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Key Points

• BM stroma-derived conditions
protect AML patient cells
against topoisomerase II and
BCL2 inhibitors, as well as
several classes of TKIs.

• JAK1/2 inhibitor ruxolitinib
reverses cytoprotection
against BCL2 antagonist
venetoclax, suggesting a
novel combinatorial
treatment.

The bonemarrow (BM) provides a protectivemicroenvironment to support the survival of

leukemic cells and influence their response to therapeutic agents. In acute myeloid

leukemia (AML), the high rate of relapse may in part be a result of the inability of current

treatment to effectively overcome the protective influence of the BM niche. To better

understand the effect of the BM microenvironment on drug responses in AML, we con-

ducted a comprehensive evaluation of 304 inhibitors, including approved and investiga-

tional agents, comparing ex vivo responses of primary AML cells in BM stroma-derived

and standard culture conditions. In the stroma-based conditions, the AML patient cells

exhibited significantly reduced sensitivity to 12% of the tested compounds, including

topoisomerase II, B-cell chronic lymphocytic leukemia/lymphoma 2 (BCL2), and many

tyrosine kinase inhibitors (TKIs). The loss of TKI sensitivity was most pronounced in

patient samples harboring FLT3 or PDGFRB alterations. In contrast, the stroma-derived

conditions enhanced sensitivity to Janus kinase (JAK) inhibitors. Increased cell viability

and resistance to specific drug classes in the BM stroma-derived conditions was a result

of activation of alternative signaling pathways mediated by factors secreted by BM

stromal cells and involved a switch from BCL2 to BCLXL-dependent cell survival. Moreover, the JAK1/2 inhibitor ruxolitinib restored

sensitivity to the BCL2 inhibitor venetoclax in AML patient cells ex vivo in different model systems and in vivo in an AML xenograft

mousemodel. These findings highlight the potential of JAK inhibitors to counteract stroma-induced resistance to BCL2 inhibitors in

AML. (Blood. 2017;130(6):789-802)

Introduction

Acute myeloid leukemia (AML) is characterized by an accumulation
of proliferative, abnormally differentiated hematopoietic cells in the
bone marrow (BM) and other tissues, leading to interference of
normal hematopoiesis andBM failure.1 Despite high rates of remission
obtained with conventional chemotherapy, incomplete eradication of
leukemic cells from the BM and subsequent disease relapse remain
major clinical challenges.2,3 The BM microenvironment plays an
important role in leukemic cell survival, promoting drug resistance and
influencing outcome.4-7

In addition to hematopoietic cells, the BM is composed of
fibroblast-like stromal cells, osteoblasts and osteoclasts, which aid
leukemic cells in evading the effects of chemotherapy and targeted
drugs.8,9 Several tyrosine kinase inhibitors (TKIs) are being de-
veloped for the treatment of AML, and resistance to these drugs is
an area of concern.10-15 Despite rapid initial response, small

numbers of leukemic cells persist in the BM, making remissions
short-lived.16-19 In addition, in vitro studies have shown that direct
contact to stromal cells is sufficient to protect AML cells from TKIs
and other therapies.20-23 For example, coculture of CD341 pro-
genitor AML patient cells with internal tandem duplication in fms-
like tyrosine kinase-3 (FLT3-ITD), together with stromal cells,
induced resistance to sorafenib.24 Novel therapeutic strategies are
therefore needed that can override stroma-mediated protection of
AML cells.

The identificationof effectivedrugsmaybe facilitatedbyassays that
model the BMmicroenvironment and tumor–stroma interactions, such
as coculture of immortalized stromal cells with AML cell lines.25-27

However, the derived information is limited, as cell lines do not fully
represent the heterogeneity observed in patients. Alternatively, ex vivo
high-throughput testing of patient-derived AML cells can identify
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Figure 1. HS-5 CM is enriched in inflammatory cytokines that promote the proliferation and survival of primary leukemic AML cells. (A) Freshly isolated AML cells

were cultured in MCM or 25% HS-5 CM for 3 days, and cell viability assessed with the CTG assay. AML cells had a mean viability of 113% after 3 days in CM compared with 80% in

MCM (113.06 10.4 in CM and 80.26 9.4 in MCM; n5 13; P, .05). Graphs show mean6 SEM. (B) Cytokine levels measured from HS-5 CM, primary MSCs CM from a patient with
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effective drugs for patients with AML resistant to conventional
therapy.28,29

Here, we conducted comprehensive evaluation of cell sensitivity ex
vivo in patients with AML to 304 oncology drugs and compared re-
sponses in standard cell culture andBMstromal cell-derived conditions.
In stroma-derived conditions, cells from patients with lost sensitivity to
many drugs, but gained sensitivity to Janus kinase (JAK) inhibitors. The
combination of JAK1/2 inhibitor ruxolitinib with BCL2 inhibitor
venetoclax was more effective against AML cells in stroma-derived
conditions and anAMLmousemodel comparedwith either drug alone,
highlighting a potentially useful combination that can overcome the
cytoprotective effects of the BM microenvironment.

