) UMAP plot showing platelets clustering with scores for “reactome platelet activation signaling and aggregation” gene set. (D) UMAP plot
showing platelets from HIs and ET. (E) Violin plot of platelet clusters showing scores for “reactome platelet activation signaling and aggregation” gene
set. (F) Venn diagram showing overlapped genes among differentially expressed genes in platelets from Hls, ET patients, and genes in “reactome platelet
activation signaling and aggregation” gene set. (G) Dot plot of genes in “reactome platelet activation signaling and aggregation” gene set that overlapped
with differentially expressed genes in platelets from Hls (0/186) and ET patients (62/686).

on MPN platelet hyperactivation may be related to induction
of apoptosis. No significant increases in phosphatidylserine
exposure and cleaved caspase-3 level were observed with omi-
palisib and sapanisertib incubation (Supplemental Figure 6, C
and D). A1331852, a BCL-XL selective inhibitor, induced signif-
icant phosphatidylserine exposure and cleaved caspase-3 level
as a positive control (Supplemental Figure 6, C and D). Further
examination of platelet intracellular signaling pathways by
immunoblotting revealed that mTOR inhibitors significantly
reduced phosphorylation of AKT and PLC-B induced by TRAP6
stimulation in a dose-dependent manner (Figure 4, C and D).
Incubation of omipalisib and sapanisertib inhibited platelet
oxygen consumption rate (OCR) and ATP generation without
affecting ROS level (Supplemental Figure 6, E-G). Notably,
incubation of omipalisib with platelets completely blocked the
increase in mitochondrial respiration induced by TRAP6 stim-
ulation, which was not observed with sapanisertib or ruxolitinib

J Clin Invest. 2024;134(3):e172256 https://doi.org/10.1172/JC1172256

(Figure 4E). Taken together, these results highlight key roles
played by PI3K/AKT/mTOR signaling activation and elevated
mitochondrial activity in MPN platelet hyperactivation.

MPN platelets display bioenergetic changes that can be reverted
by a-KG supplementation. To interrogate bioenergetic changes,
MPN platelets were isolated for Seahorse extracellular flux anal-
ysis. MPN platelets showed increased rates of basal respiration
and ATP generation after correction for non-mitochondrial OCR,
which suggested elevated physiological mitochondrial respiration
(Figure 5, A and B). Platelets from Jak2 V617F mice also showed
slightly higher basal respiration and ATP generation when com-
pared with those from wild-type mice (Supplemental Figure 7, A
and B). The reserve capacity, calculated as the difference between
maximal and basal OCR, was also significantly greater in MPN
platelets (Figure 5B). Notably, ex vivo stimulation of MPN plate-
lets with TRAP6 showed greater OCR responses than HI plate-
lets, indicating a larger reserve capacity in the setting of increased
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Table 4. Demographics of Hls and MPN patients for scRNA-seq

ID Age Sex Diagnosis
PT158 51 F ET
PT164 69 F ET
PT130 59 F ET
PT139 50 F ET
PT153 64 M ET
HI105 55 F NA
HI108 48 M NA

HI1 46 F NA

H, hydroxyurea; A, aspirin.

Driver mutation Medication Platelet count ~ Thrombosis history
JAK2 A 500 N
JAK2 H+A 300 Y
JAK2 H+A 770 Y
CALR A 838 N
CALR H 923 N
NA NA 375 N
NA NA 349 N
NA NA 338 N

energy demand (Figure 5C). We further identified positive cor-
relations of basal respiration with P-selectin exposure and max-
imum respiration, suggesting the importance of mitochondrial
respiration and energy supply in platelet hyperactivation (Figure
5D). Altogether, our results demonstrate elevated mitochondrial
respiration and coupling of ATP generation in MPN platelets.
a-KGis akeyintermediate of the TCA cycle, which is produced
from isocitrate by oxidative decarboxylation or from glutamate by
oxidative deamination (28). Recent studies found that a-KG sup-
plementation alleviates aging and inflammation (29, 30). A recent
report also showed that a-KG inhibits thrombosis and inflamma-
tion via suppression of AKT phosphorylation (31). Based on our
findings of activation of OXPHOS and mTOR signaling along with
decreased 0-KG levels in MPN patient platelets, we tested whether
a-KG supplementation could revert platelet metabolic alterations
in the context of MPN. Indeed, a-KG incubation significantly
reduced basal respiration, ATP generation, and reserve capacity
in MPN platelets (Figure 5, E-G). a-KG inhibited the proton pump
in ATP synthase as expected, reflected by increased proton leak as
well as increased extracellular acidification rate (ECAR) (Figure 5,
E-G). 0-KG incubation also significantly reduced intracellular ATP
levels in MPN platelets, consistent with our Seahorse results (Sup-
plemental Figure 7C). Thus, 0-KG supplementation modified the
metabolic phenotype of platelets from MPN patients by inhibiting
mitochondrial activity. A similar inhibition of mitochondrial res-
piration by a-KG was observed in UKE-1, a JAK2-mutant ET trans-
formed acute leukemia cell line (Supplemental Figure 7, D and E).
a-KG suppresses PI3K/AKT/mTOR signaling and platelet acti-
vation through ATP synthase inhibition. After demonstrating the
capacity of a-KG to inhibit platelet metabolism, we further eval-
uated the influence of 0-KG on platelet activation. Ex vivo incu-
bation of a-KG significantly reduced P-selectin expression and
alIbp3 integrin activation following TRAP6 treatment of washed
platelets from MPN patients (Figure 6A). A similar inhibitory
effect of a-KG was observed in platelets from Jak2 V617F mice
(Supplemental Figure 7F). Consistently, o-KG induced a dose-de-
pendent inhibition of platelet aggregation (Figure 6B). Since
alIbp3 downstream signaling (outside-in signaling) plays a criti-
cal role in platelet spreading and aggregation, we performed stat-
ic platelet spreading and adhesion assays on platelets from jak2
V617F mice. Ex vivo incubation with a-KG significantly decreased
the number and area of platelets adhering to fibrinogen-coated

