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LY2541546 is a humanized monoclonal antibody (IgG4) that has

been optimized for neutralizing activity against sclerostin. In 5-week

and 6-month nonclinical safety studies in rats, LY2541546 caused

dose-dependent reversible decreases in platelet counts accompanied

by accelerated platelet production, increased megakaryocytes, and

altered megakaryocyte morphology. These treatment-related effects

resulted in altered primary hemostasis as manifested by prolonged

bleeding after phlebotomy or incidental toenail break. In some cases,

the defects in hemostasis were sufficient to result in death of the

affected rats. There was no evidence in rats of general bone marrow

suppression or processes (e.g., disseminated intravascular coagul-

opathy) that may result in thrombocytopenia. Cynomolgus monkeys

given LY2541546 for 5 weeks or 9 months had no changes in platelet

count or megakaryocytes. In vitro cross-reactivity studies in rats,

cynomolgus monkeys, and humans revealed LY2541546-bound rat

but not cynomolgus monkey or human platelets and megakaryo-

cytes. These data taken together demonstrated that the platelet and

megakaryocyte effects in rats had a species-specific pathogenesis

which likely involved LY2541546 binding of a rat-specific antigen

on the surface of platelets and megakaryocytes resulting in the

increased clearance of platelets and megakaryocyte hyperplasia.

The species-specific nature of these reversible toxicological findings

combined with the ease of clinical monitoring using standard

hematology enabled the safe initiation of clinical studies in human

volunteers.
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Sclerostin is a naturally occurring protein produced by osteo-

cytes. The gene that encodes sclerostin has been identified and

is referred to as SOST. Sclerostin is a negative regulator of

bone formation, acting through inhibition of new bone formation

(Wnt signaling) and enhancement of osteoblast apoptosis (Van

Bezooijen et al., 2005). Two rare clinical conditions of bone

disease, sclerosteosis (SCL) and van Buchem disease, have been

linked to alterations in SOST expression (Balemans et al., 2001,

2002; Bruknow et al., 2001; Staehling-Hampton et al., 2002). In

particular, loss of SOST expression results in SCL, and decreases

in SOST expression may be causal in the closely related van

Buchem disease.

Humans with SCL have increased bone mineral density

throughout the skeleton. The progressive bone thickening seen

with these conditions is most marked in the skull, but the entire

skeleton is affected with increased thickness of the long bone

cortices. There are no reports of fractures in patients with SCL

or van Buchem disease (Van Bezooijen et al., 2005). This

linkage between inhibition of sclerostin and increased bone

mass and mineral density has made sclerostin an attractive

target for the development of osteoporosis therapies that work

via a bone anabolic mechanism of action.

LY2541546 is a humanized monoclonal antibody (IgG4) that

has been optimized for neutralizing activity against sclerostin.

It has been evaluated in repeat dose toxicology studies in

both rats and cynomolgus monkeys as well as in vitro cross-

reactivity studies utilizing rat, cynomolgus monkey, and human

tissue. In the repeat dose toxicology studies, in addition to the

expected effects on bone (Li et al., 2009; Ominsky et al.,
2010), unanticipated drug-related changes in platelet count and

effects on megakaryocytes were observed in rats but not cyno-

molgus monkeys. The objectives of this paper are to describe

this rodent phenotype, a likely mechanism, and discuss the

relevance to human clinical safety.

MATERIALS AND METHODS

In vivo studies. Animal studies were conducted in an Association

for Assessment and Accreditation of Laboratory Animal Care International

(AAALAC)–certified facility and conformed to Good Laboratory Practice

(GLP) standards in place at the time of study initiation. Briefly, 5-week and

6-month rat studies were conducted with 10-week-old Sprague-Dawley rats

(10–15 per sex per group) administered iv doses of LY2541546 (1, 10, and

100 mg/kg) once every 3 days (5-week study) or once weekly (6-month study).

For the 5-week study, five rats per sex for the control and 100 mg/kg groups

were monitored during a 3-week recovery period. For the 6-month study, five

� The Author 2011. Published by Oxford University Press on behalf of the Society of Toxicology. All rights reserved.
For permissions, please email: journals.permissions@oup.com

 by guest on Septem
ber 15, 2016

http://toxsci.oxfordjournals.org/
D

ow
nloaded from

 

http://toxsci.oxfordjournals.org/


rats per sex for the control and 100 mg/kg groups were monitored during a

10-week recovery period. Hematology and coagulation parameters were assessed

twice during the treatment phase, at the approximate study midpoint and prior

to necropsy at the end of dosing and at the end of the recovery phase. At

necropsy, organ weights were collected and a gross examination was done.

