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ARTICLE

Increased CXCL10 (IP-10) is associated with advanced
myeloproliferative neoplasms and its loss dampens

erythrocytosis in mouse models

Miriam Belmontea,b, Lilia Cabrera-Cosmec, Nina F. Øbroa,b, Juan Lia,b, Jacob Grinfelda,b,d,

Joanna Milekc, Ellie Bennettc, Melissa Irvinea,b, Mairi S. Shepherda,b, Alyssa H. Cullc, Grace Boydc,

Lisa M. Riedela,b, James Lok Chi Chea,b,c, Caroline A. Oedekovena,b, E. Joanna Baxterd,

Anthony R. Greena,b,d, Jillian L. Barlowc, and David G. Kenta,b,c*

aWellcome Medical Research Council (MRC) Cambridge Stem Cell Institute, University of Cambridge,

Cambridge, United Kingdom; bDepartment of Haematology, University of Cambridge, Cambridge, United

Kingdom; cDepartment of Biology, Centre for Blood Research, York Biomedical Research Institute, Univer-

sity of York, York, United Kingdom; dDepartment of Haematology, Cambridge University Hospitals

National Health Service (NHS) Foundation Trust, Cambridge, United Kingdom

Key studies in pre-leukemic disorders have linked increases in pro-inflammatory cytokines with accelerated

phases of the disease, but the precise role of the cellular microenvironment in disease initiation and evolu-

tion remains poorly understood. In myeloproliferative neoplasms (MPNs), higher levels of specific cytokines

have been previously correlated with increased disease severity (tumor necrosis factor-alpha [TNF-a], inter-

feron gamma−induced protein-10 [IP-10 or CXCL10]) and decreased survival (interleukin 8 [IL-8]). Whereas

TNF-a and IL-8 have been studied by numerous groups, there is a relative paucity of studies on IP-10

(CXCL10). Here we explore the relationship of IP-10 levels with detailed genomic and clinical data and

undertake a complementary cytokine screen alongside functional assays in a wide range of MPN mouse

models. Similar to patients, levels of IP-10 were increased in mice with more severe disease phenotypes

(e.g., JAK2V617F/V617F TET2�/� double-mutant mice) compared with those with less severe phenotypes

(e.g., CALRdel52 or JAK2+/V617F mice) and wild-type (WT) littermate controls. Although exposure to IP-10 did

not directly alter proliferation or survival in single hematopoietic stem cells (HSCs) in vitro, IP-10�/� mice

transplanted with disease-initiating HSCs developed an MPN phenotype more slowly, suggesting that the

effect of IP-10 loss was noncell-autonomous. To explore the broader effects of IP-10 loss, we crossed

IP-10�/� mice into a series of MPN mouse models and showed that its loss reduces the erythrocytosis

observed in mice with the most severe phenotype. Together, these data point to a potential role for blocking

IP-10 activity in the management of MPNs. © 2024 International Society for Experimental Hematology. Pub-

lished by Elsevier Inc. This is an open access article under the CC BY license (http://creativecommons.org/

licenses/by/4.0/)

HIGHLIGHTS

� IP-10 correlates with disease severity and the presence of JAK2

and TET2mutations

� Mouse models have similarly dysregulated IP-10 expression as

patients

� IP-10 loss partially ameliorates the polycythemia phenotype in

mouse models

High levels of inflammatory cytokines have been observed in a num-

ber of hematological malignancies [1−6] and several lines of evidence

support the association of cytokine deregulation with pathogenesis,

disease progression, and patient survival. Alongside this, increases in

pro-inflammatory cytokines have been linked with adverse clinical

outcomes in elderly individuals [7]. A dynamic interaction between

malignant cells and their niche also exists, whereby the cellular micro-

environment is altered by the presence of the leukemic cells, creating

a positive feedback loop to promote disease development [8,9].

However, the specific roles of particular cell types or secreted mole-

cules in the early stages of hematological malignancies are not well

understood. This is further complicated by both immune cells and

leukemia cells sharing a common origin in the primitive hematopoi-

etic stem and progenitor cell (HSPC) compartment, thus making

“cause” versus “consequence” difficult to disentangle.

Numerous recent studies have described an inflammatory micro-

environment in myeloproliferative neoplasms (MPNs) [10−14], a

group of clonal pre-leukemic stem cell disorders characterized by
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alterations in mature blood cell production. Overproduction of a

number of pro-inflammatory cytokines has been observed in patients

with MPN, including tumor necrosis factor-alpha (TNF-a) [15,16], IL-

8 [2,17,18], and chemokine interferon gamma inducible protein of

10 kDa (CXCL10) [10], with the latter having relatively fewer subse-

quent investigations. CXCL10, also known as interferon gamma

(IFN-g)−induced protein-10 (IP-10), is a chemokine secreted in

response to IFN-g [19]. It binds the cell surface chemokine receptor

C-X-C motif chemokine receptor 3 (CXCR3/CD183) that is present

on a wide range of T and natural killer (NK) cell subsets [19].

In this study, we report a strong correlation of higher IP-10 levels

with JAK2V617F, the most common driver mutation in MPNs, and

TET2 mutational status in both patients and mouse models with

novel cellular sources of IP-10 in patients with more advanced dis-

ease. To explore its functional role, we crossed IP-10 knockout (KO)

mice [20] with an allelic series of JAK2V617F knock-in (KI) and Tet2

KO mice [21] and assessed its impact on red cell phenotypes associ-

ated with MPN pathogenesis.