surfaces; a-KG also inhibited platelet spreading induced by a
PAR-4 agonist peptide (Figure 6C).

Supplementation with 2% a-KG in the drinking water inhibit-
ed P-selectin exposure and alIbfB3 integrin activation on platelets
in both wild-type and Jak2 V617F-knockin mice following throm-
bin stimulation (Figure 6D). To further investigate the inhibition
of platelet activity by 0-KG in vivo, we performed ferric chloride-
induced (FeCl,-induced) vascular injury, a widely used model
of thrombosis (32). a-KG supplementation (2%) led to a trend
of delayed time to occlusion of the carotid artery in Jak2 V617F-
knockin mice (Supplemental Figure 7, G and H). In addition, we
observed significantly reduced tail thrombosis in 2% a-KG-sup-
plemented BALB/c mice (Supplemental Figure 7, I and J), consis-
tent with previous reports (31). Thus, our data demonstrated that
a-KG inhibits MPN platelet hyperactivation and potentially lowers
the risk of thrombosis.

Mechanistically, previous reports have shown that phosphor-
ylation of STAT3, AKT, and ERK plays essential roles in platelet
activation (33-35). Here, we found that o-KG inhibited p-STATS3,
p-AKT, and p-ERK1/2 in MPN platelets in a dose-dependent
manner following TRAP6 stimulation, without affecting the total
amount of these proteins (Figure 6E). Moreover, 0-KG downregu-
lated p-STAT3, p-AKT, and p-ERK1/2 when platelets were activated
with other agonists, including collagen and ADP (Figure 6F). Oli-
gomycin, a widely used inhibitor of ATP synthase, showed similar
downregulation of p-AKT and p-STAT3, suggesting a role for ATP
synthase in mediating platelet activation (Figure 6G) (36). Simi-
larly, addition of a-KG inhibited the proton pump of complex V in
conjunction with decreased intracellular ATP levels, but increased
mitochondrial membrane potential in the megakaryocytic MEG-01
cells as well as JAK2-mutant UKE-1 cells (Supplemental Figure 7, K
and L). Evaluation of a potential effect of a-KG on apoptosis showed
only a slight increase in phosphatidylserine exposure at a high dose
of 0-KG and no induction of cleaved caspase-3 (Supplemental Fig-
ure 6, C and D). a-KG slightly increased ROS levels in MPN plate-
lets (Supplemental Figure 6G), consistent with previous reports in
yeasts, fruit flies, and mice (37-39). To exclude possible nonspecific
toxic effects of a-KG in cell lines, we also determined IC, j values for
0-KG in MEG-01 (967.5 uM) and UKE-1 (785.6 uM) cell lines in cell
viability assays (Supplemental Figure 7, M and N). Collectively, our
data demonstrate that 0-KG supplementation inhibits MPN platelet
hyperactivation, in part due to inhibition of ATP synthase.

J Clin Invest. 2024;134(3):e172256 https://doi.org/10.1172/JC1172256
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Figure 3. Metabolomics analyses showed distinct metabolic phenotypes of platelets from MPN patients. (A) Diagram showing sample collection,
processing, and analysis. (B) PCA score plot of top 500 most variable proteins in protein LC-MS data of platelets from age- and sex-matched Hls (n =

8) and MPN patients (ET =12, PV = 7, MF = 9). (C) Heatmap of selected proteins from “hallmark mTORC1 signaling” and “hallmark OXPHOS" gene sets.
Columns were reordered based on the results of hierarchical clustering to identify sample correlations. (D) GSEA enrichment plots for “hallmark mTORC1
signaling” and “hallmark OXPHOS" gene sets enriched in ET patients versus Hls. (E) Principal component analysis (PCA) score plot of metabolite LC-MS
data of platelets from age- and sex-matched Hls (n = 8) and MPN patients (ET = 12, PV = 7, MF = 9) displayed with 80% confidence region. (F) Volcano plot
of metabolite changes between Hls and MPN patients. Red dots denote significant (P < 0.05) and positive fold change (logFC > 2°°) features. Blue dots
denote significant (P < 0.05) and negative fold change (logFC < -2°%) features. (G) The diagram showing steps of glycolysis and TCA cycle and scatter plots
of peak areas (arbitrary units after normalization) for several key metabolites. Data are mean + SD and were assessed by Kruskal-Wallis test with Dunn’s
multiple-comparison test. P values are marked if less than 0.05. (H) Western blot of washed platelets from HIs and MPN patients against TOM-20 (see
Supplemental Table 2), a mitochondrial marker protein, and quantifications. Data are mean + SD and were assessed by 2-tailed Mann-Whitney U test. (I)
Western blot of washed platelets from Hls and MPN patients detecting human OXPHOS components (complex |-V proteins) with an antibody cocktail and

