Shin et al. BMC Cancer (2023) 23:490 BMC C ancer
https://doi.org/10.1186/512885-023-10975-3

. . ®
Thrombopoietin receptor agonist ey

antibody for treating chemotherapy-induced
thrombocytopenia

Jiwon Shin'f, Min-Jung Kim?', Xingguo Quan®', JiWoong Kim*, Sukmook Lee*, SaeGwang Park®’,
Jee-Yeong Jeong” and Kyungmoo Yea'”"

Abstract

Background Thrombocytopenia is a common complication in cancer patients undergoing chemotherapy. Chem-
otherapy-induced thrombocytopenia (CIT) leads to dose reduction and treatment delays, lowering chemotherapy
efficacy and survival rate. Thus, rapid recovery and continuous maintenance of platelet count during chemotherapy
cycles are crucial in patients with CIT. Thrombopoietin (TPO) and its receptor, myeloid proliferative leukemia (MPL)
protein, play a major role in platelet production. Although several MPL agonists have been developed to regulate
thrombopoiesis, none have been approved for the management of CIT due to concerns regarding efficacy or safety.
Therefore, the development of effective MPL agonists for treating CIT needs to be further expanded.

Methods Anti-MPL antibodies were selected from the human combinatorial antibody phage libraries using phage
display. We identified 2R13 as the most active clone among the binding antibodies via cell proliferation assay using
BaF3/MPL cells. The effect of 2R13 on megakaryocyte differentiation was evaluated in peripheral blood CD347 cells by
analyzing megakaryocyte-specific differentiation markers (CD41a™ and CD42b*) and DNA ploidy using flow cytom-
etry. The 2R13-induced platelet production was examined in 8- to 10-week-old wild-type BALB/c female mice and a
thrombocytopenia mouse model established by intraperitoneal injection of 5-fluorouracil (150 mg/kg). The platelet
counts were monitored twice a week over 14 days post-initiation of treatment with a single injection of 2R13, or
recombinant human TPO (rhTPO) for seven consecutive days.

Results We found that 2R13 specifically interacted with MPL and activated its signaling pathways. 2R13 stimulated
megakaryocyte differentiation, evidenced by increasing the proportion of high-ploidy (>8N) megakaryocytes in
peripheral blood-CD341 cells. The platelet count was increased by a single injection of 2R13 for up to 14 days. Injec-
tion of 5-fluorouracil considerably reduced the platelet count by day 4, which was recovered by 2R13.The platelets
produced by 2R13 sustained a higher count than that achieved using seven consecutive injections of rhTPO.

Conclusions Our findings suggest that 2R13 is a promising therapeutic agent for CIT treatment.
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Background

Thrombocytopenia frequently occurs in patients with
cancer because of chemotherapy, the malignancy itself,
or infection [1]. Chemotherapy-induced thrombocy-
topenia (CIT, platelet count<100,000/uL after chemo-
therapy), occurs in approximately 16%—30% of patients
receiving platinum-, taxane-, or gemcitabine-based regi-
mens [2, 3]. However, no CIT management agents have
received approval from the United States Food and Drug
Administration (FDA). CIT is associated with hemato-
logic toxicity caused by hematopoiesis suppression, a sig-
nificant adverse effect of chemotherapy. Since bleeding
events are fatal in patients with CIT, surgical procedures,
radio-, and chemotherapy are cautiously administered
[4]. Therefore, the current standard management for
CIT involves the postponement of chemotherapy cycles
and decreasing doses to restore the platelet count to the
desired level for subsequent treatments. Unfortunately,
such treatment approaches lead to reduced relative dose
intensity (RDI), which in turn substantially lowers the
efficacy of chemotherapy and the survival rate of patients
(5].

Thrombopoiesis is regulated at multiple levels by
various cytokines, the most important of which is
thrombopoietin (TPO). TPO and its receptor, mye-
loid proliferative leukemia (MPL) protein, govern the
megakaryocytic lineage from hematopoietic stem cells
and stimulate megakaryocyte (MK) maturation in the
bone marrow (BM) niche, thereby promoting plate-
let production [6]. Recombinant human TPO (rhTPO)
and pegylated rhTPO have been extensively studied in
patients with CIT. Unfortunately, their therapeutic appli-
cation ceased owing to the generation of neutralizing
antibodies that cross-reacted with endogenous TPO,
causing severe thrombocytopenia [7, 8]. Subsequently,
the development of alternative MPL agonists has revived
interest in CIT treatment. Eltrombopag and avatrom-
bopag are oral small-molecule MPL agonists, whereas
romiplostim is a subcutaneously administered pepti-
body. These agonists have no sequence homology with
endogenous TPO, and no anti-drug antibodies have been
reported [9]. Clinical studies show that small-molecule
MPL agonists were less potent at increasing the plate-
let count than maximal doses of romiplostim in healthy
subjects [10-13]. Moreover, avatrombopag failed to show
efficacy in treating CIT, with insignificant results under
clinical trials [14]. Although there is increasing evidence
to indicate that romiplostim may be effective in CIT

management, the evaluation of the safety and efficacy of
romiplostim use in cancer patients with CIT has been
deficient, resulting in it being consigned to off-label use
[15, 16]; there have been no MPL agonists approved for
CIT treatment, which suggests the need to develop effec-
tive therapeutics.