Materials and methods

Cell lines and cell culture

The HS-5 human BM stromal cell line was from the American Type Culture
Collection (Manassas, VA). HS-5 cells were maintained in RPMI 1640medium
with 10% fetal bovine serum, 2 mM L-glutamine, penicillin (100 U/mL), and
streptomycin (100mg/mL). Conditionedmedium (CM)was collected from70%

to 80%confluentHS-5 cell cultures after 72 hours of incubation in supplemented
RPMI 1640. The CM was cleared by centrifugation, filtered (0.22 mm), and
stored at280°C.

AML patient cells and healthy donors

BM aspirates or peripheral blood samples (n5 26) were obtained from patients
with AML (n5 21) after informed consent, using protocols approved by a local
institutional review board of Helsinki University Hospital and Comprehensive
Cancer Center and in accordance with the Declaration of Helsinki. Patient
characteristics are described in supplemental Table 1, available on the Blood
Website.Mononuclearcells (MNCs)were isolatedbydensitygradientseparation
(Ficoll-PaquePREMIUM;GEHealthcare,LittleChalfont,Buckinghamshire,UK)
and immediately analyzed or vitally frozen for later use.Cellsweremaintained in
mononuclear cellmedium (MCM;Promocell,Heidelberg,Germany)or in a 25%
HS-5CMplus 75%RPMI 1640mediummix. Cell viabilitywasmeasured using
theCellTiter-Glo (CTG) reagent (Promega,Madison,WI), according to themanu-
facturer’s instructions, with a PHERAstar FS plate reader (BMG LABTECH,
Ortenberg, Germany).

Cytokine analysis

HS-5 CM, CM collected from primary AML mesenchymal stem cell (MSC)
cultures, andBMsupernatantfluid from1patient withAMLand a healthy donor

Figure 1 (continued) AML and BM supernatant fluid from a patient with AML and a healthy donor. (C) Phosphoflow analysis of phospho-ERK, phospho-AKT, phospho-STAT3, and

phospho-STAT5 in AML patient cells treated with RPMI, 25%HS-5 CM, MCM, or RPMI supplemented with 10 ng/mL of IL-6, IL-8, MIP-3a, GM-CSF, G-CSF, or a combination of all the

cytokines for 20 minutes, showing stimulation of STAT5 phosphorylation. (D) Detection of STAT5 phosphorylation in AML cells from 3 patients after 20 minutes of stimulation with

different media conditions or individual cytokines (10 ng/mL). (E) Detection of phospho-STAT5 in AML patient cells treated for 1 hour with or without ruxolitinib (300 nM) after 20 minutes

of stimulation with 25% CM or RPMI supplemented with 10 ng/mL GM-CSF, G-CSF, or a combination of the 2 cytokines. Error bars represent standard deviation of duplicates.

Table 1. Differential analysis of AML patient sample sensitivity to individual drugs in HS-5 CM or standard MCM

Drug name Mechanism/targets Included pairs Mean DSS CM Mean DSS MCM Mean DSS difference FDR

