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Chronic myelomonocytic leukemia (CMML) is a myelodysplastic syndrome/myeloprolifera-

tive neoplasm overlap syndrome characterized by monocytic proliferation in the presence of

dysplastic bone marrow changes, inflammatory symptoms, and propensity for transforma-

tion to acute myeloid leukemia (AML), with a poor prognosis and limited treatment options.

Unlike the a and b isoforms, the phosphatidylinositol-3-kinase (PI3K)−d signaling protein is

predominantly expressed by hematopoietic cells and therefore has garnered interest as a

potential target for the treatment of lymphomas and leukemias. We revealed a pattern of

increased PIK3CD:PIK3CA ratio in monocytic M5 AML patients and cell lines, and this

ratio correlated with responsiveness to pharmacological PI3K-d inhibition in vitro. Because

CMML is a disease defined by monocytic clonal proliferation, we tested the PI3K-d inhibitor

umbralisib as a single agent and in combination with the JAK1/2 inhibitor ruxolitinib, in

CMML. Our ex vivo experiments with primary CMML patient samples revealed synergistic

inhibition of viability and clonogenicity with this combination. Phospho-specific flow cytome-

try revealed that dual inhibition had the unique ability to decrease STAT5, ERK, AKT, and

S6 phosphorylation simultaneously, which offers a mechanistic hypothesis for the enhanced

efficacy of the combination treatment. These preclinical data indicate promising activity by

co-inhibition of PI3K-d and JAK1/2 and support the use of ruxolitinib + umbralisib combina-

tion therapy in CMML under active clinical investigation. © 2021 Published by Elsevier Inc.
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Chronic myelomonocytic leukemia (CMML) is a myelo-

dysplastic syndrome/myeloproliferative neoplasm over-

lap syndrome (MDS/MPN) characterized by monocytic

proliferation in the presence of other cytopenias, spleno-

megaly, and propensity for transformation to acute mye-

loid leukemia (AML). Prognosis is generally poor, with

a mean overall survival between 2 and 5 years [1].

Response to conventional treatment is variable, and the

only curative treatment is allogeneic hematopoietic stem

cell transplantation (HSCT). Preclinical observations of

hypersensitivity to janus kinase/signal transducer and
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activator of transcription (JAK/STAT)-dependent granu-

locyte−macrophage colony-stimulating factor (GM-CSF)

signaling in CMML have led to successful trials testing

JAK inhibitors in the clinic [2−4]. Compensatory JAK2/

STAT5 signaling following phosphatidylinositol-3-

kinase (PI3K)/AKT inhibition has been observed in

breast cancer models, spurring interest in inhibiting both

signaling pathways simultaneously [5]. Co-targeting of

the JAK/STAT and PI3K/AKT pathways has been inves-

tigated preclinically in a range of neoplasms, with prom-

ising results, including in myleofibrosis [6,7].

Considerable pharmaceutical efforts toward inhibiting

the PI3K/AKT pathway have focused on inhibitors that

are specific to one or more of the four class I PI3K cata-

lytic subunit isoforms (p110-a,b,d,g), and strong in vitro

growth inhibitory synergy between a PI3K-d-specific

inhibitor and a JAK1/2 inhibitor has been previously

reported in myeloid leukemia patient samples, including

a single CMML patient sample [8].

Umbralisib (TGR-1202) is a PI3K-d isoform-selective

and casein kinase 1-e (CK1e) inhibitor that has had

impressive responses in clinical trials for the treatment of

lymphoid malignancies, which are known to be reliant on

the PI3K-d subunit for AKT activation and survival [9].

Unlike the ubiquitously expressed PI3K-a and −b iso-

forms, PI3K-d is confined largely to hematopoietic cells,

and has been identified as the predominant isoform seen in

bone marrow aspirates from AML patients, although its

role in CMML has yet to be investigated [10,11]. An

ongoing clinical trial in a related myeloid disease, myelofi-

brosis, reported that umbralisib augmented the response to

ruxolitinib in patients previously resistant to ruxolitinib

monotherapy, and resulted in a complete response (CR) in

2 patients (International Working Group—Myeloprolifera-

tive Neoplasms Research and Treatment (IWG-MRT) con-

sensus criteria, response rate = 56.5%) [12]. Here, we

evaluated the efficacy of umbralisib in combination with

ruxolitinib in human leukemia cell lines and primary

CMML patient samples to provide support for this combi-

nation as a new therapeutic strategy in CMML.

Methods

Patient samples

Experiments were conducted on viably frozen, primary

CMML patient samples, which were provided by the Vander-

bilt−-=Ingram Cancer Center Hematologic Malignancy

Tumor Bank in accordance with the tenets of the Declaration

of Helsinki and approved by the Vanderbilt University Medi-

cal Center Institutional Review Board.