In this study, we developed and characterized the novel
MPL agonist antibody, 2R13. This antibody is a fully
human agonist antibody selected via a BaF3/MPL cell-
based assay following phage display using human com-
binatorial antibody phage libraries. We found that 2R13
promoted megakaryopoiesis and platelet production
both in vitro and in vivo. Furthermore, 2R13 significantly
improved the platelet count in a 5-fluorouracil (5-FU)-
induced thrombocytopenia mouse model, suggesting
potential as a therapeutic antibody for CIT.

Materials and methods

Cell lines and cell culture

The Expi293F" cell line (Gibco, Grand Island, NY, US)
was maintained according to the manufacturer’s rec-
ommendations. The murine pre-B cell line, BaF3, was
obtained from Dr. Arthur J. Sykowski (Beth Israel Dea-
coness Medical Center, Boston, MA, US) and cultured
in RPMI-1640 medium (Lonza, Walkersville, MD, US)
supplemented with 10% fetal bovine serum (FBS) and
5% WEHI-3B cell-conditioned medium (WEHI-CM, as
a source of IL-3). BaF3 cells were stably transfected with
the pCMV-human MPL plasmid (Origene, Rockville,
MD, US) to establish a BaF3/MPL cell line expressing
human MPL. The surface expression of human MPL was
confirmed using flow cytometry with anti-CD110-APC-
conjugated antibody (MiltenyiBiotec, Auburn, CA, US).
The acute megakaryoblastic leukemia cell line, M07e,
was purchased from the German Collection of Microor-
ganisms and Cell Cultures (DSMZ) and grown in IMDM
medium supplemented with 10% FBS and 10 ng/mL
recombinant human IL-3. Normal human platelets were
obtained within 1-2 days after expiration dates from the
Blood Bank at Kosin University Gospel Hospital (Busan,
Republic of Korea).

Antibody selection

The naive human combinatorial antibody phage librar-
ies (diversity ~ 10°) were obtained from Scripps Research
(La Jolla, CA, US). The overall antibody panning was
done as described in a previous study [17]. Briefly, Dyna-
beads™ M-270 Epoxy beads (Invitrogen, San Diego,
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CA, US) were coupled with recombinant human MPL
(rhMPL, R&D Systems, Minneapolis, MN, US) at 37 °C
overnight with end-over-end rotation. The beads were
blocked using MPBST (2% skim milk and 0.05% Tween
20 in phosphate-buffered saline [PBS]) at room temper-
ature for 1 h. After adding the antibody phage libraries,
the blocked beads-libraries mixture was incubated at
room temperature with end-over-end rotation for 1 h.
Subsequently, the supernatant was removed, and the
beads were rinsed three times with PBST (0.05% Tween
20 in PBS). The bound phages were eluted using 0.2 M
glycine—HCI (pH 2.2) and subsequently neutralized with
2 M Tris—HCI (pH 8.0).

Enzyme-linked immunosorbent assay (ELISA)

ELISA plates were coated with rhMPL (R&D Systems)
or bovine serum albumin (BSA; negative control; BD
Biosciences, Franklin Lakes, NJ, US) at 4 °C overnight.
Each well was washed with PBS and blocked with MPBS
(5% skim milk in PBS) at 37 °C for 1 h. Next, the phages
were added, and incubated at 37 °C for 2 h. After wash-
ing five times with PBS, the bound phages were detected
using anti-M13 phage-HRP-conjugated antibody (1:2000;
Sino Biological Inc, Chesterbrook, PA, US). Absorbance
was measured at 450 nm using a VersaMax = Microplate
Reader (Molecular Devices, San Jose, CA, US). The 2R13
was detected using anti-human IgG Fc-HRP-conjugated
antibody (1:2000; Abcam, Cambridge, MA, US).

Antibody expression and purification

The sequences of complementarity-determining regions
(CDRs) of selected clones were analyzed using the IMGT
numbering tool web server, VBASE2. The CDR sequences
of each clone were inserted into the pFuse-Fc expression
vector (Invivogen, San Diego, CA, US). The antibodies
were produced using the Expi293F " cell expression sys-
tem (Thermo Fisher Scientific, Waltham, MA, US). The
soluble single-chain fragment variable-fragment crys-
tallizable (scFv-Fc) antibodies in the supernatant were
purified over the HiTrap protein G HP column (Cytiva,
Marlborough, MA, US) using the AKTAprime Plus sys-
tem (Cytiva).

Cell proliferation assay

Each cell was incubated in the culture medium without
WEHI-CM for 48 h. For activity-based antibody selec-
tion, BaF3/MPL (1x10° cells/mL) cells were incubated
with rhTPO (R&D Systems) or antibodies. Cell prolifera-
tion was measured by the CellTiter® 96 AQueous One
Solution Cell Proliferation Assay System (Promega, Mad-
ison, WI, US) with absorbance at 490 nm. To validate
2R13 agonistic activity, BaF3 (1x10° cells/mL), BaF3/
MPL (1 x10° cells/mL), and M07e (5x 10° cells/mL) were
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incubated with rhTPO (PeproTech, Rocky Hill, NJ, US) or
2R13. BaF3 and BaF3/MPL cell proliferation was meas-
ured by Cell Titer-Glo® Luminescent Cell Viability assay
kit (Promega) using Victor3 V 1420 Multilabel Counter
(Perkin Elmer Inc, Waltham, MA, US). M07e cell pro-
liferation was measured by Cell Counting Kit-8 (GlpBio,
Montclair, CA, US) with absorbance at 460 nm.