:

quantifications. Data are mean + SD and were assessed by 2-tailed Mann-Whitney U test.

a-KG exerts therapeutic effects on MPN and inhibits megakaryo-
poiesis. After demonstrating the effects of a-KG on reducing plate-
let hyperreactivity ex vivo, we next sought to investigate the thera-
peutic impact of a-KG in MPNs in vivo. Mice engrafted with c-Kit*
cells from Jak2 V6I17F-knockin mice were supplemented with
1% 0-KG in the drinking water versus regular water for 6 weeks
(Figure 7A) (40). As expected, mice transplanted with Jak2 V617F
cells developed characteristic MPN features, including spleno-
megaly, increased white blood cell (WBC), red blood cell (RBC),
and platelet counts (Figure 7, B and C). 0-KG supplementation
markedly reduced splenomegaly, platelet, RBC, and monocyte
counts without affecting body weight, lymphocytes, or B and T
cell ratios compared to the control group (Figure 7, B and C, and
Supplemental Figure 8A). Analysis of hematopoietic stem/pro-
genitor cell (HSPC) subsets revealed a trend of decreased multi-
potent progenitor 2 (MPP2) cells in bone marrow from a-KG-sup-
plemented mice, consistent with suppression of megakaryopoiesis
and erythropoiesis (Supplemental Figure 8B). Observed increases
in the MPP3 compartment suggest a compensatory upregulation
of myeloid differentiation (Supplemental Figure 8B). a-KG treat-
ment did not affect early lymphocyte specification, as the MPP4
compartment was not changed (Supplemental Figure 8B). Bone
marrow histopathological analysis confirmed decreased mega-
karyocytes in a-KG-supplemented mice (Figure 7D). Importantly,
a-KG supplementation in wild-type mice did not affect WBC or
myeloid differentiation (Supplemental Figure 8C).

To further characterize the effects of a-KG on megakaryopoie-
sis, sorted human CD34* cells were differentiated into megakaryo-
cytes ex vivo with the addition of cytokines (Figure 7E). A decrease
in CD41*CD61* double-positive megakaryocytes was observed in
the presence of a-KG, consistent with inhibition of megakaryo-
poiesis in 0-KG-supplemented mice (Figure 7F). Moreover, a-KG
inhibited megakaryocyte maturation of MEG-01 cells in vitro
(Supplemental Figure 8, D and E). Notably, 0-KG treatment also
reduced LinSca-1*c-Kit* (LSK) cells in Jak2 V617F- transplanted
mice, suggesting a role of 0-KG in HSPC regulation (Figure 7G).
Finally, a-KG led to a reduction in myeloid colony formation from
both wild-type and Jak2 V617F c-Kit* cells, but to a larger degree in
Jak2 V617F cells (Figure 7H).

RNA-seq analysis of Jak2 V617F-transplanted mice revealed
that bone marrow cells of a-KG-supplemented mice clustered
separately from control mice, suggesting differential gene expres-
sion induced by o-KG supplementation (Supplemental Figure
9A). GSEA showed inhibition of OXPHOS, mTOR, and myeloid

differentiation pathways in a-KG-supplemented mice (Supple-
mental Figure 9, B-E). Expression of Gatal and Epor, critical
mediators of platelet and RBC differentiation, were decreased in
a-KG-supplemented mice (Supplemental Figure 9F). Downregu-
lation of Cdkl and Cdkn3 in a-KG-supplemented mice suggested
cell cycle arrest (Supplemental Figure 9F). Reduced Collal and
Colla2 transcripts in o-KG-supplemented mouse bone marrow
suggested an effect on early fibrosis development (Supplemental
Figure 9F), which was corroborated by decreased collagen immu-
nofluorescent staining (Supplemental Figure 9, G and H). These
findings collectively suggest that a-KG suppresses MPN disease
features and megakaryopoiesis in Jak2 V617F mice.

a-KG inhibits monocyte activation and hyperinflammation.
While MPN is initiated by the acquisition of mutations in HSPCs,
its progression is driven, at least in part, by inflammation (10).
We found significant elevation of proinflammatory cytokines in
plasma from MPN patients, including TNF, IFN-y, IP-10, and
IL-6, compared with HIs (Figure 8A and Table 6). Previously,
our group showed that monocytes play a critical role in hyper-
inflammation that characterizes MPNs (17, 18), many of which
correlate with prognosis (41). As such, since monocyte counts
decreased as early as 2 weeks in a-KG-supplemented mice (Fig-
ure 7C), we sought to investigate whether o-KG affected mono-
cyte activation and inflammation.