Cell lines

AML cell lines MV-4-11, Kasumi-1, K-562, U-937, Kasumi-

3, PL-21, MOLM-16, and THP-1 and leukemia mantle cell

lymphoma cell line Z-138 were purchased from the American

Type Culture Collection (ATCC, Manassas, VA). OCI-
AML3, HEL, F36P, and MOLM-13 cell lines were purchased

from Deutsche Sammlung von Mikroorganismen und Zellkul-

turen (DSMZ, Braunschweig, Germany). ATCC and DSMZ

cell bank cell lines were authenticated by short tandem

repeat profiling and cytochrome c oxidase gene analysis. Cul-

tured cells were split every 3 to 4 days and maintained in

exponential growth phase. Cell lines were tested for Myco-

plasma in 2019 using the Universal Mycoplasma Detection

Kit (ATCC). Cells were used for the experiments presented

here within 10 to 30 passages from thawing. The MV-4-11

cell line was grown in Iscove’s modified Dulbecco’s medium

(IMDM), the THP-1 cell line was grown in RPMI-1640 sup-

plemented with 10% fetal bovine serum (FBS) and

0.05 mmol/L 2-mercaptoethanol, and all other cell lines were

cultured in RPMI-1640 and supplemented with 10% to 20%

FBS. Cells were kept at 37˚C in a 5% CO2 incubator. All

media were supplemented with 100 U/mL penicillin and 100

mg/mL streptomycin.
Protein extracts and Western blotting analysis

Cell lines were grown in their respective media before total

protein lysates were extracted in Laemmli sample buffer

(Bio-Rad, Hercules, CA), sonicated, and boiled at 95˚C for

10 min. The samples were loaded in a 10% sodium dodecyl

sulfate−polyacrylamide gel (3.6 mg protein/well for patient

samples and 1.67£ 105 cells/well for cell lines). Cryopre-

served CMML patient samples were resuspended in RPMI-

1640 supplemented with 10% FBS and immediately exposed

to RIPA lysis buffer; then lysates were extracted with RIPA

extraction buffer and boiled at 95˚C for 10 min. Western blot

analysis was performed according to standard protocol with

antibodies to PI3K-a (C73F8 clone, Cell Signaling Technol-

ogy), PI3K-b (C33D4 clone, Cell Signaling Technology,

Danvers, MA), Pi3k-d (D1Q7R clone, Cell Signaling Tech-

nology), PI3K-g (D55D5 clone, Cell Signaling Technology),

and actin (Sigma-Aldrich, St. Louis, MO). The relative den-

sity of bands was measured using Li-COR (Lincoln, NE)

Image Studio Lite version 5.2.
Gene expression data sets

Cell line AML subtype gene expression data were analyzed

from microarray data (log2 expression) from the Hemap data

set (http://hemap.uta.fi/) [13]. The data were generated using

RNA extracted from the mononuclear cell fraction of AML

patients. For healthy monocytes, only gene expression data

from experimental controls not manipulated with drugs or

cytokines were used. Cell line microarray data were gathered

from the Cancer Cell Line Encyclopedia (CCLE), whose cre-

ators bear no responsibility for our analysis or interpretation

[14]. For analysis of CMML gene expression, log2-trans-

formed expression values of Affymetrix Human Genome

U133 Plus 2.0 Array probe sets were downloaded from GEO

(GSE42731, GSE61804). Heatmaps were generated using the

Heatmapper resource (http://heatmapper.ca/expression/) using

median log2 gene expression values from the Hemap data set

[15]. Color shading represents the relative abundance of gene

expression across each sample type, represented as the Z

score.

http://hemap.uta.fi/
http://heatmapper.ca/expression/
https://doi.org/10.1016/j.exphem.2021.02.008
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In vitro growth inhibition assays

Cryopreserved CMML bone marrow (BM) mononuclear cells

(MNCs) were resuspended in STEMSPAN serum-free expan-

sion medium supplemented with 10 ng/mL GM-CSF (Pepro-

Tech, Rocky Hill, NJ). To determine the efficacy of

umbralisib independently and in combination with ruxoliti-

nib, cell lines or patient samples were plated into a 384-well

plate and treated for 72 hours at 37˚C and 5% CO2 with

umbralisib (provided by TG Therapeutics, New York, NY) or

ruxolitinib (Selleckchem, Houston, TX) at concentrations

ranging from 3 nmol/L to 10 mmol/L. Cell viability was mea-

sured using CellTiter-Glo reagent (Promega Corp, Madison,

WI), and relative luminescence units (RLU) were measured

with a microplate reader (BioTek, Winooski, VT). Viability

was defined as the percentage of RLU of each well compared

with the RLU of cells treated with a dimethyl sulfoxide

(DMSO) vehicle. Data are expressed as the mean § SD from

three replicates for cell line experiments and two replicates

in the case of patient samples.
Drug combination analysis and calculation of synergy

The effects of the combinations were calculated using the

Zero Interaction Potency (ZIP) model, which compares

observed and expected combination effects [16]. A detailed

description and interpretation guide are included in the

Supplementary Data (online only, available at www.exphem.

org).
Colony formation assays

CMML bone marrow mononuclear cells (BMMCs) were

resuspended as above and added to 3 mL of MethoCult

H4230 methylcellulose (STEMCELL Technologies, Vancou-

ver, BC, Canada) to a final concentration of 1−3£ 105 cells/

mL containing GM-CSF (10 ng/mL) and either DMSO,

30 nmol/L ruxolitinib, 3.3 mmol/L umbralisib, or the combi-

nation. Next, 1.1 mL of the MethoCult solution was plated

into 35£ 10-mm Petri dishes, in duplicate. Plates were incu-

bated for 14 days at 37˚C and 5% CO2, and colony (defined

as a cluster of >50 cells) counts were then determined under

a microscope at 10£magnification.
Flow cytometry

CMML BMMCs were resuspended as described above. Cells

were treated with DMSO (<0.1% by volume), 100 nmol/L

ruxolitinib, 10 mmol/L umbralisib, or their combination for

24 or 48 hours in an incubator at 37˚C and 5% CO2.