Tissue samples and bone marrow smears were collected, fixed, and processed

per standard procedures for GLP toxicology studies.

The cynomolgus monkey studies were conducted with 2.5- to 3.5-year-old

monkeys administered iv doses of LY2541546 at 1, 10, and 100 mg/kg once

every 5 days for 35 days (three to six monkeys per sex per group) or at 3, 30,

and 100 mg/kg once weekly for 9 months (four to six monkeys per sex per

group). Hematology and coagulation parameters were assessed twice predose

and on day 31 (35-day study) or week 39 (9-month study). At necropsy, a gross

examination was done and tissues samples and bone marrow smears were col-

lected, fixed, and processed per standard procedures for GLP toxicology studies.

Clinical pathology. A complete blood count (CBC) and microscopic

evaluation of peripheral blood smears were done for all rats and monkeys given

LY2541546. For rats with CBC and peripheral blood smear changes indicative

of decreased platelet count, bone marrow smears were examined. Bone marrow

smear examination by an American College of Veterinary Pathologists (ACVP)

board–certified veterinary clinical pathologist was limited to a qualitative

evaluation of the cell lineages in the bone marrow of all animals from groups 1,

2, 3, and 4. Bone marrow smears were collected but not examined for monkeys

because there were no CBC or peripheral blood smear abnormalities.

Anatomic pathology. A necropsy was done, and gross observations were

recorded for all rats and monkeys given LY2541546. Histologic sections of all

protocol-defined tissues were examined by light microscopy by an ACVP

board–certified veterinary pathologist. In the rat study, all tissues from

the control and high-dose groups were evaluated, and LY2541546-related

histologic changes were examined in other dose groups until a no observed

effect level was determined. For rats from groups with a treatment-free period

(recovery animals), tissues in rats with treatment-related effects at the end of the

dosing period were examined. For monkeys, protocol-defined tissues from all

monkeys in the study were examined by light microscopy by an ACVP board–

certified veterinary pathologist. Tissues were evaluated relative to control

animals in the study using a qualitative scoring system of 1þ to 5þ for any

histologic finding as follows: 1þ, minimal; 2þ, slight; 3þ, moderate; 4þ,

marked; and 5þ, severe. For both the rat and monkey studies, there was

a pathology peer review of the anatomic and clinical pathology data by an

ACVP board–certified veterinary pathologist. The histology data presented here

represent the consensus of the primary and peer review pathologists.

In vitro studies. A cross-reactivity study was conducted with LY2541546.

This ex vivo tissue-based assay conformed to GLP standards in place at the time

of study initiation. The objective of this study was to determine the tissue-

binding specificity of LY2541546 in normal human, cynomolgus monkey, and

rat tissues. Human tissues used were from the Testing Facility’s (Charles River

Preclinical Services Nevada) Special Pathology Services (SPS) Human Tissue

Bank collected by the National Disease Research Interchange (Philadelphia,

PA) or Cureline (South San Francisco, CA). Source, age, and all other pertinent

information on human tissues used in this study are on file at the Testing Facility.

Cynomolgus monkey and rat tissues were from the Testing Facility’s SPS. The

cynomolgus monkey tissues were collected by the Testing Facility, and the rat

tissues were provided by facilities within Charles River Laboratories. Pertinent

information on cynomolgus monkey and Sprague-Dawley rat tissues used in this

study are on file at the Testing Facility. Cynomolgus monkey and Sprague-

Dawley rat tissues used in this study were collected from naive animals.

Fresh unfixed human tissue samples were collected as surgical or autopsy

specimens, frozen in Tissue-Tek OCT (optimal cutting temperature) compound

(Sakura Finetek, Torrance, CA), and maintained at �60�C or below until use.