Ex vivo incubation of a-KG with sorted CD14* human mono-
cytes significantly decreased the secretion of proinflammatory
cytokines (Figure 8B). Bulk RNA-seq results demonstrated that
a-KG downregulated genes involved in IFN pathways and inflam-
mation response in monocytes (Figure 8, C and D). As shown in
Supplemental Figure 10A, transcripts of inflammatory cytokines
and chemokines, such as CCL4, CCL8, CXCL11, CXCLIO0, ILIA,
IL7, and ILI5, were downregulated in monocytes by a-KG. To
address the effects of a-KG on inflammatory cytokine secretion in
Jak2 V617F mice, enriched CD11b* myeloid cells were incubated

Table 5. Demographics of His and MPN patients for platelet and
plasma metabolomics and proteomics LC-MS

Hi(n=8) ET(n=12) PV(n=7) MF (n=9)
Age (yr) 51.5 + 121 579 +11.2 549+73 59.7+5.6
Female (%) 375 583 429 88.9
JAK2 mutation NA 8/12 717 4/9
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Figure 4. Effects of mTOR inhibitors and ruxolitinib on platelet activities. (A) Representative image and dot plot showing effects of mTOR inhibitors and
ruxolitinib on maximal aggregation intensity of washed ET platelets. Washed platelets were treated with sapanisertib, omipalisib, or ruxolitinib at 5 uM for
1hour followed by platelet aggregation analysis with 5 uM TRAP6 stimulation. Data shown as mean + SD and were assessed by Friedman's test and Dunn’s
multiple-comparison test. (B) Representative images showing effects of mTOR inhibitors and ruxolitinib on activation of washed ET platelets. Washed
platelets were treated with sapanisertib, omipalisib, or ruxolitinib at 5 uM for 1 hour followed by flow cytometry analysis. (C) Immunoblots showing changes
in intracellular signaling pathways of platelets after mTOR inhibitor and ruxolitinib treatments. Washed platelets were treated with sapanisertib, omipalis-
ib, or ruxolitinib at 5 uM for 1 hour followed by stimulation with TRAP6E peptides and immunoblot analysis. (D) Immunoblots showing changes in intracellular
signaling pathways of MPN platelets after omipalisib treatment. Washed platelets were treated with omipalisib at 0.2, 1, and 5 uM for 1 hour followed by
stimulation with TRAP6 peptides and immunoblot analysis. (E) Representative OCR and ECAR profiles of platelets showing the blockage of energy demand
boost by mTOR inhibitors after TRAP6 stimulation. Washed ET platelets were treated with sapanisertib, omipalisib, or ruxolitinib at 5 uM for 1 hour followed
by Seahorse analysis (a, oligomycin A; b, FCCP; ¢, rotenone/antimycin A). TRAP6 (20 uM) was injected on-plate to stimulate platelet energy demand.

with LPS in the presence or absence of a-KG for 6 hours. Super-
natants were collected for cytokine determination by multiplex
Luminex assay. As shown in Figure 8E, a-KG inhibited the secretion
of multiple proinflammatory cytokines by myeloid cells, including
IP-10, IL-6, GROw, TNF-a, and MIPs. Mass cytometry analysis
of whole blood from MPN patients revealed the inhibition of the
MAPK signaling pathway in monocytes following 0-KG treatment
(Figure 8F and Supplemental Figure 10B). Similar effects of o-KG
on the MAPK signaling pathway were found in U937, a monocytic
cell line (Supplemental Figure 10C). Taken together, these findings
suggest that a-KG inhibition of monocyte activation and inflamma-
tion might also contribute to its therapeutic effects in MPNs.

J Clin Invest. 2024;134(3):e172256 https://doi.org/10.1172/JC1172256

Discussion

Thrombosis and bleeding complications are common in MPNs,
but the underlying pathophysiology involved in these events is
incompletely understood. Some reports have suggested platelet
hyperreactivity and enhanced granule secretion as a potential
mechanism for thrombosis in the setting of MPN (14, 19, 42-46).
In this study, we used a multiomic profiling approach to charac-
terize MPN platelets and uncovered functional, transcriptional,
and metabolic signatures associated with platelet hyperreactiv-
ity. Importantly, we identified the PI3K/AKT/mTOR signaling
pathway as a significant contributor to the platelet dysregulation
observed in MPN patients. We further demonstrated that both
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Quantification of individual components of the platelet OCR profile in MPN (n = 5). Data were normalized to DMSO group set as 1, are presented as mean +
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Figure 6. a-KG inhibited platelet activation through the suppression of ATP synthase. (A) Washed MPN platelet P-selectin and allbp3 integrin expression chang-
es after incubation with 200 puM octyl-a-KG for 1 hour ex vivo. Data are mean + SD and were assessed by 2-tailed, paired Student's t test. (B) Platelet aggregation
assay with o-KG treatment. Washed ET platelets were incubated with 100 puM (L) or 200 uM (H) octyl-a-KG for 1 hour and stimulated with 5 uM TRAPE followed by
platelet aggregation tests. Maximal aggregation intensity was quantified as mean + SD. Data were assessed by 2-tailed, paired Student’s t test. (C) Platelet adhe-
sion and spreading assay with o-KG. Number and area of attached platelets on the coverslips were quantified with CellProfiler software (n = 9). Data are mean