CD33+CD45+ subpopulation measurements were taken at the

24-hour time point, whereas CD34+CD38− viability is

reported from the 48-hour time point measured in separate

experiments. This was done to preserve adequate cell counts

in the CD33+CD45+ population, which decreased in number

more rapidly than the CD34+CD38− population. Cells were

stained with a combination of antibodies against human

CD33-PE/Cy7 (Clone P67.6, BioLegend, San Diego, CA),

CD45-APC (Clone 2D1, BioLegend), CD34-PE-Dazzle 594

(Clone 581, BioLegend), CD38-APC/Cy7 (Clone 90, BioLe-

gend), and the AnnexinV/DAPI Apoptosis Detection Kit (BD

Pharmingen, San Diego, CA) and subjected to flow-
cytometric analysis using a four-laser LSR Fortessa (Becton

Dickinson, Franklin Lakes, NJ).
Phospho-specific flow cytometry

Phospho-specific flow cytometry with fluorescence cell bar-

coding was performed as has previously been reported [17].

Briefly, cells (either patient samples or cell lines) were plated

at 1£ 106 cells/mL and incubated with either DMSO, umbra-

lisib (No. S8194, Selleck Chemicals, Houston, TX; 20 mmol/

L), ruxolitinib (No. S1378, Selleck Chemicals; 60 nmol/L),

or the combination for 30 min. Cells in the stimulated condi-

tion were subsequently stimulated with 20 ng/mL GM-CSF

(No. 300-03-20UG, PeproTech) for 15 min, and all were then

exposed to 50£Ax700 (No. A20010, Invitrogen, Carlsbad,

CA) viability stain. Cells were fixed in 1.6% paraformalde-

hyde (PFA, No. 50-980-487, Fisher Scientific, Waltham,

MA) in the dark at room temperature for 10 min, washed

with phosphate-buffered saline (PBS), permeabilized with

MeOH (No. A4121, Fisher Scientific), and stored at �80˚C.

Cells were washed twice with PBS before barcoding with

serial dilutions of Pacific Orange (1:2.5; No. P30253, Invitro-

gen) and Pacific Blue (1:2.4; No. P10163, Invitrogen) dyes

and combining in a single tube [18,19]. Cells were stained

with pSTAT5-PE/Cy7 (Clone 47, BD:560117), pERK-Ax488

(Clone 6B8B69, BioLegend No. 369508), pAKT-Ax488

(Clone M89-61, Becton-Dickinson No. 560404, and Clone

D9E, Cell Signaling Technology No. 5315S), and pS6-Ax647

(Clone D57.2.2E, Cell Signaling Technology No. 4851S) in

the dark at room temperature for 30 min. Cells were washed

with 1 mL PBS/BSA, resuspended in 0.2 mL PBS/BSA, and

analyzed with a four-laser LSR Fortessa.
Next-generation sequencing

For next-generation sequencing (NGS), CMML patient bone

marrow aspirates were obtained, and DNA was isolated using

a DNA Midi Kit (Qiagen, Hilden, Germany) for NGS in a

panel of commonly mutated regions of myeloid neoplasia-

associated genes across the genome. The analytic targets

included in the OnkoSight NGS Myeloid Malignancies gene

panel (Illumina, San Diego, CA) include exonic regions

across each of the following genes: SRSF, U2AF1, TET2,

IDH2, DNMT3A, RUNX1, TP53, BCOR, BCORL1, ETV6,

NPM1, GATA2, WT1, ASXL1, EZH2, JAK2, FLT3, FBXW7,

CBL, KRAS, NRAS, SETBP1, ABL1, CSF3R, PTEN, PTPN11,

SRSF2, TP53, ZRSR2, PHF6, MYD88, IDH1, HRAS, CALR,

BRAF, and CDKN2A. The panel of validated genes consisted

of therapeutic markers, as well as genes with diagnostic and

prognostic utility in myeloid and other hematologic tumors.
Statistical analysis

Statistical comparison of gene expression levels between

myeloid leukemia subtypes was done using a two-tailed Wil-

coxon test followed by Benjamini−Hochberg adjustment of p

values, and fold change was computed to compare gene

expression levels for PIK3CA, PIK3CB, PIK3CD, and

PIK3CG using the National Institutes of Health’s GEO2R

Web-based tool (https://www.ncbi.nlm.nih.gov/geo/geo2r/).