Fresh unfixed cynomolgus monkey and rat samples were collected as necropsy

specimens, frozen in Tissue-Tek OCT compound (Sakura Finetek), and main-

tained at �60�C or below until use. At least three samples (from three unique

individuals) from each tissue were evaluated. Five- to 7-lm thick sections were

cut on a Micron HM505E cryostat at �10�C to �25�C and thaw mounted

onto capillary gap plus slides. Slides were used immediately or stored at

approximately �65�C to �85�C. Following method development, it was

determined that the method that resulted in optimal binding of LY2541546

used for all tissues that were fixed in 10% neutral buffered formalin (NBF) did

not yield interpretable results for the blood smear slides. As a result, other

fixatives were evaluated for blood only, and acetone was determined as the

most appropriate fixation method.

Binding of LY2541546 to target antigen was localized in tissue and blood

samples using an indirect immunoperoxidase procedure. For tissues, frozen

sections (5 to 7 lm thick) were cut on a cryostat and fixed in NBF (10 s). For

blood smears, slides were fixed in acetone (10 min) at room temperature, and

acetone slides only were allowed to air dry at room temperature for at least 1 h

(to overnight) before storing in a freezer at �65�C to �85�C. The acetone slides

were incubated in 13 Morphosave (Ventana Medical Systems, Inc., Tuscon,

AZ) for approximately 15 min at room temperature to preserve morphology.

Prior to the staining procedure, tissue and blood slides were washed in 13

phosphate-buffered saline (PBS) twice for approximately 5 min each. To block

endogenous peroxidase, the slides were incubated in 0.3% H2O2 in 13 PBS for

20 min and then washed again in 13 PBS twice for approximately 5 min each.

Slides were loaded onto slide carriers and manually run through the following

staining procedure at room temperature: avidin for approximately 15 min (binds

to endogenous biotin); biotin for approximately 15 min (binds to any open

biotin binding sites on avidin); blocking antibodies for approximately 25 min

(blocks binding to nonspecific binding sites on the tissue); primary antibodies

for approximately 25 min (LY2541546 or control article, human IgG4);

secondary antibody (biotinylated mouse anti-human IgG4 antibody; Sigma,

St Louis, MO) for approximately 25 min (binds to bound primary antibody);

labeling reagent (streptavidin-horseradish peroxidase) for approximately 25 min

(binds reporter molecule [horseradish peroxidase] to bound primary antibody-

secondary antibody complex); and diaminobenzidine (DAB) two times for

approximately 5 min each (substrate that forms a colored precipitate in the

vicinity of the reporter molecule). In between each step, the slides were washed

with buffer (phosphate-based buffer). After the buffer washes following the last

DAB incubation, the slides were counterstained with hematoxylin in a Sakura

Tissue-Tek DRS 2000 Automatic Slide Stainer (Software Version K23-0901-03-

00) rinsed in water, washed in bluing agent, rinsed in water, dehydrated through a

graded series of alcohols to xylene, and coverslipped using a Tissue-Tek SCA,

automatic coverslipper. Cells that bound LY2541546 were labeled with a brown

DAB precipitate.

LY2541546 binding was evaluated at concentrations of 2.5 and 12.5 lg/ml;

these concentrations were based on data from method optimization studies

using sepharose resin beads labeled with human, monkey, or rat sclerostin. The

maximal (plateau) binding for LY2541546 to bind sepharose beads conjugated

to human, monkey, and rat sclerostin (positive control) was 2.5 lg/ml. A second

concentration approximately five times the optimal concentration (12.5 lg/ml) of

LY2541546 was also tested. Negative controls for each tissue were generated

using an isotype control antibody (human IgG4 kappa; Sigma) in place of

LY2541546 at the same concentrations defined for the test article. Anti-CD31

(Sigma) immunostaining was used to determine the adequacy of the tissue or

blood samples and stained the appropriate cell populations (endothelial cells and

megakaryocytes) in human, monkey, and rat tissues but did not stain unlabeled or

sclerostin-labeled sepharose resin beads.

Staining intensity was evaluated by light microscopy using a scoring system

of 0 to 4þ as follows: 0, no labeled cells; 1þ, light stain and/or occasional cells

(minimal); 2þ, light-to-medium stain and/or small numbers of cells/types of

cells (mild); 3þ, moderate stain and/or medium numbers of cells/types of cells

(moderate); and 4þ, dark stain and/or large numbers of cells/types of cells

(marked). The primary tissue evaluations and pathology peer review were

conducted by ACVP board–certified veterinary pathologists.

Statistics. For each clinical pathology and organ weight parameter, group

variances were compared using Levene’s test at the 0.05 significance level.