Surface plasmon resonance (SPR) spectrometry

The binding kinetics of 2R13 were measured using the
iMSPR mini-instrument (icluebio, Seongnam, Republic
of Korea). rhMPL (R&D Systems) or recombinant mouse
MPL (rmMPL, R&D Systems) was immobilized on the
research-grade carboxylic (COOH) sensor chip (iclue-
bio) by using 10 mM sodium acetate buffer (pH 4.0) at
approximately 500 response units (RUs). The chip was
blocked with 1 M ethanolamine (pH 8.0) and two-fold
serial dilutions (256—16 nM) of 2R13 were individually
injected. Data were analyzed using the iMSPR analysis
software (TraceDrawer; icluebio).

Western blotting

BaF3/MPL cells (4x10° cells/mL) and human platelets
were serum-starved in the culture medium with 0.5%
FBS overnight or for 3 h, respectively. The cells and plate-
lets were stimulated with rhTPO or 2R13. The cell lysates
were quantified using the bicinchoninic acid (BCA) pro-
tein assay kit (Thermo Fisher Scientific) and boiled with
sodium dodecyl sulfate (SDS)-polyacrylamide gel elec-
trophoresis (PAGE) sample buffer at 95 °C for 5 min. The
samples (10 pg/well) were separated using SDS-PAGE
and transferred onto a nitrocellulose membrane (Milli-
pore). Membranes were cut to enable blotting for multi-
ple antibodies. The expression of proteins was detected
using primary antibodies against the Janus family of
tyrosine kinases (Jak2), p-Jak2, signal transducers and
activators of transcription (Stat5), p-Stat5 (Y925), Stat3,
p-Stat3 (Y705), Akt, p-Akt (S473), Erk and p-Erkl/2
(Thr202/Tyr204), which were purchased from Cell Sign-
aling Technology (Danvers, MA, US). Antibody against
B-actin was purchased from Novus Biologicals (Minne-
apolis, MN, US). The blot was imaged using Amersham""
Imager 600 (GE Healthcare Life Sciences, Chicago, IL,
Us).

Reporter gene expression assay

BaF3/MPL cells (2x10° cells/mL) were transfected with
pGL4.52[luc2P/Stat5RE/Hygro] vector (Promega) using
the SG Cell Line 4D-Nucleofector kit (Lonza) following
the manufacturer’s protocol. The transfected cells (2 x 10*
cells/well) were incubated with rhTPO, control antibody,
or 2R13 in the culture medium without WEHI-CM for
6 h. Luciferase (reporter gene) expression was measured



Shin et al. BMC Cancer (2023) 23:490

using the Bright-Glo™ Luciferase Assay System (Pro-
mega) by an Envision multimode plate reader (Perki-
nElmer, Waltham, MA, US).

PB-CD34+ cell isolation

Granulocyte colony-stimulating factor-mobilized human
apheresis samples were obtained from healthy donors
within the framework of standard procedures for hemat-
opoietic stem and progenitor cell (HSPC) apheresis at
Kosin University Gospel Hospital after obtaining writ-
ten informed consent from the donors. Peripheral blood
mononuclear cells were isolated by density gradient cen-
trifugation with Ficolle-Hypaque (Sigma, Louis, MO,
US) and subjected to PB-CD34* cell immunoselection
using the magnetic-activated cell sorting (MACS) CD34
MicroBead UltraPure kit (Miltenyi Biotec) according to
the manufacturer’s protocol. The purity of the isolated
PB-CD347 cells was routinely higher than 95%, as deter-
mined using CytoFLEX Flow Cytometry (Beckman, Brea,
CA, US) with anti-human CD34-PE-conjugated antibody.

Megakaryopoiesis analysis

PB-CD34* cells (4x10* cells/mL) were incubated with
rhTPO or 2R13 in serum-free expansion medium (SFEM,
Stem Cell Technologies, Vancouver, BC, Canada) sup-
plemented with recombinant human stem cell factor
(25 ng/mL; PeproTech), recombinant human IL-6 (10 ng/
mL; PeproTech), recombinant human IL-9 (10 ng/mL,
PeproTech), and LDL (25 pg/mL, Stem Cell Technolo-
gies for up to 14 days. Next, the cells were harvested at
each time point (days 4, 7, 11, and 14) and labeled with
anti-CD41a-FITC-conjugated antibody (Miltenyi Bio-
tec), anti-CD42b-PE-conjugated antibody (Miltenyi Bio-
tec), or 7-amino-actinomycin D (AAD; eBioscience, San
Diego, CA, US) at 4 °C for 30 min. After washing with
PBS, the cells were analyzed using flow cytometry.

Polyploidy analysis of MKs

PB-CD34* cells cultured for 13 days were labeled with
anti-CD41a-FITC-conjugated antibody at 4°C for 30 min
and washed with cold PBS. The labeled cells were fixed
with 1% paraformaldehyde (PFA) at room tempera-
ture for 15 min and permeabilized with 70% methanol
at—20C for 1 h. The cells were then treated with RNase
(10 pg/mL; Roche, Basel, Switzerland), stained with pro-
pidium iodide (PI; 10 pg/mL; Sigma) at room tempera-
ture for 30 min, and analyzed using flow cytometry.

