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Abstract

Purpose—The persistence of leukemia stem cells (LSC)-containing cells after induction therapy
may contribute to minimal residual disease (MRD) and relapse in acute myeloid leukemia (AML).
We investigated the clinical relevance of CD34*CD123* LSC-containing cells and anti-leukemia
potency of a novel antibody-conjugate SL-101 in targeting CD123* LSCs.
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Experimental Methods and Results—In a retrospective study on 86 newly diagnosed AML
patients, we demonstrated that a higher proportion of CD34*CD123* LSC-containing cells in
remission was associated with persistent MRD, and predicted shorter relapse-free survival in
patients with poor-risk cytogenetics. Using flow cytometry, we explored the potential benefit of
therapeutic targeting of CD34*CD38~CD123* cells by SL-101, a novel antibody-conjugate
comprising an anti-CD123 single-chain Fv fused to Pseudomonas exotoxin A. The anti-leukemia
potency of SL-101 was determined by the expression levels of CD123 antigen in a panel of AML
cell lines. Colony-forming assay established that SL-101 strongly and selectively suppressed the
function of leukemic progenitors while sparing normal counterparts. The internalization, protein
synthesis inhibition and flow cytometry assays revealed the mechanisms underlying the cytotoxic
activities of SL-101 involved rapid and efficient internalization of antibody, sustained inhibition of
protein synthesis, induction of apoptosis, and blockade of IL-3-induced p-STAT5 and p-AKT
signaling pathways. In a patient-derived xenograft model using NSG mice, the repopulating
capacity of LSCs pretreated with SL-101 /n vitro was significantly impaired.

Conclusions—Our data define the mechanisms by which SL-101 targets AML and warrant
further investigation of the clinical application of SL-101 and other CD123-targeting strategies in
AML.

Keywords

acute myeloid leukemia; CD123; leukemia stem cell; SL-101; minimal residual disease

Introduction

Acute myeloid leukemia (AML) can be considered as a group of genetically and clinically
heterogeneous neoplasms. Despite advances in the treatment of AML, the clinical outcomes
have improved only minimally over the past three decades, especially among elderly
patients, who have a long-term disease-free survival rate of less than 10% and an average
overall survival duration of less than 1 year (1). Therefore the development of novel
therapeutic agents to improve outcome is warranted. An emerging focus is the potential of
targeting the leukemic stem cells (LSCs) that can regenerate AML in mouse
xenotransplantation models, and are believed to initiate and maintain AML in patients. In
their quiescent state, LSCs may contribute to AML resistance to conventional chemotherapy
(2-4). The persistence of LSCs has been postulated to contribute towards minimal residual
disease (MRD) and relapse (5).

Assessment of MRD improves stratification of patient prognostic profiles and selection of
patients for directed treatment in AML (6-8). However, about 20% of AML patients
experience relapse despite having no detectable MRD after induction. Data on the
association between putative LSCs and pathologic detection of MRD are lacking. A higher
proportion of CD34*CD38™ stem cells was associated with an increased frequency of MRD
and poorer survival (9). The Lin"CD34*CD45RA*CD123* LSCs were persistent in
remission in patients with resistant AML (10). The persistence of residual LSCs may explain
why patients with no detectable MRD experiences relapse. These residual LSCs may not
only have prognostic value but also may allow identification of patients who may benefit
from targeted therapeutics.

Clin Cancer Res. Author manuscript; available in PMC 2018 July 01.
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The plasma membrane molecules preferentially expressed in subsets of AML would be ideal
LSC targets. In many AML cases, LSC capable of xenotransplantation are enriched among
CD34*CD38" cells, which lack lineage markers (11). Interleukin (IL)-3 receptor alpha
(IL-3Ra.,, CD123) has been identified to be highly expressed on AML blasts and stem cells
in most cases, but expressed at lower levels on normal hematopoietic stem cells and other
more mature CD34" subsets including common myeloid precursors and granulocyte-
macrophage precursors (12-15). The IL-3R beta subunit (B¢, CD131) is shared by receptors
for IL-3, granulocyte-macrophage colony-stimulating factor (GM-CSF) and IL-5 (16, 17).
Preclinical data demonstrated that targeting CD123 eliminates AML stem cells, indicating
that CD123 plays a pivotal role in repopulating AML (18).

In the past decade, monoclonal antibody (mAb) therapy targeting cells with specific antigens
has been proven feasible. However, unconjugated mAbs show limited efficacy and can rarely
induce durable remission (19, 20). Delivery of highly cytotoxic substances via the binding
domains of mAbs would facilitate killing activity specific to the cells that express the
cognate antigens. Because of the potency of their enzymatic domains, immunotoxin
conjugates are promising anticancer therapeutics which can elicit high cytotoxic activity
against tumor cells (21). Several such conjugates, utilizing Pseudomonas exotoxin A (PE),
an enzymatic inhibitor of protein synthesis, have been developed for treating leukemia (21).
As an example, a recombinant immunotoxin BL22, a fusion of a 38-kd fragment of PE38 to
the variable region (Fv) of the anti-CD22 antibody (22, 23), induces high complete
remission (CR) rates in hairy cell leukemia and other CD22-positive leukemias (22-24).