+ SD and were assessed by 2-tailed Mann-Whitney U test. Total original magnification, x1000. (D) Platelet P-selectin and allbB3 integrin expression changes in
a-KG-supplemented mice. Age- and sex-matched wild-type and Jak2 V617F-knockin mice were supplemented with regular water (n = 7) or 2% o-KG (n = 7) for 1
week. Platelets were stimulated with thrombin ex vivo or not followed by flow cytometry analysis. Data shown as the ratio (mean + SD) of P-selectin/allbf3 integ-
rin double-positive platelets and were assessed by 2-tailed Student's t test. (E) Immunoblots of washed platelets after a-KG treatment. Washed ET platelets were
incubated with 250 pM or 500 uM octyl-a-KG for 1 hour followed by stimulation with TRAPG peptides. (F) Immunoblots of washed platelets after a-KG treatment
with different stimulants. Washed ET platelets were incubated with 250 uM octyl-a-KG followed by stimulation with 5 uM TRAP6 peptides or 5 ug/mL collagen or
20 uM ADP. (G) Immunoblots of washed platelets after a-KG or oligomycin (Omy) treatment. Washed ET platelets were incubated with 250 puM octyl-o-KG or 1 uM
Omy followed by stimulation with TRAP6 peptides.
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Figure 7. 0-KG exerts therapeutic effects on MPN and inhibits megakaryopoiesis. (A) Schematic of the Jak2 V617F-knockin mice. cKit* cells from Jak2 V617F
CD45.2 C57BL/6) mice were isolated and transplanted into irradiated CD45.1 C57BL/6) mice. Two weeks after transplantation, mice were randomly grouped and
supplemented with regular water (control, n = 10) or 1% a-KG in drinking water (n = 10) daily for 6 weeks. (B) Spleen weight of transplanted mice normalized

to body weight measured at the end of treatments. Data are mean + SD and were assessed by 2-tailed Student’s t test. (C) WBC, platelet (PLT) count, RBC,
hematocrit (HCT), monocyte (MO) count, and ratio of Jak2 V617F-transplanted mice treated with regular water or 0-KG across multiple time points. Data are
mean + SD and were assessed by 2-way ANOVA with Dunnett’s multiple-comparisons test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. (D) Repre-
sentative images of HGE staining of femur bones from mice treated with regular water or a-KG. (E) Representative images of immunofluorescent staining of
expanded CD34* cells and differentiated megakaryocytes from the same individual. Total original magnification, x200 (D) and x600 (E). (F) Flow cytometry of
CD41 and CD61 surface expression on in vitro megakaryocytes differentiated with a-KG. Sorted CD34* hematopoietic stem and progenitor cells were cultured
for megakaryocyte differentiation with 250 uM octyl-a-KG or DMSO control. CD41*CD61* double-positive cells were determined by flow cytometry. Data are
mean + SD and were assessed by 2-tailed, paired Student's t test. (G) Percentage of LSK cells from Jak2 V617F-transplanted mice treated with regular water or
a-KG at the end of treatments. Data are mean + SD and were assessed by 2-tailed Student’s t test. (H) CFU assays of mouse cKit* cells with DMSO control or
a-KG. Colony numbers were counted after 14 days. Data are mean + SD and were assessed by 2-tailed Student’s t test.
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Figure 8. 0-KG inhibited monocyte activation and hyperinflammation. (A) Plasma cytokine levels in Hls and MPN patients. Plasma from Hls (n = 9) and MPN
patients (n = 28) was collected for the determination of 30 biomarkers using a V-PLEX Human Cytokine 30-Plex Kit from Meso Scale Discovery. Data are mean +
SD and were assessed by 2-tailed Mann-Whitney U test. MFpET, myelofibrosis post essential thrombocythemia. (B) Monocyte cytokine secretion changes with
octyl-a-KG or oligomycin (Omy) treatment. Sorted CD14* monocytes (0.5 x 10°) from MPN patients (n = 5) were incubated with octyl-a-KG or Omy for 8 hours and
the supernatants were collected for cytokine determination by multiplex Luminex assay. Data are mean + SD and were assessed by 2-tailed Mann-Whitney U
test. (C) The PCA score plot of RNA-seq of sorted CD14* monocytes after the incubation with octyl-a-KG or DMSO control. (D) Bar plot of GSEA results showing
top 5 hallmark pathways enriched in DMSO- versus a-KG-treated monocytes. (E) Heatmap showing changes in cytokine secretion by CD11b* myeloid cells from
Jak2 V617F mice. Data were normalized to control group as fold changes. Enriched CD11b* myeloid cells were incubated with LPS (0.1 mg/mL) in the presence or
absence of a-KG for 6 hours. Supernatants were collected for cytokine determination by multiplex Luminex assay. (F) Dot plots of altered intracellular pathways
of monocytes in peripheral blood of MPN patients by mass cytometry. Whole blood from MPN patients (n = 6) were incubated with octyl-a-KG or DMSO for 1
hour followed by stimulation with TNF-a. Data are mean + SD and were assessed by 2-tailed, paired Student’s t test. (G) Proposed model showing the roles of
PI3K/AKT/mTOR signaling and metabolic changes in platelets from MPN patients. A positive feedback loop involving PI3K/AKT/mTOR signaling and metabolic
changes promotes platelet hyperreactivities and megakaryopoiesis in MPN. The supplementation of a-KG, which disrupts the feedback loop, shows therapeutic
effects against platelet hyperreactivity, megakaryopoiesis, and chronic inflammation in MPN.

direct inhibition of the PI3K/AKT/mTOR signaling pathway We chose ET samples for scRNA-seq based on several consid-
and metabolic intervention via a-KG supplementation suppress  erations. ET samples showed the highest PLA formation as well as
platelet activation. Importantly, our results suggest therapeutic =~ P-selectin upregulation among MPNs in flow cytometry analysis.
potential of 0-KG supplementation to prevent platelet hyperre-  Higher platelet counts in ET samples provided better platelet sam-
activity in MPN patients. pling as well as increased confidence and reliability for platelet
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Table 6. Demographics of His and MPN patients for plasma
cytokine screening