In vivo experiments

All experiments in mice were conducted in accordance
with the animal experimental guidelines approved by the
Institutional Animal Care and Use Committee (IACUC)
at Inje University College of Medicine (Busan, Republic
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of Korea). 8 to 10-week-old BALB/c female mice (Nara-
Biotech, Seoul, Republic of Korea) were subcutane-
ously injected with 0.1% BSA-PBS or rhTPO for seven
consecutive days, or once with 2R13. To establish the
thrombocytopenia in vivo model, the mice were intra-
peritoneally injected with 5-FU (150 mg/kg; Sigma) 1 h
before treatment. Each mouse was anesthetized with
an intraperitoneal injection of ketamine (90 mg/kg) and
xylazine (10 mg/kg); then, blood samples (50 puL) were
collected from the retro-orbital sinus into ethylenedi-
aminetetraacetic acid (EDTA) capillary tubes (Marien-
feld, Germany). The blood was transferred into an EDTA
tube prefilled with 2.5 mM EDTA buffer. Platelets and
WBCs were counted by EONE Laboratories (Incheon,
Republic of Korea). To investigate a change in LSK™ cell
count induced by 2R13, BM-derived cells were collected
from the femurs and tibias. The cells were flushed with
PBS and red blood cells were lysed in lysing buffer at
room temperature for 1 min, followed by flow cytometric
analysis.

Flow cytometry

To validate the binding activity of 2R13 against MPL,
BaF3 and BaF3/MPL cells (1x10° cells/mL) were fixed
with 4% PFA at 4 °C for 10 min. After washing with PBS,
the cells were incubated with 2R13 or control antibody
at 4 °C for 1 h, followed by anti-human IgG Fc-FITC-
conjugated antibody (Abcam) at 4 °C for 1 h. To examine
the percentage of LSK™ cells, BM cells were resuspended
in PBS and incubated with PerCP-Cy5.5-labeled line-
age antibody cocktail, anti-Sca-1-FITC-conjugated anti-
body, and anti-c-kit-APC-conjugated antibody (BD
Biosciences) at 4 °C for 30 min. The samples were ana-
lyzed using the FACSCanto " II Flow Cytometry and
FlowJo software.

Statistical analysis

Data were analyzed using the GraphPad software (Prism
v.9.0; San Diego, CA, US). All data are the mean +stand-
ard deviation (SD). Between-group differences were ana-
lyzed using the unpaired t-test. Statistical significance
between multiple groups was analyzed using one-way
analysis of variance (ANOVA) or two-way ANOVA, fol-
lowed by Dunnett’s multiple comparison test.

Results

Selection of the human anti-MPL agonist antibody
Antibodies binding to MPL were selected by solution-
phase panning from the naive human combinatorial
antibody phage libraries. We performed two rounds of
panning on rhMPL as the antigen and confirmed the
enrichment of binding phages (Fig. 1a). We randomly
selected 12 clones from the output phage pool of the
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Fig. 1 Selection of agonist antibodies against MPL. a Polyclonal phage ELISA for confirming the enrichment of rhMPL-binding phage antibodies
of each round of solution-phase panning. b Monoclonal phage ELISA for selecting rhMPL-specific binding antibodies. ¢ BaF3/MPL cell proliferation
assay for determining agonistic antibodies. BaF3/MPL cells were incubated with rhTPO (positive control), 2R5, 2R11, or 2R13 over the indicated
concentration range. d ELISA for detecting 2R13 binding activity against rhMPL. The ECy, was calculated by fitting the data to a four-parameter
logistic model using GraphPad Prism 9. Data are the mean+SD (n=3). e Flow cytometric analysis for detecting 2R13 binding specificity in BaF3
and BaF3/MPL cells. f SPR analysis of 2R13. Two-fold serially diluted 2R13 was injected into the captured rhMPL or rmMPL. Kinetic data from a
representative experiment were fitted to a 1:1 binding model. The equilibrium dissociation constant (Kp) has been presented
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second round and individually tested their binding to
rhMPL. Seven clones (2R5, 2R10, 2R11, 2R12, 2R13,
2R17, and 2R18) bound to rhMPL with an ODg, 1
value approximately three-fold higher than that of BSA
(Fig. 1b). To identify potential agonist antibodies among
these clones, we tested whether each clone in the scFv-Fc
format induced the proliferation of TPO-responsive cells
(BaF3/MPL). We found that three clones (2R5, 2R11, and
2R13) induced BaF3/MPL cell proliferation, with 2R13
exhibiting the most potent activity (Fig. 1c). Further-
more, we analyzed the binding activity of 2R13 to MPL.
The 2R13 bound to rhMPL with an ECg; of 55.28 ng/mL
(Fig. 1d) and specifically interacted with BaF3/MPL cells
but not BaF3 cells (Fig. 1e). MPL is conserved between
mice and humans with over 80% homology at the amino
acid level [18]. As the results of analyzing the cross-reac-
tivity, 2R13 interacted with both rmMPL (K, = 95.6 nM)
and rhMPL (Kp, ~ 6.4 nM) (Fig. 1f).

2R13 promoted cell proliferation by activating the MPL
signaling pathways in mouse and human cells

To further evaluate the agonistic activity of 2R13, we exam-
ined 2R13-dependent cell proliferation in three cell types.
The 2R13 showed lower potency than rhITPO with an
ECy, of 1.3 ng/mL but promoted BaF3/MPL cell prolif-
eration with an ECy, of 52.44 ng/mL (Fig. 2a). In contrast,
the proliferation of wild-type BaF3 cells was not affected
by rhTPO or 2R13; thus, MPL-specific proliferation was
noted in BaF3/MPL cells (Fig. 2b). The 2R13 also induced
cell proliferation in the M07e cell line, a human leukemic
cell line that endogenously expresses MPL and requires
TPO as a survival and proliferation factor (Fig. 2c) [19].
To determine the mechanism underlying the promotion
of receptor-mediated cell proliferation by 2R13, we exam-
ined MPL-dependent signaling in BaF3/MPL cells. TPO
homodimerizes MPL and activates Stat, Akt, and Erk via
the receptor-associated tyrosine kinase, Jak2 [20]. The 2R13
showed patterns similar to those for rhTPO-induced pro-
tein phosphorylation in a dose-dependent manner (Fig. 2d
and uncropped blots in Supplementary Fig. 7). We further
validated 2R13 signal transduction via luciferase expression
mediated by Stat5 activation (Fig. 2e).