Immunotoxin conjugate potency is dependent on sufficient expression and efficient
internalization of the target cell-surface antigen. CD123 is highly expressed in the majority
of AML cases, making it an excellent target for directed immunotoxin—-mAb treatment (18,
25). SL-101 is a novel anti-CD123 antibody-conjugate comprising the anti-CD123 single-
chain Fv (scFv) fused to a truncated and optimized PE38 lacking its native targeting domain
but containing its translocation and ADP-ribosylation domains (26). It is a high-affinity
antibody that reacts with the alpha subunit of IL-3R without depending on the presence of
the beta subunit (26).

In this study, we aimed to determine whether the presence of CD34*CD123* LSC-
containing cells is associated with MRD and relapse risk in high-risk AML patients and
tested the binding and internalization of the anti-CD123 conjugate in leukemia cells and
evaluated its cytotoxicity against AML cell lines and primary AML, especially the primitive
stem/progenitor cells, both /n vitroand in vivo. Our data indicate that SL-101 is a promising
anti-leukemia agent in CD123-expressing AML.

This retrospective portion of the study was approved by the Institutional Review Board
(IRB) of The University of Texas MD Anderson Cancer Center (MDACC). From July 2011
to November 2012, 153 patients with newly diagnosed AML were treated with either high-
dose cytarabine based regimens or low-dose regimens including low-dose cytarabine or
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hypomethylating agents. Bone marrow samples from the patients at diagnosis and in
remission were analyzed at the time of collection by multicolor flow cytometry in the
Department of Hematopathology at MDACC, by comparing with the known patterns of
antigen expression by normal maturing myeloid precursors and monocytes. A distinct cluster
of at least 20 cells showing altered expression of at least two antigens was regarded as an
aberrant population, yielding an optimal sensitivity of 1 in 104 cells, or 0.01% (8, 27).

Construction and purification of SL-101

SL-101 [26292(Fv)-PE38-KDEL] was provided by Stemline Therapeutics, Inc (New York,
NY). The conjugate was constructed by replacing the PE38 portion of the expression
plasmid with PE38 containing KDEL at the C-terminus scFv-PE38, and was expressed and
purified as described elsewhere (26).

Human AML cell lines

TF-1/HRAS was provided by Stemline Therapeutics, Inc.; K5626FP-CD123 by pr. JF
DiPersio (Washington University) and generated as previously described (28); and Mo7e by
Dr. Z Estrov (MDACC). The other AML cell lines were purchased from the American Type
Culture Collection or Deutsche Sammlung von Mikroorganismen und Zellkulturen. All cells
were routinely propagated in RPMI-1640 medium (Cat. 10-040-CV; Mediatech, Inc.
Manassas, VA) containing 10% fetal bovine serum (FBS, Cat. F4135; Sigma-Aldrich) and
1% each penicillin and streptomycin. For TF-1 and Mo7e cells, GM-CSF (cat. NDC
58406-002-01; Immunex Corporation, Seattle, WA) was added to the medium (2 ng/mL for
TF-1, and 20 ng/mL, respectively).

Apoptosis of AML cell lines and primary AML stem/progenitor cells

Peripheral blood and bone marrow (BM) samples were obtained from patients with AML or
healthy donors after informed consent was obtained in accordance with MDACC IRB
regulations (under protocol LAB08-0740). AML cells were treated with SL-101 at indicated
concentrations and incubated for 48 hours in RPMI-1640 medium supplemented with 10%
FBS. Apoptosis in AML cell lines was detected by flow cytometry using Annexin-V-APC
(Cat. 550475; BD Biosciences, San Jose, CA) and 4’ 6-diamidino-2-phenylindole (DAPI).
Viable AML cells were enumerated by using CountBright counting beads (Cat. C36950;
Invitrogen, Carlsbad, CA) with concurrent Annexin-V and DAPI detection on a Gallios
Flow Cytometer (Beckman Coulter, Indianapolis, IN). Data were analyzed by using Flowjo
software (Tree Star, Ashland, OR). ICsq values were calculated by using Calcusyn software
(Biosoft, Cambridge, MA) based on the number of Annexin-V~/DAPI~ viable cells.

MNCs isolated from primary AML specimens were stained with a cocktail of antibodies
comprising CD34-FITC (Cat. 555821), CD38-PE-Cy7 (Cat. 335790), CD45-APC-Cy7 (Cat.
557833), CD123-PerCP-Cy5.5 (Cat. 558714; all from BD Biosciences), and Annexin-V-
APC for 30 minutes at room temperature in dark. The cells were then washed, resuspended
in PBS with DAPI, and analyzed on a Gallios Flow Cytometer. Results are presented as
percentage of specific apoptosis: 100 x (% apoptosis of treated cells — % apoptosis of
control cells)/(100 - % apoptosis of control cells). 1Csq values were calculated by using
Calcusyn software based on the number of CD45%M/Annexin-V/DAPI™ viable cells.

Clin Cancer Res. Author manuscript; available in PMC 2018 July 01.
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Colony-forming cell assay

MNCs isolated from patients with AML (100,000) or healthy donors (50,000) were plated in
methylcellulose medium (1 mL/well; Cat. 04435; STEMCELL Technologies Inc.,
Vancouver, BC, Canada) in triplicate per condition. Colonies were scored after 2 weeks of
culture.