For the in vitro growth inhibition assays and the flow cytom-

etry analysis of viability, differences in viability relative to

http://www.exphem.org
http://www.exphem.org
https://www.ncbi.nlm.nih.gov/geo/geo2r/
https://doi.org/10.1016/j.exphem.2021.02.008
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control between the treated groups were analyzed with a

paired t test using GraphPad software analysis (Prism 6.0h;

GraphPad, San Diego, CA). Dose−response curves were gen-

erated with GraphPad Prism version 6.0h, and 50% growth

inhibition concentration (GI50) values were determined using

linear regression of double-log transformed data. For compar-

ison of colony-forming ability among treatment arms, a mul-

tiple regression analysis was performed comparing the

relative viability of each single agent and the combination

across the seven samples tested using Stata (Version 14).
Results
We first sought to assess the expression pattern of the

PI3K isoforms in leukemic cell lines (Figure 1A).

There were a range of expression levels across the 12

myeloid leukemia cell lines and 1 mantle cell lym-

phoma cell line tested for all four PI3K subunit iso-

forms. The PI3K-d protein was most abundant in

myelomonocytic and monocytic AML cell lines, histo-

logically defined with the French−American−British

(FAB) classification as M4 or M5. There was less

expression in both erythroid leukemias (M6) and primi-

tive leukemia cell lines (M0−M2 and the chronic mye-

loid leukemia [CML] blast crisis line K562). There

were notable exceptions to this pattern of protein

expression; however, the gene expression data gener-

ated a more consistent picture. Comparing publicly

available microarray data sets from these cell lines

revealed, again, a common pattern of decreased

PIK3CA and increased PIK3CD in cell lines derived
Figure 1. PI3K catalytic subunit expression patterns in myeloid leukemias

cell lines to determine protein levels of PI3K-d. Actin was used as a loadin

Western blot band as measured with Image Studio Lite version 5.2. Fren

maturity and origin based on histological evaluation. (B) Heatmap of the m

available cell lines in the CCLE. (C) Heatmap of the median gene expres

and CD34+ cells from AML, MDS, CML, and healthy donor samples in

log2 gene expression ratio by AML FAB subtype from the Hemap data s

available.
from M5 AML patients (Figure 1B) [14]—an unsur-

prising result given that PI3K-d has been previously

reported to be predominately regulated at the level of

transcription [20].

This pattern also held true for gene expression data

from primary human AML blasts, with M5 AMLs express-

ing more PIK3CD and less PIK3CA than other AML sub-

types, including in isolated M5 CD34+ hematopoietic

progenitor cells (Figure 1C). We next analyzed a pair of

data sets containing both CMML and AML patient sam-

ples and found an increase in PIK3CD expression in

CMML compared with AML samples, though PIK3CA

was equivalent in this case (Supplementary Figure E1 and

Table E1, online only, available at www.exphem.org). The

differences of both genes across disease types are best

visualized by the PIK3CD:PIK3CA ratio, with M5 AML

and CMML having the greatest ratio of delta to alpha

(Figure 1D), but a statistical comparison of individual

gene mean log fold differences across leukemia subtypes

was also performed and was consistent with this represen-

tation (Supplementary Figure E1 and Table E1). The ratio

of PIK3CD to PIK3CA gene expression has previously

been reported to be correlated with response to PI3K-d

subunit inhibition in the clinic [22]. No other AML sub-

types, nor other myeloid malignancies such as MDS and

chronic myeloid leukemia (CML) followed this pattern of

PI3K isoform gene expression (Supplementary Table E2,

online only, available at www.exphem.org).

We next assessed the efficacy of umbralisib against

select cell lines with varying PI3K-d protein levels.
. (A) Western blot analysis of 11 myeloid and 1 lymphoid neoplasm

g control. The PI3K-d/actin ratio describes the relative density of the

ch−American−British (FAB) subtyping differentiates AML by cell

icroarray median gene expression of PI3K catalytic subunit genes in

sion for each AML FAB class, healthy samples, healthy monocytes,

the Hemap data set. (D) Violin plot of PIK3CD to PIK3CA median

et. CMML data were gathered from Gelsi-Boyer et al. [21]. NA=not

http://www.exphem.org
http://www.exphem.org
https://doi.org/10.1016/j.exphem.2021.02.008


Figure 2. Ruxolitinib/umbralisib combination treatment of leukemia cell lines. (A,B) The viability of treated cell lines compared with the

DMSO control using the CellTiter-Glo assay was plotted for (A) the indicated concentration gradient of solo agent umbralisib and (B) selected

concentrations of ruxolitinib, umbralisib, and the combination. Each symbol represents the mean of three experimental replicates. The color

associated with each cell line relates to the relative expression of PI3K-d as determined by Western blot analysis. (C,D) Histograms from a rep-

resentative experimental replicate (n = 2) of phospho-specific flow cytometry analysis of cell signaling responses of THP-1 and MV-4-11 cell

lines to the combination treatment in the absence (C) and presence (D) of GM-CSF stimulation. Values represent the arcsinh of the median fold

change from DMSO-treated cells.
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Myeloid leukemia cell lines were largely insensitive to