Ruxolitinib JAK1/2 18 13.01 5.72 7.29 0.008

Docetaxel Tubulin stabilizer 18 13.88 8.95 4.93 0.033

Tofacitinib JAK2/3 18 4.94 1.04 3.91 0.003

AZD1480 JAK1/2, FGFR 18 5.83 2.31 3.53 0.035

Momelotinib JAK1/2 18 13.91 11.20 2.71 0.033

Doxorubicin Topoisomerase II 17 5.36 7.54 22.18 0.047

Nutlin-3 Mdm-2 18 2.99 5.21 22.22 0.021

Chloroquine Antimalaria 18 7.63 9.85 22.22 0.035

Canertinib pan-ErbB 18 7.86 10.09 22.23 0.014

Belinostat HDAC 18 16.87 19.15 22.28 0.049

Fludarabine Purine analog 17 7.53 9.86 22.33 0.020

Etoposide Topoisomerase II 17 2.12 4.64 22.52 0.033

Panobinostat HDAC 18 20.33 22.93 22.59 0.026

UNC0642 G9a/GLP 17 2.92 5.95 23.03 0.026

Amonafide Topoisomerase II 18 3.08 6.73 23.66 0.004

AZ3146 Mps1 18 1.56 5.27 23.71 0.026

Pictilisib PI3K 18 7.82 11.65 23.83 0.033

Mitoxantrone Topoisomerase II 17 2.67 6.67 24.00 0.026

Daunorubicin Topoisomerase II 17 7.56 11.61 24.05 0.003

Teniposide Topoisomerase II 17 9.63 14.13 24.50 0.047

Quisinostat HDAC 18 16.90 21.66 24.76 0.003

Navitoclax BCL2/BCLXL 18 16.92 22.00 25.08 0.020

Omacetaxine Protein synthesis inhibitor 18 25.11 30.23 25.13 0.000

Cabozantinib VEGFR2, MET, FLT3, TIE2, KIT, RET 18 0.92 6.11 25.19 0.033

Valrubicin Topoisomerase II 17 8.06 13.29 25.23 0.003

Idarubicin Topoisomerase II 18 10.53 15.79 25.26 0.026

AZD7762 CHK1/2 18 5.27 12.31 27.04 0.035

Sunitinib Broad TK inhibitor 18 2.26 9.69 27.44 0.026

Ponatinib Broad TK inhibitor 18 5.16 12.66 27.50 0.033

Quizartinib FLT3 18 0.79 8.47 27.67 0.035

Foretinib Broad TK inhibitor 18 2.93 10.83 27.90 0.033

Venetoclax BCL2 17 7.78 17.31 29.52 0.008

False discovery rate, FDR , 0.05.
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Figure 2. Stroma-derived factors protect AML MNCs from broad-spectrum TKIs. HS-5 CM induces resistance to drugs targeting (A-B) FLT3 and (C-D) PDGFR in

samples from patients with AML carrying FLT3-ITD (red-colored samples vs blue-colored samples without the alteration) and/or CCDC88C-PDGFRB alterations (samples

1886_2, 1886_6, 1886_8, 1886_9, green-colored samples). (E-F) Likewise, sensitivity to broad-spectrum TKIs sorafenib and regorafenib is lost in the presence of CM,

whereas (G-H) the samples with a FLT3-ITD show increased response to JAK kinase inhibitors ruxolitinib and AZD1480 in the presence of CM.
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were analyzed for 174 human cytokines using the RayBio C-Series Human
Cytokine Antibody Arrays C2000 and C5, following the manufacturer’s
instructions (RayBiotech,Norcross,GA).BMfluidwas obtainedby centrifuging

BM aspirates (3 mL), as previously described.30 Detection was carried out by
chemiluminescence, and data quantified with the Odyssey imaging system (LI-
COR Biosciences, Lincoln, NE).
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Drug sensitivity and resistance testing

AML cells were suspended in MCM or CM at 4 3 105 cells/mL. Cells were
added to predrugged plates, which included 304 commercially available small
molecule inhibitors (supplemental Table 3). Cell viability was measured with
CTG after 72 hours, and drug sensitivity assessed as previously described.29

Data analysis

A drug sensitivity score (DSS) was calculated on the basis of a modified area
under the dose–response curve calculation, as described earlier.31 Unsupervised
hierarchical Ward-linkage clustering with Spearman and Manhattan distance
measures of drug and sample profiles was performed, using the DSS values.
Analysis of phylogenetics and evolution R-package was used for generation of
the fan plots.32 Prism5 (GraphPad, La Jolla,CA)wasused for statistical analysis.
Comparison of DSS values with or without CM across samples was performed
usingpairedStudent t tests.APvalue, .05was considered statistically significant.

Gene expression analysis

Gene expressionwas assessed byRNA sequencing of AMLpatient samples and
validated by reverse transcription polymerase chain reaction. Detailed methods
and primer sequences are found in the supplemental Appendix.

Western blot analysis

AML patient cells (n 5 5) were treated with 300 nM ruxolitinib, 100 nM
venetoclax, or their combination in 25%HS-5CMfor 48hours.Cell lysateswere
prepared, separated by sodium dodecyl sulfate polyacrylamide gel electropho-
resis, and transferred to nitrocellulosemembranes.Detection antibodies included
anti-MCL1 (#4572), anti-BCLXL (#2764) (Cell Signaling Technology,
Danvers, MA), anti-BCL2 (Dako, Glostrup, Denmark), and anti-b-actin (C4,
sc-47778; Santa Cruz Biotechnology, Santa Cruz, CA).

Phospho-flow analysis

AML patient cells were stimulated with medium, granulocyte/macrophage
colony-stimulating factor (GM-CSF), G-CSF, interleukin 6 (IL-6), IL-8, or
macrophage inflammatory protein 3a (MIP-3a; 10 ng/mL; Peprotech, Rocky
Hill, NJ) for 20 minutes at 37°C, fixed with Lyse/Fix Buffer (BD Biosciences,
San Jose, CA) for 10 minutes at 37°C, and permeabilized with Perm Buffer III
(BD Biosciences) for 30 minutes at 220°C. Cells were washed, stained with
Alexa647-anti-phospho-Stat5 (pY694), PE-CF594-anti-phospho-Stat3 (pY705),
BV421-anti-phospho-Akt (pS473), andPE-anti-phospho-Erk1/2 (pT202/pY204,
all antibodies from BD Biosciences), and analyzed on the iQUE Plus instrument
(Intellicyt, Albuquerque, NM). Data were analyzed with Cytobank (Fluidigm,
San Francisco, CA).