METHODS

Primary Samples from Patients with MPN

This study used samples taken from 291 Philadelphia chromosome-

negative patients with MPN, diagnosed according to British Commit-

tee for Standards in Haematology (BCSH) guidelines [22]. Peripheral

blood (PB), serum, and bone marrow (BM) samples were obtained

in accordance with the Declaration of Helsinki, under the approval of

the Cambridge and Eastern Region Ethics Committee. Samples were

taken at the time of the initial patient visit on referral to the specialist

MPN clinic. Targeted sequencing of the coding regions of 33 recur-

rently mutated genes was available for 117 patients. To determine

whether any of these mutations correlated with specific cytokine lev-

els, patients were characterized for both JAK2V617F status and col-

laborating mutations by genetic sequencing or exome sequencing. In

addition, clinical data were collected when available to correct for

diagnosis, age, and sex.

Mice

All mice were maintained in the Central Biomedical Service (CBS)

animal facility of Cambridge University or the Biological Services Facil-

ity (BSF) at the University of York. Both facilities are specific patho-

gen-free environments, and animals were cared for according to

institutional guidelines. All mice were from a C57BL/6 background.

Wild-type (WT) C57BL/6-Ly5.2 were purchased from Charles River

Laboratories (Saffron Walden, Essex, UK). JAK2V617F KI (JAK) from

Li et al. [23] mice, JAK2V617F/Tet2 KO (JAK TET) mice, and CALR

Del52 (CALR) [24] mice were kindly provided by Anthony R. Green

(University of Cambridge, UK) [25], and Tet2 KO (TET) mice were

provided by Anjana Rao (La Jolla Institute for Immunology, La Jolla,

CA, US) [26]. Homozygous B6.129S4-Cxcl10tm1Adl/J (IP-10 KO)

were purchased from The Jackson Laboratory [20]. To generate dou-

ble-mutant crosses (JAK TET), JAK2V617F KI mice were crossed

with Tet2 KO mice. JAK2V617F KI/IP-10 KO (JAK IP-10) mutant

mice were obtained by crossing JAK2V617F KI mice with IP-10 KO

mice. To generate the triple-mutant allelic series (JAK TET IP-10),

JAK2V617 KI/IP-10 KO mice were crossed with Tet2 KO mice. All

procedures were performed under project licenses PPL 70/8406

and PEAD116C1, in compliance with the guidance on the operation

of Animals Scientific Procedures Act (ASPA) 1986, following ethical

review by the individual University of Cambridge or University of

York Animal Welfare and Ethical Review Body (AWERB).

Mouse Serum Cytokine Profiling

PB samples (»150 mL) were collected from the tail vein of WT mice,

TET mice, JAK2 mice, combinatorial JAK TET mice, and CALR

Del52 (CALR), aged 16 weeks, or by cardiac puncture for homozy-

gous JAK2V617F KI mice, due to phenotype reducing the amount of

serum obtained per mL of blood. Samples were left undisturbed at

room temperature for 30 minutes. The clot was removed by

centrifuging the samples at 2,000 £ g for 10 minutes in a refrigerated

centrifuge. The resulting supernatant (serum) was transferred into

clean polypropylene tubes and subsequently stored at �20°C. Cyto-

kine levels in mouse serum samples were assayed using the MILLI-

PLEX MAP Mouse Cytokine/Chemokine Magnetic Bead Panel

(Millipore). The levels of 32 cytokines were quantified: eotaxin, gran-

ulocyte-macrophage colony−stimulating factor (GM-CSF), interleu-

kin (IL)-1a, IL-2, IL-4, IL-6, IL-9, IL-12 (p40), IL-13, IL-17, vascular

endothelial growth factor (VEGF), granulocyte colony−stimulating

factor (G-CSF), IFN-g , IL-1b, IL-3, IL-5, IL-7, IL-10, IL-12 (p70), IL-

15, IP-10, regulated upon activation, normal T-cell expressed and

secreted (RANTES), keratinocyte-derived chemokine (KC), lipopoly-

saccharide-induced CXC chemokine (LIX), macrophage colony

−stimulating factor (M-CSF), macrophage inflammatory protein

(MIP)-1a, MIP-2, TNF-a, leukemia inhibitor factor (LIF), MCP-1,

monokine induced by IFN-g (MIG), and MIP-1b. The plate was run

on a Luminex xMAP machine to detect mean fluorescence intensity

(MFI) values for each analyte-specific bead set. Cytokine concentra-

tions were determined by xPONENT software (Luminex) based on

the fit of a standard curve for MFI versus pg/mL. The values used

were derived from the known reference concentrations supplied by

the manufacturer. All cytokines ranged within the quality control val-

ues. Raw cell values were exported from Magpix xMAP exponent

software into Microsoft Excel with pg/mL values calculated on the

basis of the standard curves automatically generated.

Analysis of PB Samples from WT, JAK, TET, IP-10, Double- and

Triple-crosses

PB samples were collected in EDTA-coated microvette tubes (Sar-

stedt AGF & Co., Nuembrecht, Germany). Blood was collected from

the tail vein of 16-week-old mice. PB cell counts were performed

using a Woodley ABC blood counter (Woodley Equipment, Bolton,

UK) or a Vet ABC blood counter.