When differences between group variances were not found to be significant,

a one-way ANOVA was performed. If significant differences among the means
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were indicated by the ANOVA (p � 0.05), then Dunnett’s t-test was used to

perform the group mean comparisons between the control group and each

treated group. Whenever Levene’s test indicated heterogeneous group variances

(p � 0.05), the Kruskal-Wallis test was used to compare all considered groups.

If the Kruskal-Wallis test was significant (p � 0.05), the significance of the

differences between the control and each test group was assessed using Dunn’s

test.

RESULTS

Rats and Cynomolgus Monkeys Given LY2541546 Have
Hyperostosis

The bone anabolic effects of this class of antibody in rats have

been described in detail by others (Li et al., 2009) and were

observed in both rats and monkeys given LY2541546 in all the

studies. For the 5-week studies, trabecular bone within the

diaphysis and metaphysis was thickened in rats given � 1 mg/kg

and cynomolgus monkeys given � 10 mg/kg (Table 1). In the

6- and 9-month studies, rats given � 1 mg/kg and monkeys

given � 3 mg/kg also had comparable bone changes with

respect to incidence and severity (Table 2). The new trabecular

bone had a normal histologic appearance, and there were no

histologic changes in the physes or in bone articular surfaces.

The increased bone remained after the treatment-free period in

both rats and monkeys (data not shown). The greater pharma-

codynamic response in the rat versus the monkey was expected

and reflected the differences between bone growth physiology in

the species. The rats used in this study were rapidly growing

with open physes compared with the cynomolgus monkeys,

which were at full size and had closed physes.

Rats but Not Cynomolgus Monkeys Given LY2541546 Had
Significant Bleeding and Morbidity

The first indication of drug-related effects on hemostasis was

observed in rats during the 5-week toxicology study. Individual

rats only at the 100 mg/kg dose level had excessive bleeding

secondary to incidental toenail injury as early as day 8 in the

study. During routine clinical monitoring, affected rats were

found in cages with blood-soiled bedding and occasionally in

a moribund condition. Also, in satellite toxicokinetic groups

given this same dose, prolonged bleeding occurred in some rats

after phlebotomy. Similar findings were observed in rats from

the 6-month study, administered 100 mg/kg. Moribund rats

euthanized for ethical reasons from either the main study or

toxicokinetic groups had mucous membrane pallor, consistent

with blood loss. At necropsy, these rats had no blood in body

cavities but had small discrete hemorrhages in several tissues

including lymph nodes, lung, and pancreas (Figure 1). In the

single moribund rat where peripheral blood collection was

possible, hematology data revealed decreases in the numbers of

platelets (308 3 103/ll) and red blood cells (2.4 3 106/ll)

compared with values expected for rats (see Table 3 for control

values). There were no changes in prothrombin (PT) and activated

partial thrombin time (aPTT) in this rat, and fibrinogen was not

measured.

In contrast, cynomolgus monkeys given LY2541546 for

5 weeks or 9 months had no abnormal bleeding episodes

during physiologic (menses) or study-related (phlebotomy/

injection) events.

Prolonged Bleeding and Morbidity in Rats Is Associated with
Dose-Dependent and Reversible Decreases in the Numbers
of Platelets

Peripheral blood was collected from all rats euthanized at the

end of the dosing and recovery phases of the repeat dose toxi-

cology studies (see ‘‘Materials and Methods’’ section). Important

test article–related changes included decreases in the numbers of

platelets (53–84% less than controls) in rats given � 10 mg/kg

and in red blood cells (6–15% less than controls) in rats given

100 mg/kg (Table 3) for 5 weeks. The decreases in red blood cell

mass were interpreted to be secondary to tissue hemorrhage

(Table 4) that was a result of test article effects on platelet counts.

Comparable changes were observed in the 6-month studies (data

TABLE 1

Histologic Incidence and Severity Scores for Increased Tibial

(Rat) and Sternal (Monkey) Bone in Rats and Monkeys After

5 Weeks of Treatment With LY2541546

Dose (mg/kg) 0 1 10 100

Number examined rat/monkey 20/6 20/6 20/6 20/6

Rat tibia –– 6 MI 10 MI, 6 SL 2 MI, 16 SL

Monkey sternum –– –– –– 4 MI, 1 SL

Notes. —, No findings; MI, minimal; SL, slight; MO, moderate; MA,

marked; S, severe.