Drug combination studies

Drugs (venetoclax, ruxolitinib, quizartinib; ChemieTek, Indianapolis, IN)
were added simultaneously at fixed concentrations to AMLpatient cells and
incubated for 72 hours in either MCM or CM. Cell viability was measured
using the CTG assay. Data were analyzed with the Zero Interaction Potency
(ZIP) model by considering a dose–response matrix in which 2 drugs are
tested in a serial dilution of 8 concentrations.33 The d synergy score for each
dose pair was determined as the difference between the observed and
expected response given by the ZIP model, and scores were represented by
pseudocoloring a 2-dimensional contour plot over the dosematrix, resulting
in a synergy landscape enabling identification of strong synergistic dose
regions.33

Colony-forming cell assay

For colony-forming cell (CFC) assays, AML patient cells were treated with
vehicle (0.1%dimethyl sulfoxide), ruxolitinib (300nM), venetoclax (100nM), or
their combination inMCM or 25%CM for 72 hours. After treatment, cells were
plated in MethoCult H4435 Enriched Methylcellulose Medium (STEMCELL
Technologies, Vancouver, BC, Canada), and the CFC output was recorded after
14 days.

Coculture assays

BM stromal cells from AML patients were prepared at 1.53 105 cells/mL and
seeded onto 96-well plates (Corning, Corning, NY) at 100 mL/well. After
overnight incubation, AML patient cells were added directly to the adherent
stroma (1 3 105 cells/100 mL/well) or separated by a 0.4-mm pore membrane
(Corning). Vehicle (0.1% dimethyl sulfoxide), ruxolitinib (300 nM), venetoclax
(100 nM), or their combination were added and the cocultures incubated
48 hours. AML cells were labeled with PE-Annexin V, 7AAD, PE-Cy7-CD34,
and BV605-CD45 (all fromBDBiosciences) and analyzed using the iQUE Plus
instrument and FlowJo Software version 7.2.5 (Ashland, OR).

In vivo drug efficacy in an AML mouse model

Theprotocol foranimal studieswasapprovedby theNorwegianStateCommission for
Laboratory Animals and the experiments performed according to the European
Conventionfor theProtectionofVertebratesUsedforScientificPurposes.Twenty-four
female nonobese diabetic/severe combined immunodeficient g IL2rgnull (NSG)mice
were inoculated IV with 53 106 MOLM-13luc AML cells and divided into control,
venetoclax (25 mg/kg, intraperitoneally), ruxolitinib (50 mg/kg BID, by mouth), and
combinationgroups (all n56; equally distributedbasedonbioluminescence intensity
at day 7). All groups were treated for 3 weeks, 5 days a week, with 2 days off. The
healthandweightof themiceweremonitoreddaily,andthemicewere imagedweekly.
Briefly, anesthetized mice were injected intraperitoneally with 50 mg/kg firefly
D-luciferin (BIOSYNTH,Staad,Switzerland)10minutesbeforewhole-body imaging,
using the IVISSpectrumImager (PerkinElmer,Waltham,MA). Imageswereacquired
andanalyzedwithLiving Imageacquisition softwareversion4.5.2 (PerkinElmer).The
mice were humanely killed when moribund, as defined by institutional guidelines.

Results

BM stromal cell–CM enhances survival of AML patient cells ex

vivo and leads to activation of JAK/STAT signaling

BM stromal cell line HS-5 was previously shown to induce expansion
of hematopoietic progenitor cells in coculture.34 To determine whether
soluble factors from HS-5 cells are sufficient to support primary
AML cell growth ex vivo, the viability of AML patient cells was
measured over the course of 3 days when cultured in different
dilutions of HS-5 CM. Compared with RPMI 1640 medium with
10% fetal bovine serum or a commercially available MCM,
viability of primary AML cells was greater with all CM dilutions
tested (supplemental Figure 1). A statistically significant increase
in viability was observed after 3 days in 12 of 13 AML patient
samples cultured in 25% CM compared with MCM, with mean
viability of 113% in 25% CM and 80% in MCM (113.06 10.36 in
CM and 80.21 6 9.43 in MCM; n 5 13; P , .05) (Figure 1A).
Because 25% CM was sufficient to support AML cell viability ex
vivo, this concentration was used for subsequent assays.