umbralisib as a solo agent, similar to the observed

activity of the related compound, idelalisib, in AML

samples (Figure 2A) [11]. However, a trend emerged

wherein cell lines with increased PI3K-d expression

(THP-1, MV-4-11, Z-138) had the greatest dose

response to umbralisib. The myelomonocytic (B-mye-

loid) leukemia cell line, MV-4-11, was the most sensi-

tive with 50% growth inhibition (GI50) reached at 5.7

mmol/L, and is also the only cell line tested where the

PI3K-d protein was the only isoform detected by West-

ern blot. The combination of 3.3 mmol/L ruxolitinib

and 10 mmol/L umbralisib, our highest doses tested,

exhibited moderate ability to reduce growth across the

cell lines, with MV-4-11 having the greatest growth

inhibition in all three conditions. Umbralisib offered

modest additive growth inhibition to ruxolitinib in

cases where it had almost no activity as a solo agent,

such as with Molm-16 and K-562 (Figure 1B). Interest-

ingly, THP-1 was completely insensitive to ruxolitinib

as a solo agent, in stark contrast to MV-4-11, the other

PI3K-d-predominant myeloid leukemia cell line tested.

To investigate this further, we examined cell signal-

ing changes in both THP-1 and MV-4-11 in their typi-

cal cell culture conditions as described above, without
the addition of cytokines (Figure 2C). As expected,

umbralisib decreased pAKT and pS6 signaling in THP-

1 cells. Interestingly, there was a paradoxical increase

in pERK signaling when THP-1 cells were exposed to

ruxolitinib alone, a pattern that was reversed when rux-

olitinib was combined with umbralisib. MV-4-11 sig-

naling changes were comparable to THP-1 with the

solo agents; however, the combination exhibited a

unique ability to decrease all four cell signaling mole-

cules including pSTAT5. Because of our interest in

CMML and its known hypersensitivity to GM-CSF

stimulation, we also investigated in vitro cell signaling

responses in the presence of this cytokine (Figure 2D).

In both cell lines, ruxolitinib decreased pSTAT5 to

basal levels and pERK to a lesser extent. Umbralisib

reduced pAKT and pS6, but neither pERK nor pSTAT5

was significantly affected. The combination again was

unique in its ability to reduce all four signaling mole-

cules to near-basal levels. Experimental replicates with

their corresponding dotplots and each cell line’s

response to GM-CSF stimulation can be found in the

Supplementary Figure E2 (online only, available at

www.exphem.org).

Given the pattern of PI3K catalytic subunit expression

observed in cells with a monocytic histological phenotype,

http://www.exphem.org
https://doi.org/10.1016/j.exphem.2021.02.008


Table 1. CMML patient characteristics and response to individual agents

*Clinical information corresponding to CMML patient samples. Karyotype and blast% values are from the time of diagnostic bone mar-

row biopsy. Samples were tested with targeted next-generation sequencing of 37 myeloid genes. Viably frozen CMML BMMNCs were

treated ex vivo with threefold dilutions of ruxolitinib and umbralisib, and the GI50 at 72 hours was calculated.
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we moved to study the activity of umbralisib in CMML

patient samples, both as a solo agent and in combination

with another emerging therapy, ruxolitinib. All studies were

conducted on viably frozen BMMNCs from 14 CMML

patients, with a diverse range of BM blast percentage and

molecular aberrations as detected by a next-generation

sequencing panel (Table 1; Supplementary Figure E3,

online only, available at www.exphem.org). Congruent with

previous reports, ruxolitinib effectively repressed growth of

CMML samples in vitro, with a majority of samples having

GI50 values between 2 and 550 nmol/L (Table 1) [2].

Umbralisib exhibited comparable efficacy in CMML patient

samples as was shown in the MV-4-11 cell line, with a

majority of GI50 values between 0.3 and 14 mmol/L

(Table 1). Umbralisib had previously been reported to

induce no cytotoxicity in healthy hematopoietic progenitor

cells at concentrations >10 mmol/L, which is also a clini-

cally achievable plasma concentration in humans treated

with umbralisib [11,23].

CMML samples contained significant amounts of the

PI3K-d isoform protein as examined by Western blot

(Figure 3A). The combination of 100 nmol/L ruxoliti-

nib and 10 mmol/L umbralisib decreased viability in

most samples tested beyond the monotherapy treat-

ments and resulted in ZIP synergy scores ranging from

5 to 17, indicating an additive to synergistic effect, in

a majority of patients tested (Figure 3B,C; Supplemen-

tary Figure E4, online only, available at www.exphem.

org). The strongest synergy was found in the CMML

samples 004, 006, and 009. All three harbor mutations

in progrowth signaling pathways, including the only

two samples with JAK2 mutations and a third contain-

ing a NRAS mutation. CFU assays further illustrated

the ability of ruxolitinib + umbralisib to reduce clono-

genicity to a greater extent than either agent alone

(Figure 3D). Finally, the combination also decreased

the viability, defined using flow cytometry as Annexin

V−/DAPI− cells of myeloid CD33+/CD45+ and
hematopoietic stem cell CD34+CD38− cell subpopula-

tions (Figure 3E,F). Representative dotplots and gating

strategy for these experiments can be found in the Sup-

plementary Figure E5 (online only, available at www.

exphem.org).