Isolation of human hematopoietic stem and progenitor cells

(human HSPCs)

Fresh PB samples (40−60 mL, collected in Lithium-Heparin tubes) or

frozen viable mononuclear cells (MNCs) were obtained from the

patient’s PB or BM. MNCs were isolated by density gradient centrifu-

gation (Lymphoprep; Axis-Shield, Oslo, Norway) and enriched for

CD34-positive cells (EasySep Human CD34+ enrichment kit, STEM-

CELL Technologies, Vancouver, Canada [STEMCELL]) as per the

manufacturer’s guidelines, except that only one round of depletion in

the magnet was performed. Cells were then stained with the follow-

ing antibodies: CD38/fluorescein isothiocyanate (FITC) (Clone

HIT2, BD Biosciences, San Jose, CA, US), CD34/PerCPCy5.5 (Clone
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581, BioLegend, San Diego, US), CD10/APC-Cy7 (Clone HI10a,

BioLegend), CD90/APC (Clone 5E 10, BioLegend or BD),

CD45RA/Violet450 (Clone HI100, BD), and CD135/PE (Clone

BV10A4H2, BioLegend). Single CD34+CD38�CD90+CD45RA�

cells (hereafter “hematopoietic stem cells (HSCs)” [27] were isolated

for liquid culture using an Influx sorter (BD), equipped with the fol-

lowing lasers: 405 nm, 488 nm, 561 nm, and 640 nm, and filter sets;

530/40 (for FITC), 710/50 (for peridinin chlorophyll protein-Cya-

nine5 [5PerCPcy5.5]), 750LP (for allophycocyanin-Cyanin7 [APC-

Cy7], 670/30 (for allophycocyanin [APC]), 460/50 (for Violet450),

and 585/29 (for phycoerythrin [PE]).

Liquid cultures and clone size determination of human long-

term repopulating HSCs (LT-HSCs)

Single HSCs from patient PB were sorted into 96-well plates and cul-

tured in StemSpan (STEMCELL), cc100 cytokine cocktail (STEM-

CELL), Penicillin/Streptomycin (Sigma-Aldrich, St. Louis, MO), L-

glutamine (Sigma-Aldrich), and 2-mercaptoethanol (Life Technolo-

gies, Carlsbad, CA)—with [“treated”] or without [“untreated”] IP-10

[50 or 100 ng/mL]). Cells were cultured at 37°C with 5% CO2.

Clone survival (≥2 cells/well) and proliferation were assessed after

7−10 days of culture. A minimum of eight clones were present in all

untreated controls.

Isolation of the mouse E-SLAM HSCs

BM cells were isolated from the spine, sternum, femora, tibiae,

and pelvic bones of both hind legs of WT mice by crushing the

bones in 2% fetal calf serum (FCS, STEMCELL, or Sigma-

Aldrich) in phosphate�buffered saline (PBS, Sigma-Aldrich). Red

cell lysis was performed by treatment with ammonium chloride

(NH4Cl, STEMCELL). Depletion of mature lineage cells was per-

formed using the EasySep mouse hematopoietic progenitor cell

enrichment kit (STEMCELL). HSCs were isolated from the line-

age depleted cell suspension using fluorescence-activated cell sort-

ing using CD45+EPCR+CD48�CD150+Sca-1high (E-SLAM Sca-

1high) as described previously [28], using CD45 FITC (clone 30-

F1,1 BD Biosciences), EPCR PE (clone RMEPCR1560, STEM-

CELL), CD150 PE-Cy7 (clone TC15-12F12.2, both from BioLe-

gend), CD48 APC (clone HM48-1, BioLegend), Sca-1 Brilliant

Violet (BV) 421 (clone D7, BioLegend), and 7- amino actinomy-

cin D (7AAD) (Life Technologies). The cells were sorted in either

purity or single sort mode on an Influx cell sorter (BD Bioscien-

ces) using the following filter sets: 488 530/40 (for FITC),

561 585/29 (for PE), 405 460/50 (for BV421), 640 670/30 (for

APC), 561 750LP (for PE/Cy7), 640 750LP (for APC/Cy7),

405 520/35 (for BV510), and 561 670/30 (for 7AAD). When

single HSCs were required, the single-cell deposition unit of the

sorter was used to deposit one cell into each well of a round bot-

tom 96-well plate, each well having been preloaded with 50

−100 mL of medium.

Liquid culture and clone size determination of mouse HSCs

Single HSCs were sorted into 96-well U-bottom plates (Corning) and

cultured in 100 mL StemSpan SFEM (STEMCELL) supplemented

with 100 units/mL penicillin. and 100 mg/mL streptomycin (Pen/

Strep, Sigma-Aldrich), 2 mmol/l L-glutamine (Sigma-Aldrich), 10-4 M

2-mercaptoethanol (Sigma-Aldrich), and 20 ng/mL IL-11 (Biotechne,

Abingdon, UK), and 300 ng/mL stem cell factor (SCF, R&D). A

50 ng/mL IP-10 (Miltenyi Biotec, Auburn, CA) was supplemented

when specified. Cells were cultured at 37°C, 5% CO2. Cell counts

were performed daily every 22−24 hours, and cell cycle kinetics

were determined for the first and second divisions using visual inspec-

tion, manually scoring each well as having 1, 2, or 3−4 cells. Cell sur-

vival was assessed using visual inspection on day 10 (the sorting day is

determined as day 0), and clones were scored as very small (VS, less

than 50 cells), small (S, 50−500 cells), medium (M, 501−5,000

cells), large (L, 5,001−10,000), and extra-large (XL, 10,001 or more

cells).

Intracellular cytokine detection in human PB mononuclear cells

(PBMCs). Patient PB mononuclear cells (PBMNCs) were isolated as

described above. A total of 2−5 £106 cells/well were plated in 1 mL

of RPMI (Sigma-Aldrich) 10% fetal calf serum (FCS) in a 12-well

plate. For cytokine stimulations, IFN-g was used at a final concentra-

tion of 5,000 U/mL (Miltenyi Biotec). Secretion inhibitor (BD Golgi-

STOP, BD Biosciences) was added to both unstimulated and

stimulated conditions (0.6 mL/well). Cells were incubated at 37°C

for 4 hours (phorbol myristate acetate [PMA]/Ionomycin, or lipo-

polysaccharide [LPS] stimulation). After stimulation, MNCs cells

were washed twice in PBS, treated with Fc receptor blocking (BD

Biosciences), and then stained for cell surface markers: CD45/V450

(HI30, BD Biosciences), CD3/AF700, CD14/PE-Cy7 (M5E2, BD

Biosciences or BioLegend), CD15/BV605 (W6D3, BD Biosciences),

and CD56/BV711 (NCAM16.2, BD Biosciences), CD19/APC-Cy7

(SJ25-C1, Life Technologies). Zombie Aqua (BioLegend) was added

in some experiments. Cells were incubated at 4°C for 30 minutes,

then washed with staining buffer (PBS, 2% FCS). Cells were resus-

pended in fixation/permeabilization solution (BD, 200 mL/tubes or

100 mL/well) for 20 minutes at 4°C, washed twice with 250 mL/well

1 £ BD Perm/Wash buffer, and resuspended in staining buffer.