Figure 4. The effect of stroma-based conditions vs MCM on AML cell response to BCL2 inhibitors. (A-B) Samples show decreased sensitivity to BCL2-specific inhibitor

venetoclax and to BCL2/BCLXL inhibitor navitoclax in the presence of HS-5 CM. (C-E) CM results in decreased BCL2 expression and induction of BCLXL and BCLXS expression

in AML patient cells. (F) No difference inMCL1 expression was detected in the 2 conditions. Bar plots represent the mRNA expression for BCL2 genes after 48 hours of incubation

of AML cells (n 5 6) in 25% HS-5 CM and MCM medium. Data are normalized againstGAPDH expression and error bars represent standard deviation of at least 2 replicates. (G)

Flow cytometry analysis showing an amount of live CD451 AML cells cultured in RPMI, 25% HS-5 CM, or RPMI supplemented with 10 ng/mL GM-CSF or G-CSF after 48 hours of

treatment with venetoclax (100 nM). Error bars represent standard deviation of 3 replicates. ns, not significant. *P , .05; **P , .01; ***P , .001; ****P , .0001.
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To identify effectormolecules in the HS-5CM that enhancedAML
cell viability, we analyzed the cytokine content of the HS-5 CM, CM
collected from primary BM MSCs, and BM fluid. Using an antibody
panel detecting 174 human cytokines,we identified high levels of IL-8,
IL-6,GM-CSF,MCP-1,MIP-3a, andGRO in theHS-5CM,BMfluid,
and CM from primary MSCs (Figure 1C). Additional cytokines in the
HS-5 CM exhibiting at least 2-fold or higher difference relative to
baseline values in RPMI 1640 medium were GCP-2/CXCL6, G-CSF,
MCP-2, TIMP-1 and TIMP-2, and angiogenin. Of the detected
cytokines, only IL-8, IL-6, GM-CSF, and G-CSF were detected in
the original study describing the HS-5 cell line, in which 19 different
cytokines were analyzed.34 A complete list of the cytokines and
detection values are presented in supplemental Table 2.

Expression levels of the corresponding receptors for the detected
cytokines in the AML patient samples were measured by quantitative
reverse transcription polymerase chain reaction. Although expression
varied between patient samples, themajority expressed CXCR1, IL6R,
CCR6, CSF2RA, and CSF3R, which bind IL-8, IL-6, MIP-3a, GM-
CSF, and G-CSF, respectively (supplemental Figure 2). Many of the
detected cytokines are predicted to induce proliferation of cells ex-
pressing the corresponding receptor; thus, the expression results sug-
gest the cytokines may directly affect AML cell growth.35

Primary AML cells were stimulated with CMand phosphorylation
of STAT3, STAT5, ERK, and AKT measured to assess the effect of
stroma-derived factors on cellular signaling. Compared with control
conditions, CM rapidly induced phosphorylation of STAT5 (Figure
1D). When individual cytokines were tested, we noted that GM-CSF
and G-CSF alone could mimic the effect of CM on cellular signaling
(Figure 1E). Taken together, these results show that BM stromal cell-
derived cytokines increase STAT signaling, which may lead to en-
hanced survival of AML cells.

Stroma-derived factors alter primary AML cell drug responses

To determine the effect of BM stroma-derived factors on drug sen-
sitivity, we tested 18 samples from 13 patients with AML collected at
diagnosis (n 5 4), relapse (n 5 11), or refractory setting (n 5 3). In
addition, 304 anticancer compounds, including standard-of-care drugs
cytarabine and anthracyclines (supplemental Table 3), were tested in 5
concentrations in both MCM and 25% CM to generate dose–response
curves for each drug and sample (supplemental Table 4). A DSS was
calculated, which was used as the metric to quantify the sensitivity of
the samples to each drug, with higher DSS values indicating greater
sensitivity (supplemental Figure 3).31 ThemeanDSSacross all samples
was determined for each drug in both culture conditions. The difference
between the mean DSS for each drug inMCM and CMwas quantified
as a deltaDSS, which was used for hierarchical clustering of the tested
drugs, resulting in 15 drug clusters (supplemental Figure 4). Across all
samples, 12%of the304drugswere significantly affected (FDR,0.05)
by the screening conditions (Table 1; supplemental Table 5). When
the analysis was performed separately, with samples harboring the
activating internal tandem duplication in FLT3 (FLT3-ITD) or FLT3

wild-type samples, differential drug sensitivity was only observed
in samples with FLT3-ITD mutations (15% of drugs affected by
the conditions with FLT3-ITD and 0.3% without FLT3-ITD; n5 9;
FDR , 0.05; supplemental Tables 5 and 6).