As was done with cell lines described above, a small

number of available samples were subsequently investi-

gated for cell signaling changes. As previously

reported, ruxolitinib alone decreased pSTAT5 levels

across three samples tested in response to stimulation

with GM-CSF (Figure 3G). Assessment of pAKT sig-

naling was limited by a weak response of this signaling

pathway to GM-CSF stimulation in our patient sam-

ples; however, umbralisib has previously been reported

to dose-dependently inhibit AKT phosphorylation

across a range of cell lines [24]. Solo agent treatment

with umbralisib resulted in significant increases in

pSTAT5 in two of three samples, consistent with stud-

ies describing STAT5-mediated resistance to solo agent

PI3K-AKT pathway inhibition [7]. The combination

treatment resulted in a unique pattern of signaling

changes, including consistent pS6 and pERK downre-

gulation, as was seen in both cell lines. Although not

observed consistently across samples tested, a unique

basal pERK signaling pattern was observed in a single

NRAS-mutant sample in the absence of GM-CSF stim-

ulation, CMML 010, which exhibited an increase in

pERK in the presence of ruxolitinib alone but a

decrease when combined with umbralisib, as was seen

in the THP-1 cell line (Figure 3H).

Discussion

CMML is associated with significant morbidity and

mortality and affects predominately patients of

advanced age, limiting the utility of HSCT. Current

treatment options centered around hydroxyurea and

DNA methyltransferase inhibitors (DNMTi) do not sig-

nificantly alter the natural disease course in most

http://www.exphem.org
http://www.exphem.org
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Figure 3. Ruxolitinib/umbralisib combination ex vivo treatment of CMML patient samples. (A) Western blot analysis of two CMML patient

bone marrow samples and 1 healthy bone marrow sample. Actin was used as a loading control. (B) The viability of treated cells compared with

that of the DMSO control using the CellTiter-Glo assay was plotted for the indicated concentrations. Individual patients are represented by spe-

cific shapes (two-tailed t test; n.s.=not significant, *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001). (C) The overall ZIP d synergy score

was based on the entire range of doses tested, and the most synergistic area score was based on the specific concentrations that had the highest

synergy for each CMML sample tested. Red shading indicates increasing synergy values. (D) Inhibitory effect of ruxolitinib (Rux), umbralisib

(Umb), and the combination (Rux/Umb) on CFU-GM growth from CMML samples stimulated with GM-CSF. Colony growth was assessed after

14 days. Results are expressed as the percentage CFU-GM growth relative to cultures without drug. Multiple regression analysis confirmed that

the combination treatment reduced clonogenicity more than either individual drug treatment (p < 0.001). Numbers in parentheses below horizon-

tal labels represent the average number of colonies counted in each experiment with respect to the control condition. (E,F) Viability was deter-

mined by annexin V/DAPI staining using flow cytometry with viable cell defined as AnnexinV−DAPI− for both early myeloid (CD45+/CD33+)

at 24 hours and hematopoietic stem cells (CD34+CD38−) at 48 hours. Each symbol represents a single experimental replicate for each patient

sample. (G) Heatmap revealing phosphorylated signaling protein changes measured using phospho-specific flow cytometry. Samples were incu-

bated with DMSO, umbralisib, ruxolitinib, or the combination for 30 min and subsequently incubated with GM-CSF for 15 min before fixing

and staining. Color shading represents arcsinh values of the median fold change from DMSO-treated cells. (H) Histograms of pERK protein lev-

els under unstimulated culture conditions (without addition of GM-CSF) in response to ruxolitinib, umbralisib, or their combination in a single

NRAS-mutant patient sample. Values represent the arcsinh of the median fold change from DMSO-treated cells.
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patients [25,26]. Early clinical trial data have indicated

that ruxolitinib may improve the inflammatory symp-

toms that burden CMML patients, but no evidence yet

exists that ruxolitinib alone can improve survival in

CMML [3]. Preclinical studies have identified complex

hyperactivated signaling networks that sustain clonal

growth of myeloid cells in the presence of ruxolitinib,

suggesting that treatment with a combination of signal

transduction inhibitors may be necessary to effectively

treat the disease in some cases [25].
In this study, we have identified a pattern of PI3K

catalytic subunit expression, namely, increased

PI3KCD and decreased PIK3CA, which correlates

with a monocytic histological phenotype, including

both M5 AML and CMML. Although a mechanistic

explanation for this gene expression pattern was not

sought by this study, we propose a likely mechanism

based on recently published CMML single-cell RNA

sequencing data [27]. PI3K-d is regulated primarily at

the transcription level, and transcription factor (TF)

https://doi.org/10.1016/j.exphem.2021.02.008
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binding cluster analysis has identified a handful of

key TFs that regulate PIK3CD expression, including

IRF and NFAT family members [20]. IRF has

recently been reported to be upregulated in CMML

hematopoietic stem cells, and both IRF and NFAT

TFs are known to play a key role in expression of

monocyte-specific genes [27−29]. It is possible that

the common phenotype of monocytic predominance

shared by the otherwise heterogeneous disease of

CMML is driven by a promonocytic differentiation

and pro-inflammatory TF networks, and these same

TFs preferentially promote the expression of PIK3CD

over the other PI3K catalytic subunit genes.