Stained and fixed cells were kept at 4°C for up to 12 hours before

proceeding with intracellular cytokine staining. Fixed/permeabilized

cells were resuspended in BD Perm/Wash buffer containing a conju-

gated anticytokine antibody. Cells were stained for 30 minutes at 4°

C with anti-IP-10/PE (6D4/D6/G2, BD Biosciences). Samples were

washed, resuspended in a staining buffer, run on a BD Fortessa flow

cytometer, and analyzed in FlowJo10. The different cell populations

were defined as follows: CD56�CD3+ (T cells), CD3�CD56+ (NK

cells), CD3+CD56+ (NK T cells), CD15+CD14- (granulocytes),

CD14+CD56� (CD14+CD56-

monocytes), CD14+CD56+

(CD14+CD56+ monocytes), and CD34+ (progenitors) (Supplemen-

tary Figure E1).

Transplantation of JAK TET Double-Mutant HSCs into IP-10

Recipients

Donor cells were obtained from JAK TET mice. Competitor cells

(3 £ 105 whole BM cells from IP-10 KO mice) were transplanted

alongside the donor cells (25 JAK TET HSCs/recipient). Recipients

were WT, purchased from Charles River Laboratories (Saffron Wal-

den, Essex, UK), or IP-10 mice purchased by The Jackson Laboratory,

irradiated with two doses (2£ 550 Gy, separated by > 4 hours) using

Caesium irradiation, and transplants were performed by intravenous

tail vein injection using a 29.5-G insulin syringe.

Experimental Hematology
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Flow Cytometric Analysis of BM and Spleen fromWT, JAK, TET,

IP-10, Double- and Triple-Crosses

BM and spleen tissues were collected from 16-week-old mice. As

above, BM was processed using flushing iliac bones, tibiae, and

femurs with 2% FCS in PBS. The spleen was processed by gently cut-

ting it into small pieces and then pressed through a 70-micron cell

strainer with a 1-mL syringe plunger (Greiner Bio-One Ltd.). Samples

were stained with the following antibodies: CD71/FITC (Clone

R17217, Cat no. 113806), TER119/PE-Cy7 (Clone TER-119, Cat no.

116221), CD3/PE (Clone 17A2, Cat no. 100206), B220/APC

(Clone RA3-6B2, Cat no. 103212), Ly6G/BV421 (Clone 1A8, Cat

no. 127628), and CD11b/BV785 (Clone M1/70, Cat no. 101243).

All antibodies were obtained from BioLegend. To obtain single-cell

suspensions, all samples were filtered through a 70-mm cell strainer

and treated with 7-amino actinomycin D (7AAD, Invitrogen) for

live/dead cell discrimination. After gating for viable cells, the different

stages of erythroblast differentiation (I through V) were defined

based on CD71/Ter-119 expression Supplementary Figure E2 The

precise borders between these regions were determined arbitrarily

[29]. All data were acquired on an LSD Fortessa X-20 (BD Bioscien-

ces) instrument and were analyzed using FlowJo v10.9.0 (FLOWJO

LLC, Ashland, OR).

RESULTS

Serum IP-10 Levels are Associated with JAK2 and TET2

Mutations in Patients with MPN

Previously, we undertook a PB serum screen of 38 cytokines across a

wide range of phenotypic human MPN disease subtypes [10]. For

most cytokines, no differences across patients were observed based

on mutational status alone, suggesting that a single genetic lesion or

combination of lesions does not dominantly instruct microenviron-

mental heterogeneity. One molecule (IP-10), however, was positively

correlated with the JAK2V617F variant allele fraction (VAF) in

patients with MPN (Figure 1a). When additional mutations were con-

sidered in combination with JAK2V617F, patients who carried muta-

tions in epigenetic regulators (TET2, DNMT3A, ASXL1, EZH2, or

IDH1/2) in combination with JAK Hom had the highest levels of IP-

10 in both polycythemia vera (PV) and myelofibrosis (MF) subtypes

when compared with patients carrying JAK2-heterozygous (JAK Het),

CALR, or MPL mutations (Neg) (Figure 1b), suggesting that larger

and more advanced MPN clones might produce more IP-10. More-

over, patients homozygous for the JAK2V617F mutation who also

had a loss-of-function mutation in TET2, the gene most commonly

commutated with JAK2, had the highest IP-10 concentration, and this

was irrespective of disease subtype (Figure 1c).

We next set out to determine whether IP-10 levels were similarly

dysregulated in a wide range of MPN mouse models where driver

mutations are present. IP-10 levels were highest in Tet2�/� mice

(TET) and combinatorial Jak2V617F/V617FTet2�/� or +/� (JAK Hom

TET) compared with both WT and CALRdel52 mice [24], mirroring

the findings in patient samples (Figure 1d). This shared overproduc-

tion of IP-10 across both mice and humans suggests that its dysregula-

tion is linked to mutations in JAK2 and TET2 and situates these

mouse models as powerful tools to study the effect of IP-10 on dis-

ease establishment and/or progression.