Internalization assays

Cells were incubated with SL-101-DyL ight 680 (1x108/mL) for 30 minutes on ice to
facilitate binding, followed by incubation at 37°C for the indicated time points. Cells were
then washed with PBS and the membrane-bound SL-101 was stripped by suspending the
cells in ice-cold glycine (0.2 M, pH 2.5; 500 uL) supplemented with BSA (1 mg/mL) on ice
for 10 minutes. The reaction was quenched with Tris-HCL (1 M, pH 8.0; 1 mL). Cells were
washed and resuspended in 1% BSA/PBS supplemented with DAPI.

Protein synthesis inhibition assay

To detect the inhibitory effects of SL-101 on protein synthesis, L-azidohomoalanine (AHA)
reaction cocktails were applied to detect AHA signaling according to the manufacturer’s
protocol and as published elsewhere (29). Briefly, MV4-11 and MOLM13 cells were treated
with SL-101 (1 ug/mL) in a 96-well plate for 24 hours or with cycloheximide (100 uM) as a
positive control. After treatment, the drug-containing medium was removed, and L-
methionine—free medium containing AHA was added to the cell cultures. After incubation
for 30 minutes, cells were washed, fixed with 3.7% formaldehyde, and permeabilized with
0.5% Triton X-100 (Cat. 28314; Thermo Fisher Scientific) for 20 min. The AHA reaction
cocktails were added to detect the AHA signal that was measured by a fluorescence
microplate reader (485/520 nm) and the percentages of inhibition were calculated compared
with the control group.

Surface and intracellular flow cytometry staining

The AML cells were stained with CD123 and CD131-PE (Cat. 306104; BioLegend, San
Diego, CA) for 30 minutes at room temperature in dark and then washed and resuspended in
PBS with DAPI before analysis on a Gallios Flow Cytometer.

For intracellular staining, Mo7e cells were starved overnight at 1 million cells/mL in a 37°C
incubator in RPMI-1640 medium containing 1% FBS and penicillin/streptomycin and
supplemented with SL-101 (1 pg/mL). Cells were then stimulated with IL-3 (100 ng/mL;
Cat. 200-03; Peprotech, Rocky Hill, NJ) for 10 minutes and fixed with paraformaldehyde
(Cat. 15710; Electron Microscopy Sciences, Hatfield, PA) at a final concentration of 1.6% at
room temperature for 10 minutes. Cells were spun down, washed twice with wash buffer
comprising PBS supplemented with 0.5% bovine serum albumin (BSA; Cat. A7906; Sigma-
Aldrich), and permeabilized by suspending in 1 mL 80% cold methanol (Cat. 67-56-1;
Thermo Fisher Scientific, Inc., Waltham, MA) overnight at —20°C. Cells were washed twice
with wash buffer and stained with p-STAT5-Alexa Fluor 647 (1:10, Cat. 612599; BD
Biosciences), p-ERK1/2-Alexa Fluor 488 (3:100, Cat. 4374), or pAKT-Alexa Fluor 647
(3:100, Cat. 4075; both from Cell Signaling Technology, Beverly, MA) in 100-uL final
reaction volumes for 30 minutes at room temperature in darkness. After being washed twice,

Clin Cancer Res. Author manuscript; available in PMC 2018 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Han et al. Page 6

cells were analyzed on a Gallios Flow Cytometer. Data were analyzed using Flowjo
software.

In vivo study of SL-101 efficacy in AML patient-derived xenograft (PDX) mouse models

The animal studies were performed in accordance with guidelines approved by the
Institutional Animal Care and Use Committee at MDACC. Primary AML peripheral blood
cells were left untreated or pretreated with SL-101 (1.0 ug/mL) and incubated in RPMI-1640
medium supplemented with 10% FBS overnight at 37°C. Cells were washed and
resuspended in PBS before transplantation into nonobese diabetic/severe combined
immunodeficient gamma (NSG) mice. Ten-week old female NSG mice (17.1-22.79g) were
purchased from Jackson lab and sublethally irradiated (250 cGy) 1 day before intravenous
injection of primary AML cells (0.9 x 108 viable cells per mouse). Engraftment (>1%
human CD45) was confirmed in peripheral blood samples by flow cytometry. Leukemia
burden was monitored weekly by flow cytometry using anti-human CD45 and CD123
antibodies. The mice were sacrificed when they became moribund, and the spleen and BM
were harvested to determine the extent of engraftment and to identify LSC phenotypes,
defined as human CD459MSSCloWCD34*CD38~CD123, using the antibodies CD45-APC-
Cy7, CD38-PE-Cy7, CD123-PerCP-Cy5.5, CD34-APC (Cat. 555824; all from BD
Biosciences). Additional PDX study was performed using AML11 injected into NSG-SGM3
(NSGS) mice (9-11-week old) breed in house (0.6 x 106 viable cells per mouse). Once
human CD45 engraftment was confirmed by flow cytometry, mice were treated
intravenously with PBS or SL-101 at 0.1 mg/kg every other day for 6 doses.