HI ET-JAK2 ET-CALR MFpET
(n=9) (n=1) (n=1) (n=6)
Age (yr) 54.7 +20.1 575+ 20.0 585+ 176 645+78
Female (%) 444 72.7 455 66.7

MFpET, myelofibrosis post essential thrombocythemia.

analysis. To confirm our scRNA-seq observations, we validated
the results using publicly available data sets as shown above (26).
Consistent with our results, a recent large-scale platelet RNA-seq
profiling also suggested altered immune, metabolic, and proteo-
static pathways in all 3 MPN subtypes, with the MPN platelet tran-
scriptome robustly predicting disease progression, therefore high-
lighting the importance of platelet biology in MPNs (47). Although
PI3K/AKT/mTOR signaling has been established as a key regula-
tor of proliferation, cancer, longevity, and mitochondrial homeo-
stasis, its role in mediating platelet hyperreactivity in MPNs has
not been previously reported (48). Our multiomic and function-
al results identified PI3K/AKT/mTOR signaling as a key driver
of platelet hyperreactivity in MPNs. The effects of dual PI3K/
mTOR inhibition by omipalisib underscores the essential role of
PI3K/AKT/mTOR signaling in mediating platelet metabolism and
hyperactivation in MPNs, suggesting potential therapeutic role in
MPNs (49, 50). We also identified metabolic changes consisting
of enhanced OXPHOS and glycolysis activity in MPN platelets.
We further demonstrate that a-KG supplementation is an effec-
tive metabolic intervention for MPNs, inhibiting both PI3K/AKT/
mTOR signaling and mitochondrial activation. Thus, our work
reveals PI3K/AKT/mTOR signaling and metabolic changes as the
major drivers of platelet reactivity in MPNs.

Metabolic changes in MPNs have been previously reported. It
has been shown that glutaminase inhibitors suppress the growth
of JAK2 V617F-mutant cell lines and MPN patient CD34* cells (51).
IDH2 inhibitors showed efficacy in cells from MPN patients carry-
ing both JAK2 and IDH2 mutations (52). Recently, elevated glycol-
ysis in JAK2-mutant HSPCs was identified as a novel target to treat
MPNs (27). It is plausible that mature blood cells in MPNs, such
as monocytes and platelets, may also exhibit aberrant metabolism
and contribute to disease development and progression. Our mul-
tiomic results suggest enhanced OXPHOS activities in MPN plate-
lets, validated by increased rates of basal respiration and ATP gen-
eration observed in bioenergetic analysis. In this work, we showed
that mitochondrial abnormalities fuel platelet hyperactivation in
MPNs, with both increased basal respiration and reserve capaci-
ty after TRAP6 stimulation. Of note, our results suggest that the
PI3K/AKT/mTOR signaling serves as a driver of mitochondrial
abnormalities in MPN platelets, as the inhibition of mitochondrial
activities by a-KG supplementation decreased pathway activation.

a-KG has been shown to be highly versatile in regulating cel-
lular activities, as evidenced by the extensive list of described
a-KG-dependent proteins, including Jumonji domain-containing
histone demethylases, TET proteins mediating DNA methylation,
and prolyl-hydroxylase domain enzymes degrading hypoxia-in-
ducible factor proteins (28). Previous reports have demonstrated
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that 0-KG suppresses mitochondrial activities by directly inhib-
iting ATP synthase and further affecting mTOR signaling (29).
Our results show that a-KG and oligomycin, a specific ATP syn-
thase inhibitor, both inhibit phosphorylation of AKT and STAT3 in
platelets. Our data also show that both a-KG and mTOR inhibitors
inhibit platelet activation. Thus, it is very likely that suppression
of mitochondrial activities contributes to inhibition of platelet
signaling by a-KG. Another possible mechanism is that a-KG, as
a cofactor of prolyl hydrolase 2 (PHD2), promotes PHD2 activi-
ty through an elevated intracellular a-KG-to-succinate ratio and
further suppresses phosphorylation of AKT (31). Since platelets
are anucleate, the histone/DNA methylation mechanism can be
reasonably excluded. However, we cannot exclude other possi-
ble mechanisms, as discussed in a recent review (53). Further
research is needed to explore targets and mechanisms of 0-KG in
human cells. a-KG has also been previously reported to maintain
embryonic stem cell pluripotency via epigenetic regulation, but
its effects on hematopoiesis have been unexplored (54). Although
a-KG supplementation decreased collagen transcripts and stain-
ing in Jak2 V617F-transplanted mice, effects of a-KG supplemen-
tation on bone marrow fibrosis merit further investigation. In this
study, we demonstrated inhibition of myeloid differentiation in
Jak2 V617F-transplanted mice mice but not in wild-type mice,
indicating the effectiveness and safety of 0-KG supplementation
in the MPN setting. We also observed inhibition of monocyte acti-
vation and cytokine secretion by o-KG treatment, in agreement
with the previously described role of a-KG in alleviating inflam-
mation and oxidative stress (55, 56). Therefore, the inhibition of
myeloid differentiation, which resulted in reduced platelet, RBC,
and monocyte counts, in 0-KG-treated mice could also be a result
of decreased chronic inflammation in MPNs.