A Broader Range of Cells Produce IP-10 in More Advanced

MPNs

To further examine different disease-specific microenvironments, we

surveyed the mature blood cell types making IP-10. We profiled IP-10

production in patient PBMNCs by flow cytometry, including mature

cell markers (T cells, NK cells, monocytes, and granulocytes) [10]

(Supplementary Figure E1). In bulk leukocytes without stimulation,

IP-10 production was detected in five out of 15 patient samples

(> 3% positive cells of total PBMNCs) and these five patients had

either PV or MF. Upon IFN-g stimulation, production of IP-10

increased in the majority of patients as well as healthy controls with

the highest IP-10 production once again associated with more

advanced stages of disease (Figure 2a). In agreement with previous

studies [30], monocytes were the predominant producer of IP-10

across all samples, but a population of IP-10-positive CD14+CD56+

pro-inflammatory monocytes was observed in some patients with

MPN (Figure 2b and c), and these latter cells were particularly high in

PV4, whose JAK2V617F mutant allele burden was >95% in granulo-

cytes (Figure 2c). There was also increased production of IP-10 by

T cells in 3 of 5 patients with MF (Figure 2b and c), further supporting

the production of IP-10 by a wider range of cells compared with nor-

mal controls and patients with essential thrombocythemia (ET). Inter-

estingly, IP-10 production by PBMNCs in vitro strongly correlated

with the IP-10 concentration measured in serum (n = 14 patients,

r = 0.82, Figure 2d), but IP-10 did not have a direct effect in vitro on

single HSCs (Supplementary Figure E3). Together, these results indi-

cate that CD14+ monocytes are the main producers of IP-10. Subsets

of monocytes and T cells might feature as components of a distinct

MPN microenvironment observed in more severe disease subtypes;

however, further evidence in a larger cohort of patients is necessary

to substantiate this observation.

Microenvironmental Loss of IP-10 Does not Prevent JAK2-

TET2- Double-Mutant HSCs From Driving Disease

Although treatment with IP-10 did not directly affect mutant HSC

survival in vitro, its role in the context of the in vivo microenviron-

ment remains unclear. We therefore generated an in vivo model to

determine the role of IP-10 in the context of MPN initiation and evo-

lution. IP-10-deficient mice do not have a severe phenotype on their

own but do show impaired T-cell function, including a defect in T-cell

proliferation and recruitment of effector T cells in response to specific

antigenic challenges, such as stimulation with ovalbumin [20]. To

investigate whether the absence of IP-10 affects HSC function in

vitro, single E-SLAM Sca-1high HSCs [25] were isolated from WTand

IP-10 KO mice and cultured in vitro for 10 days, tracking divisional

kinetics and clone survival as described previously [21]. The time to

first, second, and third division of IP-10 KO HSCs overlapped nearly

identically with WT HSCs (Supplementary Figure E4a). Clone sur-

vival and clonal proliferation over the 10-day culture were also highly

similar to those of WT mice, as measured by assessing clone size distri-

bution, suggesting that there were no major perturbations of HSC

function in vitro due to the absence of IP-10 alone (Supplementary

Figure E4b and c).

To investigate whether a robust disease could be established and

maintained in an IP-10-deficient environment, we transplanted JAK2

TET2 double-mutant HSCs [21] into either WT or IP-10 deficient

recipients. A total of 100 CD45+EPCR+CD150+CD48� LT-HSCs
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(E-SLAM, »50% functional HSCs by single-cell transplantation

[25,28]) were isolated from JAK TET mice, and 25 cells/mice were

transplanted alongside IP-10 KO helper cells (300,000 cells/mouse)

into WTor IP-10 KO recipient mice. Recipients were serially bled at

4-, 8-, 12-, 16-, and 20-weeks post-transplantation and PB cell counts

were performed to monitor hematocrit (HCT) levels, hemoglobin

(Hb) levels, platelet (Plt) counts, and white blood cell (WBC) counts

(Figure 3a). Both WT and IP-10 KO recipients showed an increase in

HCT and Hb levels, resembling the donor PV-like phenotype, and

demonstrated that the absence of host-derived IP-10 does not

prevent JAK TET HSCs from initiating an MPN in a transplantation

setting. IP-10 KO and WT recipients show comparable Plt counts at

all time points. At 12 weeks post-transplantation, a slight increase in

HCT levels and WBC counts were observed in IP-10 KO mice com-

pared with the WT recipients, and WT recipients showed higher Hb

levels at week 8 post-transplantation (Figure 3b).

Together, these results indicate that the removal of IP-10 from the

host microenvironment does not prevent the initiation of disease

when JAK TET HSCs are transplanted into IP-10 KO mice. This could

be due to the mutant donor cells creating their own IP-10 as the

Figure 1 Serum levels of interferon gamma (IFN-g)−induced protein-10 (IP-10) correlate with JAK2 and TET2 mutational status. (A)

Correlation of IP-10 serum levels with JAK2V617F burden in each disease subtype. High levels of IP-10 correlate with an increase in

JAK2V617F allele burden. (B) Serum IP-10 levels in patients with essential thrombocythemia (ET), polycythemia vera (PV), and mye-

lofibrosis (MF) (JAK2-mutation negative [Neg], gray circles; JAK2V617F heterozygous alone [Het], green circles; JAK2Het with an

additional epigenetic mutation [Het + Epi], blue circles; JAK2V617F homozygous alone [Hom], pink circles; and JAK2Hom with an

additional epigenetic mutation [Hom + Epi], purple circles). Patients with JAK Hom + Epi reported the highest levels of IP-10 in both

the PV and MF subgroups. (C) IP-10 serum levels in patients with JAK2 and TET2 mutations. Patients with JAK2V617F-positive

(Hom) have increased levels of IP-10 compared with nonmutant patients (Negative). The highest levels of IP-10 are detected in

patients with both JAK2 homozygosity (Hom) and TET2 mutations (TET2 MUT). Bars show medians with interquartile range (IQR).