Statistical analyses

A univariate logistic regression model was used to analyze the association between MRD
negativity and factors potentially predicting relapse. Relapse-free survival (RFS) was
measured from the date of CR until relapse. Patients without relapse at their last follow-up
monitoring were censored on that date. The Kaplan-Meier method was used to estimate the
median RFS. Univariate Cox proportional hazards regression was performed to identify the
association between each of the variables and RFS. Multivariate Cox proportional hazards
regression was used to model all the variables in the univariate setting. The backward
selection method was used to remove variables that did not remain significant in the
multivariate model (p=0.15). Hazard ratios (HRs) were generated with 95% confidence
intervals (95% Cl). Data were analyzed with STATA/SE version 14.1 statistical software
(Stata Corp. LP, College Station, TX). The Student #test was used to analyze the statistical
significance of differences between groups, both /n vitroand in vivo. All statistical tests
were two-sided, and the results are expressed as the mean * standard deviation. A p value <
0.05 was considered statistically significant.

Results

Residual CD34*CD123* LSC-containing blasts associate with MRD and relapse in high-risk
AML patients

From July 2011 to November 2012, 106 out of 153 patients (69.3%) with newly diagnosed
AML achieved complete remission and 86 patients had flow cytometry data on BM
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specimens at diagnosis and in the first remission. To determine the association between
CD34*CD123* blasts, MRD, and relapse in AML, we re-analyzed flow cytometric data
collected on BM specimens at diagnosis and at the time of achieving response from 86
patients. The clinical characteristics are shown in Table S1. The MRD antibody panels
containing CD34 and CD123 were presented in Table S2 and the gating strategy was shown
in Figure S1. CD34*CD123* cells accounted for 41.0+33.3% of CD45%M blasts at diagnosis
and 10.5+13.1% in remission (Table S3). Percentages of CD34* and CD347CD123* cells
within blast gate at diagnosis were significantly higher in patients with poor-risk
cytogenetics, wild-type FL73and wild-type NPMI (Table 1).

Sixty-six patients (77.9%) in this cohort were negative for MRD determined by flow
cytometry. To determine whether CD123 expression is associated with persistent MRD, we
performed logistic regression models. None of the CD123/CD34 values at diagnosis
correlated with MRD. However, persistence of a higher fraction of CD123-expressing cells
within CD34 progenitor cells in remission, represented by a ratio of CD34*CD123*/CD34*
greater than 0.7, was significantly associated with MRD positivity (p=0.035, Table S4). As
expected, patients with poor-risk cytogenetics, and those treated with low dose (LD)
regimens, were at higher risk for MRD positivity than those with favorable- or intermediate-
risk cytogenetics and those treated with high-dose (HD) regimens (p=0.022 and 0.004,
respectively, Table S4).

To determine associations between the CD123™ blasts and rate of relapse, we performed Cox
proportional hazard models. Forty-four patients (51.2%) experienced relapse. In the
univariate analysis, cytogenetics (poor vs. others, p=0.06), regimen (HD vs LD, p=0.003),
and achievement of negative MRD (p=0.001, Figure 1A) were factors predictive for a better
outcome for relapse-free survival. Multivariate analyses show that cytogenetics (poor vs
others, p=0.15) has a borderline significant effect; regimen [HD vs LD, p=0.03] and MRD
status (p=0.03) were significant predictors of RFS (Table S5A). Since CD34* and
CD34*CD123* expression levels are highly correlated, if they were included in the same
multivariate model, they may cause a problem of collinearity and give false-positive or -
negative results. Therefore, they were analyzed by two separate models in Tables SSA&B.
These results show that neither CD34* nor CD34*CD123* cell frequencies predicted relapse
in the entire patient cohort. However, in patients with poor-risk cytogenetics (n=25), a higher
percentage of CD34*CD123" cells in remission significantly correlated with occurrence of
relapse in both univariate (HR: 1.05; 95% CI: 1.02-1.10; p=0.005) and multivariate analysis
(HR: 1.08, 95% CI: 1.02-1.15; p=0.013). Using Martingale residual analysis, a cut-off of
10.2% of CD347CD123* cells of blasts was selected, and patients with more than 10.2% of
CD34*CD123* in remission were more likely to undergo relapse (p<0.002, Fig. 1B). These
findings support the utility of CD123 expressed on residual progenitor cells persisting after
completion of induction chemotherapy, as a potential therapeutic target in AML.

Cytotoxicity of SL-101 against myeloid leukemia cell lines in vitro

The high binding ability, selectivity, and stability of SL-101 in the CD123-expressing TF-1
AML cell line were previously reported.(26) To assess the anti-leukemia activity of SL-101,
we studied its effects on cell proliferation in 12 myeloid leukemia cell lines (Table S6). Cells
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expressed various levels of CD123 (median 75.2%, range 0.9%-99.9%) and CD131 (median
52.8%, range 22.7%-95.7%) (Fig. 2A). SL-101 at tested doses was active against 10 AML
cell lines after treatment for 48 hours, with a median ICgg of 0.232 pg/mL (range 0.021-
0.584 pg/mL) (Fig. 2B). CD123-negative U937 and HL-60 cells were resistant to SL-101.
Notably, SL-101 was highly active against all three cell lines harboring FL73-/7D mutations
(median ICsg, 0.021 pg/mL). The anti-leukemia activity of SL-101 positively correlated with
expression levels of CD123 (Pearson r = 0.769, p=0.0035) but not IL-3R beta subunit
CD131 (Fig. 2C). To further assess the specificity of SL-101, we tested the cytotoxicity of
SL-101 on CD123-overexpressing K562 leukemia cells (K562CGFP-CD123) ‘Wwhile SL-101
had no activity against parental CD123~ K562 cells, it potently inhibited cellular growth of
K562CFP-CD123 ce||s, indicating that the cytotoxicity of SL-101 is dependent on the
expression level of CD123 (Fig. 2D).