Stromal conditions protect AML cells from several TKIs

AML cells exhibited significantly lower sensitivity to TKIs targeting
FLT3, PDGFRs, VEGFRs, ABL, and KIT when tested in CM com-
pared with MCM (Figure 2A-F). The difference was particularly
striking in AML cells harboring FLT3-ITD mutations (Figure 2A-B)
or the CCDC88C-PDGFRB gene rearrangement (Figure 2C-D), in
accordance with previous reports.21 These samples (groups A-C) were
distinguished from samples without the alterations (groups D-E) by
unsupervised clustering based on drug sensitivity differences
between the CM and MCM conditions (Figure 3). Many samples
were sensitive to JAK inhibitors (eg, ruxolitinib and AZD1480)
when tested in CM, but not inMCM, regardless ofFLT3-ITD status
(Figure 2G-H). This was in line with the cytokines present in CM,
which stimulate cell growth and differentiation by inducing pathways
such as JAK/STAT.35

Stromal conditions reduce sensitivity to BCL2 inhibitors

AML cells in HS-5 CM were less sensitive to BCL2 inhibitor vene-
toclax and slightly less sensitive to BCL2/BCLXL inhibitor navitoclax
(Figure 4A-B). These results suggest that stroma-derived factors
stimulate signals that make the leukemia cells resistant to BCL2
inhibition. To determine whether prosurvival factors such as BCL2,
BCLXL, and MCL1 are affected by the culture conditions, we mea-
sured expression of these genes after incubating cells in eitherMCMor
CM for 48 hours. All samples tested expressed lower levels of BCL2
after incubation in CM compared to MCM, with 4/6 showing a
statistically significant difference in expression (Figure 4C). In
contrast, most samples (4/6) had significantly higher expression of
BCLXL and BCLXS in CM compared with MCM (Figure 4D-E). The
expression of MCL1, however, was unaffected (Figure 4F). Taken
together, BM stromal conditions switched the AML cells to be less
dependent on BCL2-driven survival.

To identify a factor or factors contributing to CM-induced pro-
tection of AML cells from BCL2 inhibition, we analyzed the effect of
IL-6, IL-8, MIP-3a, GM-CSF, and G-CSF on viability when added
individually to MNCs collected from patients with AML in the pres-
ence of venetoclax. GM-CSF, and to some extent G-CSF, alone mim-
icked the reduced sensitivity to venetoclax conferred by HS-5 CM
(Figure 4G; supplemental Figure 5). Both GM-CSF and G-CSF are
known to activate JAK/STAT signaling.36,37 To determine the contri-
butionofSTATactivationonvenetoclax sensitivity,weknocked-down
expression of STAT3 in the venetoclax-resistantHEL cell line,38which
resulted in increased venetoclax sensitivity (supplemental Figure 6).
This indicates that JAK/STAT signaling may contribute to venetoclax
resistance.

Figure 5. JAK1/2 inhibitor restores activity of a BCL2 antagonist against AML cells in stroma-based conditions. (A-B) Combinatorial treatment of AML cells with

ruxolitinib and venetoclax shows synergistic activity between the inhibitors in the presence of CM, whereas the synergy is less pronounced in MCM. AML cells were cultured

either in 25% HS-5 CM or MCM for 72 hours in the presence of various concentrations of ruxolitinib, venetoclax, or a combination of the 2 agents, and cell viability was

measured using the CTG assay. For the combination matrices, the interaction landscapes are shown in 2 dimensional. d, the difference in percentage inhibition compared with

the expected additive compound effect calculated by the ZIP model. (C) Ruxolitinib and venetoclax combination reduces colony-forming ability of primary AML cells in CM.

AML cells from 2 patients were left untreated (0.1% dimethyl sulfoxide [DMSO] 5 control) or treated with ruxolitinib (300 nM), venetoclax (100 nM), or their combination in

MCM or 25% CM medium for 72 hours and plated in methylcellulose progenitor assay. Total CFC output was recorded after 14 days. (D) CD341 expression after culture of

primary AML cells for 48 hours with or without drug treatment (300 nM ruxolitinib, 100 nM venetoclax, or their combination) with RPMI, 25% HS-5 CM, direct contact with AML-

derived BM MSCs, or separated from stroma with a 0.4-mm pore membrane. Error bars represent standard deviation from 2 independent experiments.
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Ruxolitinib restores activity of venetoclax against AML cells in

stromal conditions

To determine whether stroma-induced resistance to BCL2 inhibitor
venetoclax and FLT3 inhibitor quizartinib could be counteracted
by chemical inhibition of JAK/STAT signaling, the drugs were tested
in combination with ruxolitinib, using AML patient cells (n 5 13)
cultured in MCM or CM. Ruxolitinib rescued AML cell sensitivity to

venetoclax in the presence of CM, and the combination of the 2 drugs
exhibited synergistic activity in this setting. The combinatorial activity,
however, was not recapitulated in the MCM condition (Figure 5A-B).
In contrast to earlier studies,22,23 we did not detect synergism between
ruxolitinib and quizartinib in the presence or absence of CM (data not
shown).