2R13 stimulated MK differentiation from PB-CD34+ cells

To measure the effect of 2R13 on MK differentiation
from peripheral blood (PB)-derived CD34%* cells, we
cultured PB-CD34" cells for 14 days in a megakaryo-
cytic differentiation medium supplemented with either
rhTPO or 2R13. We investigated two populations, imma-
ture MKs (CD41a%) and mature MKs (CD41a™CD42b™),
from the differentiated cells on days 4, 7, 11, and 14. On
day 11, the ratio of both MK populations and the num-
ber of total nucleated cells reached a peak by rhTPO or
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2R13 (Fig. 3a); 2R13 led to the production of CD4la’t
and CD41a*CD42b™ cells in a proportion similar to that
obtained with rhTPO (Fig. 3b and left panels of 3c). Analy-
sis of the number of cells produced per input of PB-CD34*
cells showed that the cell counts induced by 2R13 were
lower than those induced by rhTPO; The number of
CD41a™ cells increased 5.7-fold at 50 ng/mL, 6.9-fold at
300 ng/mL and 7.9-fold at 1,000 ng/mL 2R13 vs 11.7-fold
at 50 ng/mL rhTPO, compared with the control. The num-
ber of CD41a*CD42b" cells increased 6.5-fold at 50 ng/
mL, 7.7-fold at 300 ng/mL, and 8.4-fold at 1,000 ng/mL vs
12.5-fold at 50 ng/mL rhTPO, compared with the control
(Fig. 3c, right panels). We obtained similar results with
PB-CD34" cells derived from additional donors (donor 2
and 3; Supplementary Fig. 1 and Supplementary Fig. 2),
demonstrating the functional effectiveness of 2R13.

2R13 promoted MK maturation during MK differentiation
from PB-CD34+ cells

During MK differentiation, committed MK progenitors
initiate proliferation through a mitotic process; how-
ever, during the late phases of differentiation, the cells
switch to an endomitotic process to achieve polyploid
and undergo maturation [21]. Therefore, we investigated
the polyploidy level achieved by 2R13 to examine the
mechanism underlying the contribution of this antibody
to MK differentiation. PB-CD34* cells were cultured for
13 days in the megakaryocytic differentiation medium
supplemented with either rhTPO or 2R13. The 2R13
led to a lesser proportion of 2N MKs and greater pro-
portions of 4N and >8N MKs than those obtained with
rhTPO (Fig. 4a, b). The ratio of high-ploidy MKs (>8N)
was 17.2% at 50 ng/mL, 14.5% at 300 ng/mL, and 13.6%
at 1,000 ng/mL of 2R13 vs 10.8% at 50 ng/mL of rhTPO
(Fig. 4c). We observed similar results for PB-CD34™" cells
derived from donor 2 (Supplementary Fig. 3a-c), whereas
cells derived from donor 3 showed a slightly different
pattern of MK ploidy achieved by 2R13; the ratio of each
ploidy MK was similar to that of rhTPO (Supplemen-
tary Fig. 4a-c). Furthermore, we examined the number of
cells produced per input of PB-CD34" cells. The number
of 2R13-induced high-ploidy MKs was lower than that
of rhTPO-induced high-ploidy MKs, with 2.2 at 50 ng/
mL, 2.3 at 300 ng/mL, and 2.8 at 1,000 ng/mL of 2R13
vs 4.9 at 50 ng/mL of rhTPO (Fig. 4d). Similar results
were obtained with PB-CD34% cells derived from addi-
tional donors (Supplementary Fig. 3d and Fig. 4d). Taken
together, 2R13 did not increase the number of total
nucleated cells as much as rhTPO, but rather induced a
greater high-ploidy MK proportion than rhTPO. Based
on these findings, we conclude that 2R13 mainly sup-
ports MK maturation during MK differentiation.



Shin etal. BMC Cancer ~ (2023) 23:490 Page 7 of 15

a d
rhTPO (ng/mL) -1 3 10 30 100 - - - - -
125- BaF3/MPL 2R13 (ng/mL) - - - < - - 1 3 10 30 100
-o- rhTPO
100 -e- 2R13 ° p-Jak2 C - .. - . =S
75

Jak2 — D S CED e o Gmp e CND GED o

(24
o
1

Cell proliferation
(% of rhTPO max)

N
3]
1

p-Stats — e o e e e —— —

0 T T

- 0 1 2 3 stats | TR W W TR T W9 gN Wy T en =
log [ng/mL]
p-Stat3 -—2:2 e e e w— ——
b
Stat3 —m o S e GEn G G SO =
428 BaF3

o~ WEHI-CM p-Akt e . D e d

1004 -o- rhTPO
-e- 2R13 Akt N GNP CID P Gom T D S e amp =

50

T ——— - e—— ——
p-Erk —— S GEED WD e ———

N
o

Cell proliferation
(% of WEHI-CM max)