SL-101 efficiently Kills primary AML blasts and LSCs

We next tested SL-101 in 17 genetically diverse primary AML samples (Table S7). Most
samples expressed high levels of CD123 (median 88.9%, range 20.4-99.3%) and
intermediate levels of CD131 (median 54.0%, range 9.0-91.1%, Fig. 3A). AML blasts from
patient peripheral blood were exposed to SL-101 for 48 hours. SL-101 was highly active
against these AML samples, with a median I1Csq of 0.33 ug/mL (range 0.002-0.98 pg/mL,
Table S7), and demonstrated cell-killing activity in a dose-dependent manner in 14 of the 17
AML samples (Fig. 3B). No significant correlation was found between SL-101 activity and
expression levels of CD123 or CD131 (Figure S2).

To test whether SL-101 is capable of inducing cell death in the LSC-enriched (LSCe) subset
with a CD34*CD38-CD123* immunophenotype (13), 12 AML samples were treated with
SL-101 (1.0 ug/mL) for 48 hours, and apoptosis induction was determined in both AML
blasts (CD45%MSSC!oW) and LSCe cells by flow cytometry (Fig. 3C). SL-101 induced
apoptotic cell death in both bulk AML (36.5% = 19.6%) and LSCe cells (45.3% = 27.5%,
n=12; p<0.05). Quantification of the viable (AnnexinV=/DAPI™) cells using counting beads
also demonstrated further reduction of cell numbers by SL-101 (54.1% + 29.2% in blasts
and 60.6% + 33.7% in LSCe cells), indicating additional mechanisms of cell growth
inhibition (Fig. 3C and Figure S3). To assess the effect of SL-101 on function of leukemia
progenitors, we performed a colony-forming assay with primary AML and normal BM
samples. SL-101 selectively and significantly suppressed AML colony formation (69.5%

+ 15.0% inhibition of total colonies, n=7) while sparing normal BM (5.6% + 3.3%
inhibition, n=4; p<0.0001) (Fig. 3D and Figure S4).

Mechanisms of the cytotoxic activity of SL-101

It was recently demonstrated that, upon internalization, PE traffics to the cytosol to
inactivate protein synthesis by catalyzing ADP ribosylation of elongation factor 2, causing
growth inhibition and apoptotic cell death.(21, 30) To function as a cytotoxic agent, SL-101
must be efficiently internalized upon binding CD123. We first studied the internalization of
SL-101 by exposing CD123-expressing AML cell lines to DyLight 680-labeled SL-101 at
different time points and analyzing DyLight 680 signal by flow cytometry. The intracellular
median intensity of DyL ight 680 signal increased after 1 hour in both MV4-11 and
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MOLM13 cells, demonstrating rapid and efficient cellular uptake of SL-101 (Fig. 4A). The
signal did not reach a plateau even after 24 hours (data not shown), indicating a continuous
recruitment and internalization of SL-101 over time.

Because recent studies demonstrated apoptosis induction by PE and other protein synthesis
inhibitors,(31) we tested apoptosis induction by SL-101 in AML cell lines. MV4-11 and
MOLM13 cells were exposed to SL-101 at various concentrations for 24, 48, or 72 hours.
Apoptotic cell death was determined by Annexin-V/DAPI flow cytometry. SL-101 induced
dose- and time-dependent cell killing in both cell lines (Fig. 4B). Apoptotic cell death in
primary AML samples is shown in Fig. 3C.

Next, we examined the efficacy of SL-101 in inhibiting nascent protein synthesis in AML
cell lines using an AHA Alexa Fluor 488 protein synthesis assay. SL-101 (1.0 pg/mL)
significantly reduced protein synthesis in MV4-11 cells (67.8% = 3.4% inhibition, p=0.001)
and MOLM13 cells (33.3% + 8.7% inhibition, p<0.01) within 24 hours, comparable with
cycloheximide used as a positive control (Fig. 4C). These findings confirmed the potency of
SL-101 to internalize and promote cell death through protein synthesis blockade.

To further investigate the ability of SL-101 to inhibit intracellular signaling in response to
IL-3, we studied cytokine-dependent Mo7e leukemia cells which were serum starved and
pretreated with SL-101 (1.0 pg/mL) overnight, followed by stimulation with 1L-3. SL-101
significantly suppressed IL-3—induced activation of p-STAT5 (57.1% = 2.6% inhibition,
p=0.003) and modestly inhibited p-AKT (17.4% % 5.4% inhibition, p=0.04) but not p-ERK
signaling (Fig. 4D).