Mann-Whitney U test *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. (D) IP-10 levels in mouse models of myeloproliferative neo-

plasms. Serum levels of IP-10 in wild-type (WT, n = 9), CALRdel5 (CALR, n = 7), JAK2V617F KI Hom (JAK, n = 5), TET2 KO (TET,

n = 11), JAK Het TET (n = 12), and JAK Hom TET (n = 19) mice. Serum levels of IP-10 are increased in TET and JAK Hom TET mice,

compared with WT control mice. Bars show a median with IQR. Mann-Whitney U test: * p < 0.05, **p < 0.01, ***p < 0.001.
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clone grows, which may help maintain the disease. The mild reduc-

tion in HCT and Hb levels in the early stages of the purified JAK TET

HSC transplantation experiments accords with this possibility, where

HSCs would not be expected to have generated large numbers of

mature IP-10-secreting cells at early time points.

Combinatorial loss of IP-10 with JAK2V617F and TET2 loss-of-

function mutations partially ameliorates the PV-like phenotype

To exclude the possibility that transplantation of donor JAK TET

HSCs (and/or their progeny) leads to the re-introduction of IP-10

into the environment, we pursued genetic approaches to assess the

effects of the complete absence of IP-10 on disease biology. The first

approach consisted of crossing IP-10 KO mice with the JAK2V617F

KI line to generate a model that would completely deplete IP-10

from a JAK2-mutant background. PB was collected and analyzed

from 16-week-old JAK IP-10 double-mutant mice. A mild decrease in

Hb levels was observed in JAK IP-10 mice (both IP-10 Het and IP-10

KO) compared with the JAK Hom mice (Figure 4 and Supplemen-

tary Figure E5), suggesting that loss of IP-10 might partially ameliorate

the phenotype; however, HCT levels were still high in both settings.

Since IP-10 expression levels were higher in the presence of a

TET2 homozygous mutation in both patients and mice, our next

approach was to cross the JAK IP-10 double-mutant mice with TET2

KO mice to generate a triple-mutant mouse model (JAK2V617F/

V617FTET2�/�IP-10�/�, or “JAK TET IP-10”). Serial disease monitor-

ing of various genotypes—both single and triple-mutants—revealed

that only JAK2 homozygous mice (JAK Hom) displayed a strong red

blood cell phenotype when mutated as a single allele. In a similar

fashion to WT mice, TET IP-10 double KO mice (TET Hom IP-10

Hom) did not develop a red cell phenotype. The triple-mutant mice

(JAK Hom TET Hom IP-10 Hom), however, displayed a partial ame-

lioration of disease, whereby triple-mutant mice had reduced HCT

and Hb counts compared with JAK2 homozygous mice (JAK Hom)

and JAK IP-10 double-mutant mice (JAK Hom IP-10 Hom) (Figure 4).

The phenotype resolution we observe is highly unlikely to be attribut-

able to the absence of TET2 on a JAK-mutated background since pre-

vious work has shown that JAK2 TET2 double-mutant mice have a

more severe red cell phenotype than mice carrying a JAK2 mutation

alone [21].

In contrast, the reduction in red cells was not observed in the JAK

Hom IP-10 Hom or JAK TET Het IP-10 mice (JAK Hom TET Het IP-

10 Hom) (Supplementary Figure E5), suggesting that complete loss of

Figure 2 Aberrant production of interferon gamma (IFN-g)-induced protein-10 (IP-10) from CD14+CD56+ pro-inflammatory mono-

cytes and T cells from patients with myeloproliferative neoplasm (MPN). (A) Peripheral blood mononuclear cells (PBMNCs) from

patients with MPN (17 of 18 carrying JAK2 mutations, one with a CALR mutation) were stimulated with interferon gamma (IFN-g) for

4 hours and profiled using flow cytometry. IFN-g-induced protein-10 (IP-10) levels are higher in patients with polycythemia vera (PV)

and myelofibrosis (MF) compared with patients with essential thrombocythemia (ET). (B) The distribution of cell types producing

each cytokine post-stimulation is displayed in individual pie charts by disease subtype. IP-10 is mainly produced by monocytes. The

percentages displayed underneath each pie chart are the median percentage of positive cells out of total CD34 mononuclear cells

(MNCs). (C) Cell types producing IP-10, are shown for individual patients (n = 4 ET, n = 6 PV, and n = 5 MF). (D) Correlation of IP-10

(in both stimulated and unstimulated PBMNCs) with the original IP-10 concentration measured in serum (n = 14).
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TET2 activity creates a dependency on IP-10 driven biology in a JAK2

homozygous background. No statistically significant differences in

WBC and Plt counts were observed across the cohort.

The Absence of IP-10 Reduces the Impact of JAK2 V617F on

Erythroid Differentiation

As previously reported by Li et al. [23], the JAK2-mutant mice (JAK

Hom) present a PV-like phenotype, displaying a marked increase in

HCT, expansion of erythroid cells, and splenomegaly. To investigate

whether the cellular composition of red cell progenitors was altered

by the absence of IP-10 and/or TET2 on a JAK2V617F mutant back-

ground, BM and spleen cells from 16-week-old mutant mice were

isolated and analyzed for mature/progenitor cell composition using

flow cytometry. In the BM, JAK Hom mice have reduced pro-erythro-

blasts and increased terminally differentiated CD71�Ter119+ cells. In

accordance with the amelioration of HCT and Hb values in the PB

described above, the triple-mutant mice show a reversal of these phe-

notypes, with restored levels of pro-erythroblasts and terminally dif-

ferentiated CD71�Ter119+ cells. Interestingly, TET2 mutant mice

Figure 3 Interferon gamma (IFN-g)-induced protein-10 (IP-10) is not required for the development of the disease in a murine trans-

plantation model of myeloproliferative neoplasms (MPN). (A) Transplantation of JAK TET cells into IP-10 knockout (KO) or wild-type