Erk D G G —— —— — — ——

S -—
log [ng/mL]
C (¢
MO07e BaF3/MPL
125+ 5 -
-o- rhTPO - 4x10 -o- rhTPO
< 1004 e 2R13 2
s: 100 @,I 3x 1054 -4~ Con Ab
5 E Py -~ 2R13
O 754 Q
=R g 2x10°5
= < [*]
ax 501 3
=0 £
8§ ” )J//'/; g 1x10°7
-
08 T Q T T 0 T
-1 0 1 2 3 1 2 3 4
log [ng/mL] log [pM]

Fig. 2 Agonistic activity and MPL signal transduction in mouse and human cells by 2R13. a-c Cell proliferation assay for detecting the agonistic
activity of 2R13. a BaF3/MPL cells were incubated with rhTPO (positive control) or 2R13, and b Parental BaF3 cells were incubated with WEHI-CM
(positive control), rhTPO, or 2R13, over the indicated concentration range (n=3). The ECs, was calculated by fitting the data to a four-parameter
logistic model using GraphPad Prism 9. ¢ M07e cells were incubated with rhTPO (positive control) or 2R13 over the indicated concentration range
(n=3). d Western blotting of BaF3/MPL cells stimulated with rhTPO or 2R13 over the indicated concentration range for 30 min, using the indicated
antibodies. e Luciferase reporter assay in BaF3/MPL cells transfected with pGL4.52 [luc2P/Stat5RE/Hygro] plasmids. Cells were stimulated with
rhTPO (positive control), control antibody (negative control), or 2R13 over the indicated concentration range for 6 h (n=2). Data are the mean + SD.
WEHI-CM, WEHI-3B cell-conditioned medium



Shin et al. BMC Cancer

80

% of CD41a* cells

(2023) 23:490

125+

1004

TNCs produced
per input CD34* cells

b c
Con
2 JHI-ULE17%) HI-UR(17.07%)

- o
- ]
© o

+
©
- -
H1-LL(T4.79%) HI-LR( 97%) g

n

R T T a
rhTPO 50 ng/mL k]
N ®

2 JHI-UL0.10%) HI-UR(45 51%)| ©

il
< Th-Lieraes HI-LR(16.39%)| K]
0 10* 10° 10° 107 E
2R13 50 ng/mL ':94
e oo HI-UR@289%) <
3 a
<] o
- ©
=
. <
al 7 )
Q| = —
21 ° °
(3} e X
© JHrtLeass ) H1-LRA2.40%)|

0 100 100 et 10

CD41a

% of CD41a*CD42b* cells

CD41a* cells produced
per input CD34* cells

80
e b
604 —
40 -
i
20
0 T T
Con 50 50 300 1000 (ng/mL)
rhTPO 2R13
50
40 -
30 -
204 #
10
0 T T
Con 50 50 300 1000 (ng/mL)
rhTPO 2R13

CD41a* cells produced
per input CD34* cells

CD41a*CD42b*cells produced

per input CD34* cells

Page 8 of 15

Con

rhTPO 50 ng/mL
2R13 50 ng/mL
2R13 300 ng/mL
2R13 1000 ng/mL

teoe g

kS
5] 60
3.
g2
58
.
%g 40
3a
29
92
S & 207
O
=3
30<,.....'.......
© 012345678 91011121314
Days
80-
60- - s fad
H#HH
40
20
Bz
: -
Con 50 50 300 1000 (ng/mL)
rhTPO 2R13
60
==8 o
40+ s b
20
H#iH#
0 : :
Con 50 50 300 1000 (ng/mL)
rhTPO 2R13

Fig. 3 Effect of 2R13 on MK differentiation in PB-CD34™ cells. PB-CD347 cells were stimulated with rhTPO or 2R13 at the indicated concentrations
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and the cells were analyzed using flow cytometry with anti-CD41a-FITC-conjugated and anti-CD42b-PE-conjugated antibodies. a Percentage

and number of total nucleated, CD41a™, and CD41atCD42b™ cells. The number of cells produced per input of PB-CD34" cells was calculated by
multiplying the number of total nucleated cells with the percentage of CD41a* or CD41atCD42b™ cells. b Representative flow cytometric analysis
of PB-CD34* cell differentiation on day 11. ¢ Percentage (left panels) and number (right panels) of CD41a* and CD41a*CD42b™ cells on day 11.
Data are the mean + SD (n=3). One-way ANOVA was used for statistical analysis. ***p < 0.001 vs control; ###p <0.001 vs rhTPO; TNC, total nucleated

cells

2R13 stimulated the MPL signaling pathways in human

platelets

The 2R13 stimulated the proliferation and the intracel-
lular signaling pathways in BaF3/MPL cells and M07e

cells, which express ectopic and endogenous MPL,

respectively (see Fig. 2). We then evaluated whether

2R13 activated the MPL-dependent signaling in primary
human platelets. The 2R13 dose-dependently stimulated
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Fig. 4 Effect of 2R13 on MK polyploidization in PB-CD34" cells. PB-CD34™ cells were stimulated with rhTPO or 2R13 at the indicated concentrations
for 13 days. Differentiated cells were analyzed using flow cytometry with anti-CD41a-FITC-conjugated antibody, followed by propidium iodide
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phosphorylation of Jak2, Stat5, and Akt, similar to
rhTPO (Fig. 5a and uncropped blots in Supplementary
Fig. 8). In addition, rhTPO or 2R13 led to persistently

high phosphorylation levels for up to 18 h (Fig. 5b and
uncropped blots in Supplementary Fig. 8). We confirmed
a similar pattern of signal activation by 2R13 in platelets
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derived from addition donors (donor 2 and 3; Supple-
mentary Fig. 5 and uncropped blots in Supplementary
Fig. 9 and Fig. 10).