SL-101 targets AML leukemia-initiating cells

To evaluate the effect of SL-101 on leukemia-initiating cells /n vivo, primary AML cells
from two patients (AML11 and AML18, Table S7) were either left untreated or exposed /in
vitroto SL-101, followed by transplantation into NSG mice. Engraftment of human AML11
was confirmed by flow cytometry analysis of peripheral blood 3 weeks post injection. In
week 5, the circulating leukemia burden was significantly reduced in the mice that received
SL-101-treated cells (42.5% + 22.4% in control versus 22.0% + 16.6% in SL-101 group,
p=0.02). Strikingly, the human CD45*CD123* cells were undetectable at week 5 (Fig. 5A).
All mice were sacrificed at week 6 to assess the leukemia burden determined by human
CD45 flow cytometry in BM and spleen. Pretreatment with SL-101 significantly reduced
leukemia engraftment in both BM (91.8% + 5.5% in control group versus 22.3% * 22.8% in
SL-101 group, p<0.0001) and less so in the spleen (98.2% + 0.9% in control versus 79.0%
+ 11.0% in SL-101 group, p<0.01) (Fig. 5B). The splenomegaly observed in the control
mice was largely abrogated by SL-101 treatment (Fig. 5C). We further analyzed the effects
of SL-101 on AML cells highly enriched for LSCs (CD459MSSCloWCD34*CD38-CD123).
Representative flow plots are shown in Fig. 5D. Ex vivo exposure of transplanted AML cells
to SL-101 reduced the fraction of AML blasts (CD459MSSC!oW), CD34* progenitor,
CD34*CD38 cells, and importantly almost completely ablated
CD454imssclowcD34+CD38-CD123* cells in both BM (17.2% + 10.3% in control versus
0.06% = 0.06% in the SL-101 group, p<0.001) and spleen (24.1% + 2.1% versus 0.37%

+ 0.51%, respectively, p<0.0001) (Fig. 5E). In mice transplanted with AML18, until week
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10, only three mice from each group demonstrated over 1% human CDA45 engraftment
(33.7% + 18.7% in the untreated group versus 4.6% = 1.8% in the SL-101-treated group,
p>0.05, Figure S5). The same PDX model established using AML11 was applied to study
the anti-leukemia efficacy of /n vivo administration of SL-101. A significant decrease on
leukemia burden was observed after the last dose (20.2% + 4.8% in PBS- versus 7.8%

+ 2.4% in the SL-101-treated group, p<0.001, Fig. 5F). The dose was tolerable as
demonstrate by the stable body weight over treatment (Fig. 5G). These data demonstrate that
treatment with SL-101 significantly impaired the stem cell-repopulating capacity of AML
LSCs and reduced tumor burden in peripheral blood, BM, and spleen.

Discussion

The prognostic power of MRD in AML has been shown in several studies; moreover, at least
20-30% of AML patients eventually experience relapse despite having no detectable MRD
after induction chemotherapy. LSCs, considered as the cause of relapse, are thus an excellent
target for novel therapies because of their unique phenotypes. LSC persistence in remission
has been documented in patients with resistant AML, by quantifying phenotypically defined
LSCs (Lin"CD34*CD45RA*CD123") over time (10). Recent studies using next-generation
sequencing delineated a complex genetic landscape of leukemia and demonstrated
persistence of pre-LSCs in remission, which survive chemotherapy and may contribute to
relapse (32—34). In our cohort, although high-intensity regimens were used in the majority
patients (67.4%), they failed to eradicate the LSC-containing CD34*CD123* population.
Higher percentages of CD34*CD123" blasts in remission significantly correlated with poor-
risk cytogenetics and wild-type APM1. Of importance, persistence of CD34*CD123* blasts
was associated with a shorter time to relapse in poor-risk cytogenetics patients. These data
provide a basis to identify patients who may benefit from CD123-targeted therapeutics.

We next demonstrated the anti-leukemia efficacy of SL-101. It showed profound cytotoxicity
in a panel of AML cell lines, through rapid internalization, induction of apoptosis, inhibition
of protein synthesis, and downregulation of IL-3-induced STAT5 signaling. /n vitro studies
in primary AML samples demonstrated cytotoxicity in both bulk and primitive cell fractions.
Notably, SL-101 was highly active in three AML cell lines with FL73-/TD mutations. Our
previous studies and other reports demonstrated that CD123 was highly enriched in LSC-
immunophenotypic blasts of FLT3-mutant AML (35-37), making SL-101 an attractive
therapeutic agent alone or in combination with tyrosine kinase inhibitors in this poor-risk
cohort of AML patients. Further, ex vivo pre-treatment of SL-101 significantly reduced
human engraftment and eliminated CD34*CD38~CD123" LSCs in an NSG mouse xenograft
model. Reduced leukemia burden was observed by /n vivo administration of SL-101 at a
tolerable dose.

CD123 has been recognized as an LSC marker for AML over a decade (13, 17). Monoclonal
antibody 7G3 against CD123 profoundly reduced CD34*CD38" cells and engraftment by
inhibiting homing of human leukemia cells to BM in a xenotransplantation model (18).
However, a phase | clinical study with CSL360, a 7G3-derived IgG1 recombinant chimeric
monoclonal antibody, showed limited anti-leukemia activity in patients with advanced AML
(20). These results suggest that blockade of target antigen function using a naked mAb
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might not be sufficient as a therapeutic strategy, consistent with findings from other
hematological malignancies and solid tumors (19, 38).