(WT) recipients. Bulk LT-HSCs (25 per mouse) were sorted from JAK TET (JAK2V617F KI/TET2KO) mutant mice and transplanted

into either WT (n = 2) or IP-10 KO (n = 2) recipients, along with bone marrow (BM) cells from IP-10 KO (“helper cells,” 300,000 per

mouse). Serial bleeds were taken at 4-, 8-, 12-, 16-, and 20-weeks post-transplantation and peripheral blood cell parameters were

analyzed. (B) Hematocrit (HCT) levels, hemoglobin (Hb) levels, white blood cell (WBC) counts, and platelet (Plt) counts for IP-10 KO

and WT recipients transplanted with the same donor cells. No significant differences were observed in Plt counts at any time point. A

slight increase in HCT and WBC is reported in IP-10 KO mice compared with WT recipients (p = 0.0186 and p = 0.002, respectively)

at week 12 post-transplantation, and in Hb levels in WT mice compared with IP-10 KO at week 8 post-transplantation (p = 0.0103).

Bars show the mean with the standard error of the mean (§SEM). Unpaired t-test: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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were observed to have a depletion of terminally differentiated

CD71�Ter119+ cells, which may initiate a selective evolutionary pres-

sure to acquire JAK2 V617F mutations (Figure 5).

Spleen size was measured at experimental endpoints, and

although triple-mutant mice showed an elevated spleen size com-

pared with WT mice, they were not increased in size compared with

JAK2 homozygous mice (JAK Hom) (Supplementary Figure E6).

Together, these data show that the concomitant loss of TET2 and

IP10 on a JAK2V617F mutant background results in a less intense

MPN phenotype with respect to both red cell progenitors and overall

red cell phenotypes, thereby implicating IP-10 as a potential regulator

of advanced-stage MPNs.

DISCUSSION

A number of recent studies have drawn attention to the BM microen-

vironment as a driver of clonal selection in heterogeneous popula-

tions of normal and malignant blood stem cell clones [31]. Within this

body of work, multiple studies have implicated interferon signaling in

both HSC function [32−34] and MPN biology [35−37], and it con-

tinues to be one of the leading candidate regulators of disease-driving

HSCs. In this study, we identify a role for IP-10 in MPN biology,

whereby higher levels of IP-10 strongly correlate with increasing dis-

ease severity and the presence of both JAK2 and TET2 mutations.

Using a series of MPN mouse models, we show the same correlation

with advanced disease, whereby JAK2 TET2 double-mutant mice

had the highest levels of IP-10. This allowed us to undertake further

studies to investigate its role in various hematopoietic lineages and in

the alteration of red cell production. Together, our data suggest that

IP-10 might be usefully explored as a potential therapeutic target for

ameliorating the impact of the MPN clone.

Our in vitro data using both human and mouse-purified HSCs

show that IP-10 does not act directly on the core disease-driving

aspects of HSC biology: increased HSC proliferation and survival.

This, in addition to the lack of IP-10 receptor (CXCR3) expression on

HSCs [38], suggests that IP-10 acts on cells downstream of the HSC

and is involved in modulating the disease phenotype rather than the

seed cells of the disease itself. However, it is also formally possible, as

has been previously reported for other cytokines [33,39−42], that

the effect of IP-10 on HSCs might be different in vivo, but this would

require extensive future work.

Curiously, the disease-ameliorating effect of IP-10 loss was only

observed in combination with TET2 loss of function, the latter of

which typically makes the MPN phenotype worse [43,44], not better.

The presence of higher IP-10 levels in patients with JAK2 mutants

with TET2 commutations further supports the existence of a func-

tional link between TET2 and IP-10, especially since the loss of IP-10

in the JAK2 model without TET2 mutations had only very modest

effects on improving disease phenotype. As TET2 is a global regulator

of deoxyribonucleic acid (DNA) methylation patterns, it is possible

that its loss might also contribute to the dysregulation of genes that

Figure 4 Interferon gamma (IFN-g)-induced protein-10 (IP-10) loss results in a modest reduction in hematocrit (HCT) levels in JAK

homozygous (Hom) TET Hom IP-10 Hom mice compared with JAK Hom and JAK Hom IP-10 Hom mice. Sixteen-week-old mice

(n = 8 wild-type [WT], n = 6 IP-10 knockout [KO], n= 14 JAK Hom, n = 6 TET Hom, n = 10 JAK Hom IP-10 Hom, n = 4 TET Hom IP-10

Hom, and n = 6 JAK Hom TET Hom IP-10 Hom) were bled, and blood cell counts were performed. The graphs show hematocrit

(HCT) and hemoglobin (Hb) levels. JAK Hom, JAK Hom IP-10 Hom. and JAK Hom TET Hom IP-10 Hom mice showed increased HCT

and Hb levels compared with WT mice. A slight reduction in HCT levels was observed in JAK Hom TET Hom IP-10 Hom mice com-

pared with JAK Hom IP-10 Hom (p < 0.05) and JAK Hom (p < 0.05) mice. One-way analysis of variance (ANOVA) (Tukey’s multiple

comparisons test): *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Bars show the mean with the standard error of the mean

(§SEM).
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interact with or are regulated by, IP-10, further complicating the pic-

ture for understanding the mechanism by which only the triple-

mutant mice show any phenotype resolution. Moreover, recent data

have shown that the complete TET2 KO has a different impact on

the hematopoietic system when compared with the catalytic-deficient

TET2 KO that we used in this study, and this may also contribute to

unique IP-10-related biology [45].