The effects of ruxolitinib and venetoclax as single agents and in
combination were analyzed on the CFC capacity of AML cells in CM
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Figure 6. Reduced BCL2, BCLXL, and MCL1 protein in AML patient cells treated with ruxolitinib and venetoclax. (A) Western blot analysis of BCL2, BCLXL, and

MCL1 proteins in AML patient cells after treatment with 300 nM ruxolitinib (RUX), 100 nM venetoclax (VEN), or a combination of both drugs (COMB) in 25% HS-5 CM. Protein

lysates for patient cells (n5 5) were collected 48 hours after drug treatment and analyzed by immunoblotting, using antibodies to the antigens indicated. Results are shown for

patients 5237, 5249, 5750, 4701010, and 5238. (B) Quantification of relative protein levels for BCL2, BCLXL, and MCL1 by analysis of chemiluminescence signals, using

Odyssey v2.0 software corrected to the intensities obtained with the b-actin antibody.
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and MCM conditions. Although venetoclax treatment in MCM in-
hibited CFC of AML cells, it did not lead to significant reduction
in colonies when AML cells were grown in CM. However, the
combination of venetoclax and ruxolitinib significantly reduced the
CFC output in CM, showing the combination is more effective than

venetoclax alone in eradicating AML cells in the stroma-based
condition (Figure 5C).

To determine whether the protective effect of stroma on BCL2
inhibitionwas dependent on cell-to-cell interactions,we culturedAML
patient cells either in direct contact with AML-derived BM MSCs or
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Figure 7. Inhibition of JAK/STAT and BCL2 signaling by ruxolitinib and venetoclax reduces tumor burden in an AML xenograft mouse model. Twenty-four NSG

mice engrafted with luciferase expressing MOLM-13 cells were treated with vehicle, venetoclax (25 mg/kg, intraperitoneally), ruxolitinib (50 mg/kg, by mouth), or both for 3

weeks. (A) Each row represents an individual mouse from each treatment group. Bioluminescence images shown before the start of the treatment, each week of the treatment

period, and 1 week after the end of the treatment. (B) Mean bioluminescence of all mice in each treatment group (n 5 6 for each group) recorded before the start of the

treatment, during the 3-week treatment period, and 1 week after the end of the treatment. Error bars represent standard error of the mean. Statistically significant difference is

represented by asterisk, which signify **P , .01 by Mann-Whitney test.
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separated from stroma with a 0.4-mm pore membrane. Forty-eight
hours of treatment with 100 nM venetoclax did not result in significant
reduction of CD341AMLcells, regardless ofwhether AML cells were
directly cultured with stroma or separated by a membrane, further
indicating that stroma-derived soluble factors are sufficient to reduce
sensitivity to venetoclax. Combined treatment with venetoclax and
ruxolitinib, however, significantly reduced thenumber ofCD341AML
cells in both assays (Figure 5D).

To determine drug effects on BCL2 family member expression,
BCL2, BCLXL, and MCL1 protein levels were assessed in AML
patient cells after treatment with ruxolitinib, venetoclax, or their
combinationwhen cultured inCM. In general, the combination resulted
in a greater decrease in BCL2, BCLXL, and MCL1 protein levels
compared with the single agents (Figure 6A-B).

Combined treatment with ruxolitinib and venetoclax is more

effective than either agent alone in an AML xenograft

mouse model

To evaluate the efficacy of the ruxolitinib and venetoclax com-
bination in vivo, we inoculated NSG mice IV with MOLM-13luc

cells and, after engraftment, divided the mice into control, venetoclax,
ruxolitinib, and combination groups. The animals were imaged for
bioluminescence and followed for weight loss and overall survival for
4 weeks. At the end of the treatment period, bioluminescence imaging
showed similar antitumor effects for venetoclax and the combination,
whereas a significant difference was observed between the treatment
groups atweek4, 1week after treatment termination (Figure 7A-B).At
this time, the single-drug treatments did not have an effect on tumor
burden, whereas the combination significantly prevented MOLM-
13luc cell growth in the NSG mice (Figure 7A-B). Overall survival,
however, was not significantly increased in the combination group
comparedwith in the single-drug-treated groups. This could have been
a result of toxicity issues, which warrant further optimization in future
studies (supplemental Figure 7).

Discussion

The BM microenvironment supports the survival of leukemic cells
and influences response to therapeutic agents, which can contribute to
development of drug resistance. Although new methods and models
have been developed that better reflect the tumormicroenvironment for
diseases such asAML, the effect of themicroenvironment on responses
to different drug classes has not previously been comprehensively
evaluated. Here, we compared sensitivity of primaryAMLpatient cells
with 304 small molecule anticancer agents in a standard culture
medium and CM from aBM stromal cell line.We identified drug types
affected by the culture conditions that would presumably be affected
by different microenvironments. Of the tested drugs, 12% were
significantly affected by the culture conditions, with many of these
being developed as therapies for AML.