Immunotoxin conjugates are attractive as anti-leukemia agents, adding more potent
cytotoxicity to the targeting antibody (21). The efficacy of immunotoxin conjugates is
determined by the binding affinity of the Ab to its target, the expression levels of target
antigens on tumor cells, and the efficiency of internalization to deliver the toxin (21, 38).
Previous work from the Pastan group has demonstrated the high affinity of SL-101 to
CD123 on AML cells (26). In this study, we demonstrated that most AML patient samples
express high levels of CD123, both in total blasts and CD34*CD38~ LSCe cells. The
immunotoxin effects strongly correlated with CD123 expression in AML cell lines. This
indicates that SL-101 may act differently than ligand-based toxins which may depend on
both CD123 and CD131 for their cytotoxicity (15, 39). This correlation was not observed in
primary AML samples, which may have been due to the generally high level of CD123
expression in most of these cases (15/18). Finally, the internalization rate affects the activity
of the immunotoxin. A previous study revealed that a PE38 conjugate targeting CD22 was
more active than one targeting CD19 in lymphoma cells because of the faster internalization
rate of CD22, although both conjugates had similar cell-binding affinity. Our data indicate
that SL-101 has internalization Kinetics similar to that of anti-CD22 immunotoxin.

The anti-leukemia activity of SL-101 was further proven in primary AML specimens across
the entire spectrum of cytogenetic risk and diversity of genetic alterations. The median ICsg
value was 0.33 pug/mL, with 9 of 14 tested AML samples demonstrating an ICsg value less
than 0.5 ug/mL, the plasma concentration level that can be achieved clinically by several
different PE38 immunotoxins (22, 40). A critical question is whether the CD123-targeted
therapeutics cause toxicity against normal hematopoietic stem/progenitor cell, although
these cells are believed to express lower levels of CD123. Targeting of CD123 via chimeric
antigen receptor-engineered T cells showed profound anti-leukemia efficacy; however this
markedly impaired normal hematopoietic stem/progenitor cell function, as demonstrated by
colony-forming assay and mouse models (25, 41). An additional argument for the CD123
CAR-T marrow toxicity could be the longer persistence of these cells in the circulation
compared to the SL-101 immunoconjugate, i.e. area under the time-exposure curve, rather
than just antigen expression density. Further, one would expect that use of an active cell
exerting cytotoxicity can lead to a more pronounced effect than administration of an
immunoconjugate. Transient expression of CARs to induce self-limited activity has been
utilized in CART33 and has been suggested in CART123 therapy for AML (25, 42). To test
the selectivity of SL-101 for leukemia versus normal stem/progenitor cells, we evaluated the
effects of SL-101 in a colony-forming assay and found that SL-101 preferentially eliminated
leukemia progenitors and spared their normal counterparts. It is plausible that
immunoconjugate-antibody unlike CARTS could be less toxic against normal BM cells with
low CD123 expression.

Further in vivotoxicology studies are required to fully examine potentially deleterious
effects of this toxin conjugate against normal BM function. Expression of CD123 has been
also reported on human endothelial cells and male germ cells (43-45). However, considering
the low expression of CD123 on those cells and the safety profile of SL-401, a recombinant
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fusion protein comprising diptheria toxin fused to IL3, as a clinical-stage targeted therapy
directed to CD123 (46-48), SL-101 is not expected to have significantly adverse effects on
these organs.

It has been demonstrated that the antitumor mechanisms of PE38 involve inactivation of
signal transduction pathways and inhibition of protein synthesis (38). Our mechanistic
studies revealed that SL-101 could induce apoptosis in both AML blasts and CD123* LSCe
subsets. Nascent protein synthesis was efficiently inhibited, consistent with known
mechanisms of action of PE38 immunotoxin. Surprisingly, we also observed significant
inhibition of IL-3-induced p-STAT5 and p-AKT pathways, which may have been due to the
antibody portion causing blockade of CD123 function. This pathway blockade may
contribute towards anti-leukemia efficacy, in combination with immunotoxin-mediated
cytotoxicity.

In conclusion, our data demonstrate that CD123 is a legitimate target for AML therapies
aimed at elimination of residual leukemia stem/progenitor cells persistent in remission. We
showed that the novel anti-CD123 antibody-toxin conjugate SL-101 is highly active in
AML, inducing growth inhibition and apoptosis in AML blasts and LSCs by inhibiting
protein synthesis and interfering with 1L-3 signal transduction pathways. Our findings
warrant further development of CD123 antibody-toxin conjugate for clinical application
with the goal to improve outcomes of AML therapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Statement of translational relevance

Although assessment of minimal residual disease (MRD) improves risk stratification and
directs treatment in acute myeloid leukemia (AML), about 20% AML patients without
detectable MRD experience relapse, which may be due to the persistence of residual
leukemia stem cells (LSC)-containing cells. To study these residual LSCs may aid in
identification of patients who may benefit from targeted therapeutics. In this study, we
determined the association of CD34*CD123* LSC-containing cells with MRD and
relapse risk in AML patients. In order to target the CD123* LSCs, we tested the binding
and internalization of the anti-CD123 conjugate SL-101 in leukemia cells and evaluated
its cytotoxicity against AML cell lines and primary AML, especially the primitive stem/
progenitor cells, both /n vitroand /n vivo. Our data strongly suggest that SL-101 is a
promising anti-leukemia agent in CD123-expressing AML.
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Figure 1. MRD status and proportion of CD34*CD123" blasts in remission are associated with

relapse-free survival

RFS as analyzed by the Cox proportional hazards regression model was significantly
reduced by the presence of MRD (all patients, A) and higher percentage of CD34*CD123*
cells as a percentage of blasts in remission in the poor-risk cytogenetics patients (B). TTR,

time to relapse (months).
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Figure 2. Cytotoxicity of SL-101 against myeloid leukemia cell lines in vitro
(A) Percentages of CD123* and CD131* cells are shown for myeloid leukemia cell lines.