TABLE 2

Histologic Incidence and Severity Scores for Increased Tibial (Rat) and Sternal (Monkey) Bone in Rats and Monkeys After 6 (Rat) or 9

(Monkey) Months of Treatment With LY2541546

Dose (mg/kg) 0 1 (rat), 3 (monkey) 10 (rat), 30 (monkey) 100 (both species)

Number examined rat/monkey 29/8 30/8 30/8 32/8

Rat tibia –– 2 SL 4 MI, 15 SL, 5 MO, 4 MA 1 MI, 9 SL, 11 MO, 8 MA

Monkey sternum –– 2 MI, 2 SL 1 MI, 2 SL, 2 MO, 1 MA 2 MI, 1 SL, 2 MO, 1 MA

Notes. —, No findings; MI, minimal; SL, slight; MO, moderate; MA, marked; S, severe.
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not shown). There were no differences in PT for treated

rats compared with controls (data not shown) and aPTT was

minimally prolonged (45% greater than controls) and only in

males given the highest dose (100 mg/kg). Fibrinogen, thrombin

time, and fibrin degradation products were not measured.

CBC and peripheral blood smear evaluation revealed decreases

in the numbers of platelets and red blood cells accompanied by

changes in the morphology of red blood cells and red blood cell

distribution width consistent with a bone marrow response to

blood loss (anisocytosis and polychromasia) (Table 3). The de-

creased red blood cell mass was attributed to hemorrhage based

on the absence of clinical chemistry and erythrocyte morphologic

changes supporting hemolysis (e.g., bilirubinemia, spherocyto-

sis). Platelet morphology was unremarkable with the exception

of the presence of larger platelets, which correlated with the

increased mean platelet volume (MPV, Table 3), and were indic-

ative of a regenerative response to the decreases in the numbers

of platelets. There was no platelet clumping or decreases in

platelet granularity, both of which would indicate platelet

activation. Microscopic changes in bone marrow smears, liver,

and spleen were indicative of a regenerative response to de-

creases in the numbers of platelets and erythrocytes and included

increased numbers of red blood cell precursors and megakar-

yocytes in the bone marrow, around portal tracts in the liver, and

in the red pulp of the spleen (Table 5; Figure 2). There was no

histologic evidence for hemolysis in the spleen (increased

numbers of macrophages containing hemosiderin or eryth-

rocytes). Absolute and relative (to body weight) spleen and liver

weights for rats given 100 mg/kg in either study were increased

modestly (21–42%) and considered to be at least in part due to

the extramedullary hematopoiesis (Table 6).

In the 6-month study, bone marrow smears of rats given

100 mg/kg had qualitative changes in the megakaryocyte

population including asynchronous megakaryocyte lineage

maturation characterized by mild-to-moderate megakaryocyte

morphologic anomalies: cytoplasmic fragmentation, hyper-

granulation of cytoplasm, multilobulated nuclei with atypical

and irregular lobulations, and nuclear fragmentation (data not

shown). Promegakaryocytes were rare. The cause of these

megakaryocyte morphologic alterations is uncertain.

FIG. 1. Rats given 100 mg/kg LY2541546 have hemorrhages in multiple

tissues: around islets in the pancreas (A, 2003), in the medullary sinuses of

mesenteric lymph nodes (B, 2003), and within alveoli in the lung (C, 4003).

TABLE 3

Red Blood Cell and Platelet Changes in Male Sprague-Dawley

Rats After 5 Weeks of Treatment With LY2541546

Dose (mg/kg) 0 1 10 100

Number examined 10 10 10 10

Red blood cells (3 106/ll) 8.5 8.2 8.3 7.7*

Reticulocytes (3 109/l) 124.1 146.8 157.3 260.3*

Platelets (3 103/ll) 1025 1073 483* 364*

Red blood cell distribution width (%) 11.6 12.2 12.2 13.2*

Mean platelet volume (fl) 6.8 7.0 8.6* 10.5*

*Significant difference from control (0 mg/kg) at p � 0.05; comparable

results were observed in females.
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At necropsy, rats had multiple, small dark red foci consistent

with hemorrhage. Most frequently, these foci were observed in

lymph nodes, lung, and pancreas, and hemorrhages were

confirmed histologically (Table 4). Hemorrhages were small

(< 50–500 lm), focal, and, consistent with gross necropsy

findings, most frequent in the mandibular and mesenteric lymph

nodes, lung, and pancreas (Figure 1). The hemorrhages were not

associated with any histologic evidence of tissue injury and were

sometimes accompanied by hemosiderin-laden macrophages.