In summary, our data reveal a previously unrecognized mito-
chondrial disorder in platelets from MPN patients; this energetic
alteration leads to platelet hyperreactivity potentially contribut-
ing to thrombotic events (Figure 8G). We also identified aberrant
PI3K/AKT/mTOR signaling partially rectified by a-KG supple-
mentation (Figure 8G). These findings may lead to novel thera-
peutic approaches targeting platelet hyperreactivity and chronic
inflammation in MPN.

Methods

Cell culture

MEG-01 (ATCC) and UKE-1 (Coriell Institute) cells were cultured in
RPMI 1640 medium (ATCC modification) and RPMI 1640 medium
(Thermo Fisher Scientific), respectively, supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin/streptomycin. All cell lines were
maintained at 37°C and 5% CO, and regularly tested for mycoplasma.

Blood collection and platelet isolation from humans

Whole blood was drawn into 4.5 mL tubes containing buffered sodi-
um citrate in accordance with an Institutional Review Board-approved
protocol at Washington University in St. Louis. Blood was trans-
ferred into 15 mL tubes with the addition of 10% (v/v) prewarmed
citrate-dextrose solution (ACD). Platelet-rich plasma (PRP) was sep-
arated from the other cellular components of blood by centrifugation
for at 250¢ for 20 minutes without brake and then carefully withdrawn
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using a plastic Pasteur pipette without disturbing the buffy coat. Pros-
taglandin E1 (PGE1) was added to PRP to a final concentration of 1 pyM
to prevent aggregation and then spun again for 10 minutes at 1000g
without brake. The platelet pellet was then carefully washed with 5 mL
of Tyrode’s-ACD, which consisted of 9 parts Modified Tyrode’s buffer
(129 mM NacCl, 0.34 mM Na,HPO,, 2.9 mM KCl, 12 mM NaHCO,, 20
mM HEPES, 5mM glucose, 1 mM MgCL,; pH7.3) and 1 part ACD in the
presence of PGE1, and spun for 5 minutes at 700g. The resultant pellet
was gently resuspended in Modified Tyrode’s buffer and adjusted to a
count of 3 x 108 platelets/mL for subsequent experiments.

PLA and platelet activation analysis by flow cytometry

PLAswere tested as previously described (57). Whole blood samples were
diluted 5-fold by adding HEPES buffer (145 mM NaCl, 5 mM KCl, 1 mM
MgSO,, 0.5 mM NaH,PO,, 5 mM glucose, 10 mM HEPES/Na) within 30
minutes of collection. Diluted blood samples were incubated with Per-
CP-conjugated anti-CD61 (BioLegend) and Pacific Blue-conjugated anti-
CD45 mAD (BioLegend) for PLA analysis. Samples were also stained with
APC-conjugated anti-CD62P (AK4, BioLegend) and FITC-conjugated
anti-CD41/CD61 (PAC-1, BioLegend). See Supplemental Table 2 for a
list of all antibodies used in the study. Samples were stained for 10 min-
utes at room temperature. For platelet activation, 1 uM TRAP6 (4031274,
Bachem) or 5 pg/mL collagen (P/N 385, Chrono Log) stimulation was
added simultaneously with antibody staining. Next, samples were fixed
with 1.5% paraformaldehyde, followed by 4.6-fold dilution with distilled
water for RBC lysis. Samples were analyzed by flow cytometry.

Platelet aggregation assay

Light transmission aggregometry of washed human platelets (300 x
10%/uL) was performed in a PAP-8E platelet aggregometer (Biodata
Corporation). Aggregation was induced with TRAP6 or collagen as
indicated in each experiment.

scRNA-seq and analysis

All MPN patients in the cohort were recruited at the Hematology Depart-
ment of Washington University School of Medicine in St. Louis. Sample
processingwas performed as previously published (58, 59). 10x Genomics
Chromium Next GEM Single cell 3’ Reagent v3.1 (Dual Index) was used
for GEM Generation, barcoding, and cDNA library preparation per man-
ufacturer’s guidelines, and cDNA was sequenced using the 10x Genomics
Single-Cell RNA-Seq platform at the Genome Technology Access Center
at the McDonnell Genome Institute of Washington University in St. Lou-
is. scRNA-seq analysis details are provided in Supplemental Methods.

Sample preparation for metabolomics and proteomics analyses
Washed platelets were isolated as described above without adding glu-
cose or other nutrients in Modified Tyrode’s buffer. Platelets (3 x 10%)
were carefully washed with PBS twice without flushing or pipetting the
pellet to remove all extraneous metabolites. Pellets were flash frozen
with liquid nitrogen and stored at -80°C. Metabolomics and proteom-
ics were performed as previously published and details are provided in
Supplemental Methods (60).

Seahorse assay

Bioenergetics of washed platelets (20 x 10¢/well) were determined
by Seahorse XFe96 (Agilent Technologies), as previously described
(61). After measurement of basal OCR, OCR due to proton leak was
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determined by oligomycin A (2.5 uM) treatment. Maximal uncoupled
OCR was measured by the addition of the uncoupler carbonyl cya-
nide p-(trifluoromethoxy) phenylhydrazone (FCCP; 0.5 uM). Non-
mitochondrial OCR (defined as the OCR of all cellular processes
excluding mitochondrial respiration) was measured in the presence
of rotenone/antimycin A (1 uM). In subsets of samples, TRAP6 (20
uM) was added before oligomycin A to measure TRAP6-stimulated
energy demand. In subsets of samples, platelets were preincubated
with octyl-a-KG or other reagents as indicated for 1 hour to determine
their effects on platelet bioenergetics.