Our investigation of primary CMML patient samples

reveals a promising relationship between JAK1/2 inhi-

bition and PI3K-d inhibition. Studies of signaling pro-

tein changes offer a hypothesis based on the unique

ability of this combination to prevent activation of the

S6, STAT5, and ERK pathways simultaneously. ERK

has previously been identified as a compensatory mech-

anism to JAK inhibitors in MPNs and has been

reported to play a key role in the GM-CSF hypersensi-

tivity observed in an oncogenic NRAS CMML model

[30,31]. PI3K/AKT signaling has been found to regu-

late ERK activation in JAK2V617F mutant myelofibrosis

patient samples, and notably, the two CMML samples

we studied that harbored JAK2 mutations had the two

highest synergy scores [32]. PI3K-d, specifically, was

necessary for GM-CSF−mediated ERK activation in a

juvenile myelomonocytic leukemia model [33].

Although this pattern was observed, it was not consis-

tent across our already limited number of patient sam-

ples. It is unsurprising a clear and consistent signaling

pattern was not generated with CMML patient samples

given the heterogeneity of this disease, and these sig-

naling changes should not be expected to be observed

across all CMML patients.

Among the PI3K subunit isoforms, the PI3K-d pro-

tein has unique relevance for the treatment of bone

marrow neoplasms [10]. PI3K-d-targeting therapies

have been frequently associated with autoimmune phe-

nomena, which limit their tolerability, attributed to

their suppressive effects on T regulatory cells, but this

appears to be less true of umbralisib [9,34,35]. In this

context, these preclinical data indicate novel synergis-

tic activity in CMML by co-inhibition of PI3K-d and

JAK1/2 with two well-tolerated pharmaceuticals at

clinically relevant doses and support the use of ruxoli-

tinib/umbralisib combination therapy in CMML under

active clinical investigation (NCT02493530).
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Figure S1. PIK3CA and PIK3CD gene expression comparisons

by leukemia type. Box and whisker plots representing mean log

fold difference between two myeloid disease subsets derived from

Affymetrix Human Genome U133 Plus 2.0 Array probe sets. Data is
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Supplementary Methods

Drug combination analysis and calculation of synergy. To

assess the efficacy of the combination of umbralisib and rux-

olitinib compounds, cells were plated and viability deter-

mined as described above using 3-fold dilution matrices of

umbralisib and ruxolitinib. The effects of the combinations

were calculated using the Zero Interaction Potency (ZIP)

model, which compares observed and expected combination

effects.1 The ZIP model combines the advantages of the Bliss

independence and Loewe additivity models. As a null

hypothesis, it assumes that two non-interacting drugs will

incur minimal changes in their drug response curve. The out-

put of the ZIP model is the delta synergy score (d), which is

the average combination effect of the drugs over the total

dose matrix tested. The synergy scores can be interpreted as

the average excess response due to drug interactions (i.e. a

delta score of 10 corresponds to 10% of response beyond

expectation). There is no delta score threshold to define a

combination as synergistic. However, based on the
Figure S2. Cell signaling pathways in myeloid leukemia cell lines in response to ruxolitinib/umbralisib. (A-B) Histograms representing

complete data from phospho-specific flow cytometry experiments with THP-1 and MV-4-11 cell lines in both the presence and absence of GM-

CSF stimulation demonstrating the effect of ruxolitinib, umbralisib and their combination on cell signaling. (C-D) Histograms demonstrating the

cell-signaling response to GM-CSF stimulation of two cell lines. (E) Contour plots depicting the ratio of pERK, pS6 and double positive stain-

ing THP-1 cells when exposed to the single agents or drug combination.

the same as that presented in Figure 1D. Benjamini-Hochberg

Adjusted p-value; n.s. not significant, *p < 0.05, **p <0 .01,

***p<0.005, ****p<0.001. AML data is derived from the Hemap

database. CMML data are derived from Gelsi-boyer et al.
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Figure S3. CMML patient samples display differential responses to combination JAK1/2 and PI3K-d inhibition. CMML BMMNCs were

treated ex vivo with three-fold dilutions of ruxolitinib (Rux), umbralisib (Umb) or a combination (Rux/Umb) for 72 hours to generate dose

response curves.

Figure S4. CMML patient samples display differential synergy to combination JAK1/2 and PI3K-d inhibition. Contour plots of synergy

scores generated from a dose matrix of Rux/Umb using the ZIP model. The synergy scores were represented by pseudocoloring 2-D (left panel)

or 3-D (right panel) contour plots over the dose matrix, giving rise to the overall synergy landscape. Red color indicates synergy, while green

color indicates antagonism for the various concentrations of the Rux/Umb combination. Note different scale bars for ZIP synergy scores for

each patient sample.
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igure S5. Representative gating strategy for assessment of viability in myeloid subpopulations. (A) Representative dot plots and gating

trategy used to define both early myeloid (CD45+/CD33+) and hematopoietic stem cells (CD34+/CD38�) from CMML patient sample CMML

04. (B) Representative dot plots and gating strategy to determine viable cells (AnnexinV�DAPI�) within the CD45+/CD33+ subpopulation of

e patient sample CMML 004.
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Table S1. Differential PI3K catalytic subunit gene expression values and P-values by disease type. The log2 fold difference, two-tailed Wilcoxon test followed by Benjamini-

Hochberg adjustment of P-values (adj.P-value) were computed to compare gene expression levels for PIK3CA, PIK3CB, PIK3CD, PIK3CG across the indicated disease subtypes.