2R13 promoted platelet productionin vivo

To determine whether 2R13 promoted platelet pro-
duction due to MK differentiation, we monitored the
platelet counts in BALB/c mice for 14 days. The mice
were injected with rhTPO for seven consecutive days,
or once with 2R13, and blood was collected twice a
week post-initiation of treatment (Fig. 6a). The plate-
let counts in 2R13-injected mice gradually increased
in a dose-dependent manner from day 4, reached the
highest level on day 7, and then decreased. The 10 pg of
2R13 remarkably increased the platelet level on day 7,
maintaining a higher count until day 14 compared with
that obtained by rhTPO (Fig. 6b). These data demon-
strate that 2R13 promotes platelet production follow-
ing MK differentiation induction, which confirms the
relevance of our in vitro observations. In contrast, the
2R13-induced WBC production did not show signifi-
cant changes during this period (Fig. 6¢). TPO is also
involved in the regulation of hematopoietic stem cells
(HSCs) and the proliferation of primitive hematopoi-
etic progenitor cells [22]. Therefore, we examined the
effect of 2R13 on HSPCs in mice. On day 7 post-initia-
tion of treatment, we found an increased percentage of
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LSK™ cells (Lin"/Sca-1%/c-kit*) in BM; therefore, 2R13
did cause LSK™ cells proliferation (Fig. 6d and Supple-
mentary Fig. 6).

2R13 ameliorated 5-FU-induced thrombocytopenia

We evaluated the therapeutic potential of 2R13 against
CIT. The mice were injected with 5-FU 1 h before treat-
ment of either rhTPO or 2R13 (Fig. 7a). The platelet
counts were significantly reduced on day 4 (by 5-FU)
and returned to control levels from day 7 onwards.
The 2R13-induced platelet production peaked on day
11. The produced platelets maintained a higher count
than that obtained with rhTPO until day 14. In particu-
lar, 20 pg of 2R13 rescued the platelet count to a level
comparable to that in the control mice from day 4, but
it did not produce more platelets than 10 pg of 2R13
from day 7 onwards (Fig. 7b). The 5-FU and 2R13 did
not significantly change the WBC count during this
period (Fig. 7c). Collectively, our results show that a
single injection of 2R13 may help relieve CIT by effec-
tively promoting platelet production.

Discussion

MPL agonists have recently been developed and approved
by the FDA for the treatment of immune thrombocy-
topenia (ITP), aplastic anemia, hepatitis C-associated

a b
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Fig. 5 MPL signal transduction by 2R13 in human platelets. Western blotting of human platelets stimulated with rhTPO or 2R13.a rhTPO or 2R13
was added at the indicated concentrations for 30 min. b rhTPO (50 ng/mL) or 2R13 (300 ng/mL) was added over the indicated period. Total lysates
were analyzed by immunoblotting with the indicated antibodies and 3-actin was used as a loading control
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Fig. 6 Platelet production induced by 2R13 in mice. a Schematic of the experimental design. BALB/c mice were subcutaneously injected with
0.19% BSA-PBS (control) or rhTPO (50 ng) for seven consecutive days, or once with 2R13 (0.1, 1, 2, or 10 ug). Blood was collected on the indicated
days over 14 days. To analyze BM-derived LSK* cells, BALB/c mice were subcutaneously injected with 0.1% BSA-PBS (control) or rhTPO (50 ng) for
seven consecutive days, or once with 2R13 (10 pg). On day 7 post-initiation of treatment, BM cells were obtained after sacrificing the mice and
were incubated with LSK™ cell markers (PerCP-Cy5.5-labeled lineage antibody cocktail, anti-Sca-1-FITC antibody, and anti-c-kit-APC antibody),
following which they were analyzed using flow cytometry. Quantification of b platelet and ¢ WBC counts. Data are the absolute count mean +SD
(n=4/group). d Flow cytometric analysis of BM-derived LSK* cells. Data are the mean +SD (n=4/group). The unpaired t-test was used for statistical
analysis. **p <0.01 and ***p <0.001 vs control; #p < 0.05, ##p <0.01, and ###p <0.001 vs rhTPO

thrombocytopenia, and perioperative thrombocytopenia.  administered doses result in reduced RDI, which lowers
However, none have been approved for CIT treatment chemotherapy efficacy and affects patient survival out-
[23-25]. Owing to CIT, treatment delay and decrease in  comes. Thus, rapid and constant recovery of the platelet
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count during chemotherapy cycles without impacting
the ongoing cancer therapy or RDI is crucial for CIT
management. Our current findings suggest that 2R13, a
human agonist antibody against MPL, is a potential ther-
apeutic agent for CIT.