(B) Annexin-V~/DAPI~ viable cells were measured by flow cytometry after treatment with
SL-101 at indicated doses for 48 hours. The cell counts were normalized to those of
untreated samples. (C) Correlation analysis was performed between expression of I1L-3
receptor subunits and ICsg values of SL-101 calculated by using Calcusyn software. (D)
Expression of CD123 was measured in parental and CD123-overexpressing (K562CC-CD123)
K562 cells. Cells were left untreated or exposed to indicated concentrations of SL-101 for
48 hours, and viable cell counts were determined as described in (B).
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Figure 3. SL-101 efficiently kills primary AML blasts and stem/progenitor cells
(A) Percentages of CD123* and CD131" fractions within CD454M blast gate on primary

AML samples are shown. (B) Samples were treated with SL-101 at indicated doses for 48
hours. Normalized viable cell counts (left) were determined in a cohort of primary AML
samples. (C) Gating scheme for the LSC population (CD459MCD34*CD38-CD123").
Specific apoptosis was calculated based on percentage of Annexin-V* cells using the
following formula: percentage of specific apoptosis = 100 x (% apoptosis of treated cells -
% apoptosis of control cells)/(100 — % apoptosis of control cells). Percentage of growth
inhibition was calculated based on Annexin-V~/DAPI~ viable cells using the following
formula: 100 — 100 x % viable cells of treated cells/% of viable cells of control cells in both
CD454Mm plasts and LSC-enriched blasts. (D) Colony-forming cell assay was performed in
primary AML samples and normal bone marrow (NBM) cells. Data were normalized to
those from untreated control groups and represent the mean values of triplicate assays. The
absolute colony numbers were shown in Supplementary Figure 1.
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Figure 4. Mechanisms of the cytotoxic activity of SL-101
(A) MOLM13 and MV4-11 cells were incubated (1 million/mL) with SL-101-DyL ight 680

overnight, and internalized SL-101 was detected by flow cytometry on DyL.ight 680 signal
after removing the membrane-bound SL-101. MFI, mean fluorescence intensity. (B)
MOLM13 and MV4-11 cells were left untreated (untreat, or UNT) or treated with SL-101 at
indicated concentrations for 24, 48, or 72 hours. Annexin-V* apoptotic cells are shown. (C)
MV4-11 and MOLM13 cells were treated with SL-101 (1 pug/mL) for 24 hours.
Cycloheximide (100 uM) was used as a positive control. AHA (L-azidohomoalanine)
reaction cocktails were applied to detect active protein synthesis. The signal was measured
by a fluorescence microplate reader (485/520 nm) and the inhibition percentages were
calculated in comparison with control group. (D) Mo7e cells (1 million/mL) were starved
overnight and then stimulated with 1L-3 (100 ng/mL) for 10 min. Cells were stained with
antibodies after fixation and permeabilization.
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Figure 5. SL-101 targets AML leukemia-initiating cells in vivo
The primary AML patient sample 11 (4030094) was left untreated or pre-treated with

SL-101 (1.0 ug/mL) overnight prior to transplantation via intravenous injection into NSG
mice (1x106 viable cells for each mouse). (A) Engraftment of human AML cells was
measured by flow cytometry in blood by using anti-human CDA45 antibody at week 5 after
injection (left). CD123* cells were gated on the human CD45™ fraction (right). (B) At week
6, all mice were sacrificed and engraftment of human AML was measured in both bone
marrow (BM) and spleen. (C) Representative spleens from untreated (U) and SL-101-treated
(S) mice are shown. (D) The gating scheme is shown for the CD459MCD34+*CD38-CD123*
LSC-enriched population in untreated and SL-101-treated mice. (E) Percentages of LSCe in
human CD45* cells were determined in both bone marrow and spleen by flow cytometry.
AML11 cells (0.6x10°) were injected into NSGS) mice that were treated intravenously with
PBS or SL-101 at 0.1 mg/kg every other day for 6 doses, after confirming human CD45
engraftment. (F) Leukemia burden was measured after treatment (G) Body weight was

monitored over treatment.
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Association between proportions of CD34+, CD123+, and CD34+/CD123+ cells and cytogenetics and gene

mutations
Cytogenetics
Fav/Int Poor P value
CD34+, % 40.5+36.7 62.3+32 0.011
CD34+CD123+, % 34.6+33 56.5+29 0.004
CD34*CD123*%/CD34'%  0.8+0.3 0.9+0.1 0.020
FLT3
WT ITD P value
CD34+, % 53.3+36.1 26.7+30.7 0.011
CD34+CD123+, % 46.3+33.2 23.4+26.9 0.004
NPM1
WT Mutant P value
CD34+, % 60.9+31.6 9.7+15.1 <0.001
CD34+CD123+, % 53.1+29.8 8.9+145  <0.001

Fav, favorable; Int, intermediate; WT, wild type; ITD, internal tandem duplication
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