Comparison Gene P-Value Log Fold Change adj.P-Value Data Source

M0 vs M5 PIK3CD 5.48E-02 -0.217 2.12E-01 GSE6891

M1 vs M5 PIK3CD 7.27E-14 -0.663 2.74E-12 GSE6891

M2 vs M5 PIK3CD 3.07E-07 -0.383 4.23E-06 GSE6891

M3 vs M5 PIK3CD 6.75E-04 -0.315 4.31E-03 GSE6891

M4 vs M5 PIK3CD 1.50E-02 -0.194 2.48E-01 GSE6891

M6 vs M5 PIK3CD 5.02E-10 -1.600 3.61E-08 GSE6891

M1 vs M5 CD34 PIK3CD 1.01E-01 -1.270 3.98E-01 GSE12326

AML vs CMML PIK3CD 4.23E-03 -0.701 4.71E-02 GSE42731

AML vs CMML PIK3CD 5.52E-03 -0.676 8.08E-02 GSE61804

M0 vs M5 PIK3CA 6.40E-05 0.324 1.68E-03 GSE6891

M1 vs M5 PIK3CA 5.26E-15 0.550 2.47E-13 GSE6891

M2 vs M5 PIK3CA 1.00E-17 0.621 2.04E-15 GSE6891

M3 vs M5 PIK3CA 1.36E-08 0.680 2.99E-07 GSE6891

M4 vs M5 PIK3CA 9.43E-04 0.228 4.62E-02 GSE6891

M6 vs M5 PIK3CA 1.76E-03 0.495 1.32E-02 GSE6891

AML vs CMML PIK3CA 7.58E-02 0.427 3.07E-01 GSE42731

AML vs CMML PIK3CA 1.25E-01 0.380 4.18E-01 GSE61804

M1 vs M5 CD34 PIK3CA 2.72E-02 1.600 2.51E-01 GSE12326

Table S2. Mean gene expression values of PI3K catalytic subunits. Values represent mean log2-transformed expression values of Affymetrix Human Genome U133 Plus 2.0

Array probe sets. AML, MDS and CML data are derived from the Hemap database. CMML data are derived from Gelsi-boyer et al.

NAME PIK3CA PIK3CB PIK3CD PIK3CG

M0 (n = 67) 7.225 6.568 7.279 6.399

M1 (n = 131) 7.397 7.346 7.049 5.889

M2 (n = 205) 7.323 7.43 7.196 6.178

M3 (n = 71) 7.364 8.06 7.022 5.877

M4 (n = 160) 7.073 7.323 7.235 6.304

M5 (n = 100) 6.832 7.559 7.499 6.627

M6 (n = 26) 7.495 7.954 6.511 5.587

Monocytes (n = 25) 7.578 7.394 7.988 6.534

Healthy CD34 (n = 21) 7.236 7.114 6.942 6.206

AML CD34 (n = 58) 7.149 7.689 6.938 6.162

M1 CD34 (n = 2) 7.096 6.531 7.015 5.371

M5 CD34 (n = 4) 6.309 6.672 7.849 5.844

MDS (n = 423) 7.051 7.416 6.984 5.957

CML (n = 274) 7.199 7.567 6.667 5.824

CMML (n = 11) 8.004 7.980 10.011 7.458

Table S3. Clinical information for CMML patient samples. Karyotype and complete blood count (CBC) values are from the time of diagnostic bone marrow biopsy.

Hgb = hemoglobin (x 103), WBC = white blood cells (x 103), platelets (x 103), monocytes = absolute monocytes. Splenomegaly was considered positive if it was documented in the

patient’s electronic medical record (EMR) during initial clinic visit with oncologist.

Sample ID Age at Dx GENDER HgB at Dx WBC at Dx platelets at Dx Splenomegaly

CMML 001 67 M 13.2 41.5 120 -

CMML 002 67 F 9.7 4.7 71 -

CMML 003 62 M 12.1 2.6 55 -

CMML 004 60 F 10.9 7.9 863 +

CMML 005 72 M 9.8 4.2 198 -

CMML 006 66 F 9.5 67.7 176 -

CMML 007 65 M 11.6 19.4 9 -

CMML 008 74 M 8.6 8.2 277 -

CMML 009 59 M 11.9 13.9 51 -

CMML 010 56 M 12.5 14.9 86 +

CMML 011 76 F 6.0 6.5 354 +

CMML 012 66 M 12.1 38.5 109 -

CMML 013 65 F 12.0 45.0 311 -

CMML 014 57 F 7.7 18.4 99 +
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experience of the creators of the ZIP synergy model, delta

scores can be interpreted as follows:

� Less than -10: the interaction between two drugs is

likely to be antagonistic;
� From -10 to 10: the interaction between two drugs

is likely to be additive;
� Larger than 10: the interaction between two drugs

is likely to be synergistic.2
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