Among the three known MPL-associated signaling
pathways, the Akt and Erkl/2 pathways play determi-
nant roles in MK maturation and platelet formation.
Akt signaling appears to be activated throughout MK
differentiation. In contrast, Erk signaling appears to be
strongly activated during the early stage and turned off
during the late stages of MK differentiation [26, 27]. Pre-
vious research showed that romiplostim induces greater
Akt signaling than that obtained with endogenous TPO,
stimulating MK proliferation without parallel stimula-
tion of MK maturation [28]. These findings indicate
that regulation of cellular signaling by endogenous TPO
and MPL agonists involves different mechanisms. The
2R13 phosphorylated Stat3/5, Akt, and Erk in similar

to those of rhTPO in BaF3/MPL cells, but differing pat-
terns were observed in promoting MK differentiation
from PB-CD34% cells. rhTPO increased the proportion
of high-ploidy MKs by simultaneously stimulating MK
proliferation (increase in 2N MK ratio) and differentia-
tion. In contrast, 2R13 induced less MK proliferation but
a greater high-ploidy MK ratio than that of rhTPO in
PB-CD34* cells derived from two out of three donors.
These results indicate that 2R13 mainly supports poly-
ploidization and maturation rather than proliferation
during MK differentiation. However, to elucidate the pre-
cise mechanism underlying the involvement of 2R13 in
MK differentiation and platelet production, further stud-
ies are required for more donor-derived PB-CD34™ cells.

A monoclonal antibody is one of the predominantly
used therapeutic modalities because of its preferred
biophysical properties, including high specificity, sta-
bility, long half-life, and low immunogenicity. The
long half-life ensures durable effects with less frequent
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administration. We found that a single injection of
2R13 potently induced platelet production in the
mouse model. In particular, high-dose 2R13 (20 pg)
helped ameliorate the 5-FU-induced thrombocytope-
nia from day 4. Treatment with 2R13 sustained a higher
platelet count than that obtained using rhTPO injec-
tion for seven consecutive days during the observation
period, thereby effectively relieving thrombocytopenia.
These data imply that 2R13 is a potential therapeu-
tic agent that would enable CIT management, which
requires rapid and continuous improvement in platelet
count during chemotherapy cycles.

TPO also plays a critical role in HSC maintenance
and hematopoietic recovery. It synergizes with other
early cytokines to promote HSPC survival and prolif-
eration, supporting their expansion and differentiation
into multilineage immature progenitors/precursors in
the BM [29]. We found that 2R13 increased the LSK*
cell count, but the WBC count did not change signifi-
cantly during the study period. Based on these results,
2R13 is believed to promote HSPC proliferation and
strongly drive thrombopoiesis within the BM, thereby
mimicking the biological role of endogenous TPO.
Chemotherapy may inhibit the development of other
hematopoietic cells by impairing HSC capacity for
self-renewal and differentiation, leading to BM fail-
ure. The damaged BM microenvironment of patients
spontaneously recovers via HSPC regeneration after
chemotherapy, while some patients receiving high-dose
chemotherapy can only be restored via stem cell trans-
plantation [30-33]. These functions of 2R13 mentioned
above would aid in BM recovery and hematopoietic
reconstitution, which suggests extended applicability in
stem cell transplantation therapeutics.

This study is subject to several limitations. Firstly,
2R13 is a scFv-Fc format that is useful for charac-
terizing potential scFvs chosen from phage display
libraries along with Fc-mediated effector functions.
Although some scFv-Fcs can be employed for therapy
and diagnostics, the full-length IgG is still deemed the
most appropriate format for clinical applications [34—
36]. Therefore, in order to advance the clinical appli-
cation of 2R13, its conversion to the full-length IgG
format and optimization, including improving affin-
ity, is required. Secondly, this study focused solely on
the short-term impact of 2R13 over a 14-day period
in a mouse model with thrombocytopenia. Prior
research has shown that approximately 40% of solid
tumor patients who received chemotherapy experi-
ence CIT recurrence, and the incidence of CIT posi-
tively correlates with the number of chemotherapy
cycles received. When comparing the recurrence rate
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of CIT based on the frequency of romiplostim admin-
istration, intracycle dosing (administration of romi-
plostim only on chemotherapy off-weeks) resulted in
a higher recurrence rate compared to weekly dosing.
Romiplostim is generally administered on a weekly
basis until the completion of chemotherapy treat-
ment, highlighting the importance of achieving a
sustained response for CIT management to maintain
chemotherapy efficacy [37-39]. Future studies should
evaluate the kinetics of platelet count with 2R13 treat-
ment and its long-term consequences with regard to
the continuation or discontinuation of treatment, uti-
lizing detailed pharmacokinetic /pharmacodynamic
profiling. Lastly, there is insufficient research on the
direct effect of 2R13 on platelets. We observed that
2R13 activates MPL expressed in primary platelets via
phosphorylation of the Jak2-Stat5 and Akt pathways.
The TPO/MPL axis makes platelets susceptible to
thrombus-forming and platelet-activating molecules,
which contributes to the risk of venous thrombosis
associated with malignancy [40—42]. Further studies
are needed on platelet aggregation due to overactiva-
tion and changes in platelet surface markers because
the impact of 2R13 on platelets is directly related to
its safety as a therapeutic option for CIT.

Conclusions

In summary, we developed a fully human agonist anti-
body, 2R13, that specifically binds to and activates MPL.
Our data show that 2R13 promotes polyploidization and
maturation during MK differentiation, followed by effec-
tive platelet production. In particular, the amelioration
of 5-FU-induced thrombocytopenia with rapid recovery
and continuous maintenance of platelet count by 2R13
demonstrates its potential as a promising therapeutic
agent for CIT management.
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T Chemotherapy-induced thrombocytopenia
RDI Relative dose intensity

TPO Thrombopoietin

MPL Myeloid proliferative leukemia

BM Bone marrow

HSC Hematopoietic stem cell

HSPC Hematopoietic stem and progenitor cell
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WBC White blood cell

PB Peripheral blood

5-FU 5-Fluorouracil

WEHI-CM  WEHI-3B cell-conditioned medium
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