Earlier studies showed that direct contact with HS-5 mono-
layers improves AML cell viability and protects leukemic cells from
spontaneous and drug-induced cell death against agents such as
cytarabine and daunorubicin.20 In our study, we observed that CM
fromHS-5 cultures was sufficient tomaintainAML cell viability and
induced better growth ex vivo compared with other commercial
media. Notably, the response of primary AML cells to standard
induction agents idarubicin and daunorubicin was muted when cells
were incubated in HS-5 CM, whereas cytarabine responses were

similar. Previous studies indicated that protection from cytarabine
may be a result of direct cell–cell contact, whereas stroma-secreted
soluble factors are sufficient to reduce sensitivity to topoisomerase II
inhibitors.20,39 As for other chemotherapeutic agents, primary AML
cells were more sensitive to antimitotic taxanes and vinca alkaloids
when tested in CM, presumably as a result of increased proliferation
of the cells in that condition.

Interestingly, a number of TKIs were less potent against primary
AML cells in HS-5 CM, whereas serine-threonine kinase inhibitors
were not affected. In earlier studies, stromal cells were reported to
protect FLT3-ITD-positive AML cells from FLT3 inhibitors SU614,
sorafenib, and midostaurin, as well as BCR-ABL inhibitor
nilotinib.22-24Weisberg andcolleaguesnoted that bothdirect adherence
to stromaandCMled toquizartinib andmidostaurin resistance.22,23We
expanded these observations to other broad-spectrum TKIs targeting
VEGFR, PDGFR, MET, ABL, and KIT, which exhibited reduced
efficacy againstAMLcells in the presence ofHS-5CM.The difference
in activity was most obvious in AML cells with FLT3-ITD or an
activatingPDGFRB alteration, suggestingHS-5CM–induced alternate
pathways not targeted by the TKIs. These observations are supported
by clinical studies showing depletion of circulating blasts in the
peripheral blood, but lack of long-term efficacy in patients treated with
FLT3 inhibitors, suggesting cytoprotection conferred by the tumor
microenvironment.10,11,13

BCL2 inhibitors were also less effective against primary AML
cells when tested in HS-5 CM. Earlier reports showed high sen-
sitivity to BCL2 inhibitors navitoclax and venetoclax with primary
patient samples and AML cell lines.29,38 In this study, primary
AML cells were less sensitive to venetoclax in CM compared with
standard culture conditions. Depending on the microenvironment,
the actual anticancer efficacy of venetoclax in AML may differ.
Similar observations have been made with chronic lymphocytic
leukemia cells residing within lymph nodes.40 Mechanistically,
the resistance of chronic lymphocytic leukemia cells to BCL2
inhibitors was explained by upregulation of additional BCL2
family members, such as BCLXL,MCL1, and BFL1, which are not
inhibited by venetoclax.40 A similar shift from BCL2 to BCLXL
expression was observedwhen primary AML cells were cultured in
CM, which would explain the loss of sensitivity to BCL2-specific
venetoclax. Navitoclax, however, retained activity in both condi-
tions, possibly as a result of simultaneous targeting of BCLXL
and BCL2. Hence, inhibition of both BCL2 and BCLXL is likely
required for overcoming stroma-mediated resistance to BCL2 in-
hibitors. However, navitoclax leads to severe thrombocytopenia,
which has stopped clinical exploration of the drug in leuke-
mia. Therefore, an alternate strategy may be the combination of
venetoclax with an agent that blocks the switch from BCL2 to
BCLXL dependence.

The observed drug responses of AML cells in HS-5 CM are likely
explained by the presence of cytokines that lead to activation of
alternate signaling pathways. Drugs with the largest gain in activity
when tested in CM included the JAK1/2 inhibitor ruxolitinib. Notably,
of the most abundant cytokines secreted by HS-5 cells, G-CSF and
GM-CSF led to increased phosphorylation of STAT5, a downstream
effector of JAKs. This observation led us to test JAK1/2 inhibitors as
a combination therapy partner against AML cells. We found that
ruxolitinib potentiated sensitivity to venetoclax when tested with AML
patient cells in HS-5 CM, and the combination effectively inhibited
growth of CD341 AML cells in a CFC assay, and in coculture and
transwell assays with AML patient-derived MSCs. Significantly,
combined treatmentwith ruxolitinib and venetoclaxwasmore effective
at reducing tumor burden in an AML mouse model than either drug
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alone, although optimal dosing and the pharmacokinetics of the drugs
require further investigation.

In conclusion, data from comprehensive drug sensitivity testing
indicate that ex vivo drug responses of AML cells are highly affected
by BM derived factors, which confer resistance to several agents,
including TKIs, topoisomerase II, and BCL2 inhibitors. Although our
approach has limitations and does not identify selected drug-resistant
subclones, the results underscore the need to use drug sensitivity testing
methods that take into account tumor–microenvironment interactions.
Testing drugs in different conditions also provides an indexof the effect
of the BMand other culture conditions on the drug’s efficacy and could
help predict drug effects that may be difficult to translate from in vitro
and ex vivo conditions to the clinic. Importantly, we identified an
effective novel drug combination of ruxolitinib and venetoclax, which
helped overcome BM microenvironment-mediated cytoprotection to
BCL2 inhibitors and warrants further investigation.
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