Western blotting

Washed platelets were lysed with RIPA buffer (Thermo Fisher Scien-
tific) with protease and phosphatase inhibitor cocktail (Thermo Fisher
Scientific) and quantified using the Bradford assay (Thermo Fisher
Scientific). Boiled protein (20 pg) was loaded for detection as previ-
ously described (62). Quantification of Western blot bands was per-
formed using Image] software (NIH).

Platelet adhesion and spreading assay

Platelets were isolated from Jak2 V617F-knockin mice by sequential
centrifugation. Platelets were incubated with 250 pM octyl-0-KG at
37°C or DMSO control for 1 hour followed by 100 uM PAR-4 agonist
peptide for 5 minutes. Treated platelets were incubated on fibrino-
gen-coated coverslips for 45 minutes at 37°C in wells of a 24-well plate.
Coverslips were washed 3 times with PBS, fixed with paraformalde-
hyde, permeabilized with 0.1% Triton X-100, and mounted with VEC-
TASHIELD antifade mounting medium with phalloidin (Vector Lab-
oratories) and imaged using a Nikon AlRsi confocal microscope and
NIS-Elements AR software. Number and area of attached platelets on
the coverslips were quantified with CellProfiler software (n=9).

Colony-forming unit assays

Colony-forming unit (CFU) assays were performed in semisolid cul-
ture using Methocult M3434 (STEMCELL Technologies) containing
IL-3, IL-6, stem cell factor, and erythropoietin. Sorted cKit* cells were
seeded at 1000 cells/mL with 250 pM octyl-0-KG or DMSO control in
triplicate. Colonies were counted 14 days after seeding.

Megakaryocyte differentiation and proplatelet formation

CD34* cells were sorted from MPN patient and HI cryopreserved
bone marrow mononuclear cells (BMMCs) with MicroBeads
(Miltenyi Biotec). Sorted cells (2 x 10%) were plated in triplicate in
serum-free media containing StemSpan Megakaryocyte Expansion
Supplement (STEMCELL Technologies) for 10-12 days. Media were
replaced every 5 days. Megakaryocyte cell surface markers CD41
(FITC-conjugated anti-CD41; X, X) and CD61 (PerCP-conjugated
anti-CD61; X, X) were measured by flow cytometry. MEG-01 cells
were treated with 10 ng/mL phorbol 12-myristate 13-acetate (PMA)
to induce megakaryocyte differentiation (63).

Plasma cytokine analysis

Peripheral blood plasma collected under standard protocols was
stored at —80°C. Concentrations of 30 cytokines/chemokines were
analyzed in duplicate using the Meso Scale Discovery platform with
the V-PLEX Human Cytokine 30-Plex Kit (Meso Scale Discovery).
Statistical analysis was performed using Prism (GraphPad Software).

= [
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In vivo models

Wild-type mice. Regular water or 1% dietary 0-KG was administered
to 7 week-old C57BL/6] mice (stock 000664, The Jackson Laborato-
ry). Mice were treated for 4 weeks and peripheral blood was collected
every week for Hemavet analysis (Drew Scientific).

Jak2 V617F model. cKit* cells from CD45.2 Jak2 V617F donor mice
were transplanted into lethally irradiated recipient CD45.1 mice as
previously described (40, 59, 64). Two weeks after transplantation,
mice were supplemented with regular water or 1% dietary a-KG for 6
weeks. Peripheral blood was collected every other week for Hemavet
tests. Mice were sacrificed at endpoint, and body, spleen, and liver
weights were recorded. Bone marrow samples were collected for flow
cytometry and bulk RNA-seq analysis. Femur bones were collected for
hematoxylin and eosin (H&E) staining.

For platelet activation experiments, Jak2 V617F mice were supple-
mented with regular water (n=7) or 2% a-KG (n=7) for 1 week. Peripher-
al blood was collected for platelet activation analysis as described above.

Statistics

Statistical analyses were performed using GraphPad Prism and R
software (https://www.r-project.org/). Two-tailed Student’s ¢ test,
Mann-Whitney U test, 1-way ANOVA, 2-way ANOVA, and Pearson’s
correlations were performed as indicated. All relevant assays were
performed independently at least 3 times. A Pvalue of 0.05 or less was
considered significant.

Study approval

Patient and HI control peripheral blood or bone marrow samples
were obtained with written consent according to a protocol approved
by the Washington University Human Studies Committee (WU no.
01-1014) and to the Helsinki Declaration of the World Medical Asso-
ciation. Mononuclear cells (PBMCs or BMMCs) were obtained by
Ficoll gradient extraction and cryopreserved according to standard
procedures. Additional BMMCs were purchased from STEMCELL
Technologies. Lists of patient samples utilized in this study are pro-
vided in Tables 1 and 3-6. All mouse procedures were conducted in
accordance with the Institutional Animal Care and Use Committee
of Washington University (no. 20-0463).
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Data availability

We have submitted the scRNA-seq and bulk RNA-seq data sets to the
NCBI Gene Expression Omnibus (GEO GSE244590). More detailed
information for this paper can be found in the supplemental materials.
Additional data are available in the supplemental Supporting Data Val-
ues file and from the corresponding author upon reasonable request.
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