Recent studies have shown that the cytokine environment in MPN

patients and/or MPN cell lines manifests pronounced regulatory pat-

terns of certain factors, including IP-10, compared with healthy con-

trols [46,47]. Moreover, such dysregulation in cytokine levels could

potentially contribute to therapeutic resistance in MPN clones [47].

In general, altered cytokine levels such as IP-10 in patients with MPN

might derive from hematopoietic (clonal and/or non-clonal) or

Figure 5 The increase in frequency of CD71�Ter-119+ terminally differentiated erythroblasts observed in JAK homozygous (Hom)

mice compared with wild-type (WT) mice is attenuated in JAK Hom TET Hom interferon gamma (IFN-g)-induced protein-10 (IP-10)

Hom mice. Bone marrow (BM) and spleen cells from 16-week-old mice (n = 17 WT, n = 4 IP-10 knockout (KO), n = 7 JAK Hom, n = 6

TET Hom, n = 5 JAK Hom IP-10 Hom, n = 7 TET Hom IP-10 Hom, and n = 4 JAK Hom TET Hom IP-10 Hom) were isolated and differ-

entiated cell composition analyzed. Representative fluorescence-activated cell sorter (FACS) profiles showing cells stained with

CD71 and Ter119 antibodies are shown in Supplementary Figure E2; I through V correspond to progressive stages of erythroid differ-

entiation. An increase in stage V terminally differentiated erythroblasts (CD71�Ter119+) is observed in the BM and spleen of JAK Hom

mice compared with WT mice. A slight decrease in stage V BM erythroblasts is observed in the BM and spleen of JAK Hom TET Hom

IP-10 Hom compared with JAK Hom mice. JAK Hom mice show a decrease in stage I BM and spleen erythroblast (CD71�Ter119�)

compared with WT mice, even a higher decrease in the BM of JAK Hom IP-10 Hom mice compared with WT mice, and the frequency

is mildly restored in BM and spleen from JAK Hom TET Hom IP-10 Hommice, with a frequency comparable to WT. Two-way analysis

of variance (ANOVA) (Tukey’s multiple comparisons test).
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nonhematopoietic cell sources. One possible route would be the

clonal expansion of mutated megakaryocytes or monocytes, whereby

an increased cell number might translate into higher levels of specific

cytokines, potentially driving increased angiogenesis or fibroblast dif-

ferentiation/recruitment with consequent BM fibrosis [48,49]. How-

ever, it remains unclear whether an increase in monocyte number

alone could explain the IP-10 levels or whether the novel T-cell

source of IP-10 we observe in some patients might come into play.

Either way, further investigation of potential targets of IP-10 and its

cellular source will be required to clarify the exact effect of this cyto-

kine on the microenvironment and its potential role in disease patho-

genesis or targetability for therapy.
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Supplementary Figure E1 Gate strategy used to identify IP-10-positive cells and leukocyte subsets granulocytes, CD14+CD56+

monocytes, CD14+CD56-monocytes, T-cells, NK-cells, NKT-cells, and progenitors [29].

Supplementary Figure E2 Stages of erythroid differentiation (I through V) were defined based on CD71 and Ter-119 profiles. The pre-

cise borders between these regions were determined arbitrarily
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Supplementary Figure E3 a) Single HSCs were sorted from MPN patients (n = 3 ET, n = 3 PV, n = 4 MF) and from mouse models of

MPNs (n = 3 WT, n = 3 JAK, n = 3 TET Hom, n = 2 JAK Hom TE2 Hom), cultured for 7 days with (Treated) or without (Untreated) IP-10

(50ng/mL and 100 ng/mL for human and mouse HSCs respectively) and assessed for cell survival. b) IP-10-treated HSCs did not

show a significant difference in survival over the untreated counterparts. No differential effect of IP-10 was observed across the dif-

ferent MPN subtypes or MPN mouse models. Bars show mean with SEM.
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Supplementary Figure E5 Graphs showing a) HCT and b) Hb

levels for WT, IP-10-mutated mice, JAK- IP-10-mutated mice,

TET- IP-10-mutated mice and JAK- IP-10- TET-mutated mice.

One-way ANOVA (Tukey’s multiple comparisons test): *p < 0.05,

**p < 0.01, ***p < 0.001, ****p < 0.0001. Comparisons shown for

WT vs all other genotypes only. Bars show mean and SEM.

Supplementary Figure E4 a) Single CD45 + EPCR + CD48 - CD150 + Sca-1 high (ESLAM Sca-1high) LT-HSC from IP-10 KO (n = 3)

and WT mice (n = 2) were sorted into individual wells of 96 well plates, cultured for 10 days in StemSpan with 10%FCS, 300ng/mL

SCF, and 20ng/mL IL-11, and assessed for proliferation, cell cycle kinetics, and survival. IP-10 KO HSCs (purple line) do not have

altered cell cycling compared to WT (grey line) HSCs. Two-way ANOVA (Sidak’s multiple comparisons test). b) IP-10 KO (purple bar)

and WT (grey bar) HSCs have comparable clone survival at day 1020post-isolation (Unpaired t-test, p = 0.9801). c) Colony size was

measured on day 10 post- isolation and no differences in clone size distribution was observed between IP-10 KO and WT HSCs. Two-

way ANOVA (Sidak’s multiple comparisons test): VS = very small, p = 0.9999; S = small, p = 0.7776; M = medium, p = 0.9998; L = large,

p > 0.9999; XL = very large, p = 0.5105. All bars showmean with SEM.

Supplementary Figure E6 Graph showing spleen weight (g) for

WT, IP-10 Hom, JAK Hom, TET Hom, TET Hom IP-10 Hom, and

JAK Hom TET Hom IP-10 Hom mice. One-way ANOVA (Tukey’s

multiple comparisons test): *p < 0.05, **p < 0.01, ***p < 0.001,

****p < 0.0001. Bars show mean and SEM.
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