In recovery phase animals, platelets were no longer decreased

and actually increased minimally 13 weeks after cessation of

LY2541546 treatment in the 6-month study (Table 7). There

remained a minimal decrease in red blood cell mass with a

reticulocytosis. Peripheral blood smear and bone marrow

evaluation were unremarkable, extramedullary hematopoiesis

was reduced or absent in the liver and spleen, and the remaining

foci of hemorrhage were characterized by hemosiderin-laden

macrophages and small numbers of fibroblasts (data not shown).

At terminal sacrifice in both the 5-week and 9-month studies,

monkeys had no drug-related effects on the hemogram (Tables 8

and 9), no gross hemorrhage, and no histological changes

consistent with altered hemostasis.

In vitro, LY2541546 Binds Rat but Not Human and
Cynomolgus Monkey Megakaryocytes and Platelets

Increased destruction and/or clearance of platelets could be

the result of drug-related alterations to platelet and megakar-

yocyte membranes as a result of direct binding by LY2541546.

Peripheral blood, bone marrow, and spleen from human,

cynomolgus monkey, and rat were evaluated for binding to

LY2541546. In this cross-reactivity study, no LY2541546-

specific staining was observed in human and cynomolgus

monkey platelets or megakaryocytes in the peripheral blood,

bone marrow, or splenic red pulp. In contrast, for rat samples,

there was 1þ or 2þ LY2541546-specific staining on the

membrane surface of platelets in peripheral blood smears

(Figure 3) and 3þ staining of splenic megakaryocytes in spleen

sections examined (Table 10). The isotype control antibody,

IgG4, at the same concentrations (2.5 and 12.5 lg/ml) did not

bind platelets or megakaryocytes from human, cynomolgus

monkeys, or rats. Other cell populations in the rat blood,

spleen, and bone marrow had no staining or nonspecific

binding, the latter observed in occasional leukocytes that also

stained with the isotype control antibody IgG4.

Sclerostin Is Not Expressed in Human Megakaryocytes and
Platelets

Sclerostin messenger RNA (mRNA) is expressed in

mineralized chondrocytes, osteocytes, and cementocytes as

well as in heart, aorta, liver, and kidney in human; however,

sclerostin protein has been reported as only being exclusively

found in human osteocytes with a comparable conserved pattern

in mice (Moester et al., 2010). We downloaded sclerostin

expression data from the gene expression omnibus (GEO)

database and normalized in bioconductor for the following: (1)

human megakaryocyte lineages, (2) human healthy and sickle

cell patient platelets, and (3) mouse megakaryocyte lineages. No

sclerostin mRNA expression was evident in megakaryocyte

lineages or platelets of either human or mouse (data not shown).

Although rat and cynomolgus monkey expression data for

sclerostin were not available, based on the conserved nature of

this protein and its expression patterns in mice and man, it is

unlikely that sclerostin protein is expressed in rat megakaryocyte

lineages.

DISCUSSION

We have evaluated LY2541546 in repeat dose toxicology

studies in both rats and cynomolgus monkeys. In addition to

the expected pharmacologic effects on bone in both species,

LY2541546 caused unanticipated decreases in the numbers of

platelets in 5-week and 6-month studies in the Sprague-Dawley

rats. This effect on platelets resulted in prolonged bleeding

episodes after incidental toenail breaks and phlebotomy for

toxicokinetic measurements. As a consequence of the throm-

bocytopenia, there were increases in MPV, numbers of bone

marrow and splenic megakaryocytes, gross and microscopic

evidence of hemorrhage in multiple organs, and mild decreases

in the numbers of red blood cells. Platelet counts were normal

TABLE 5

Histologic Incidence and Severity Scores for Increased

Megakaryocytes in Male and Female Rats After 5 Weeks of

Treatment With LY2541546

Dose (mg/kg) 0 1 10 100

Number examined 20 20 20 20

Bone marrow –– –– 9 MI 10 MI, 9 SL, 1 MO

Spleen –– 5 MI 9 MI, 5 SL 4 MI, 8 SL, 5 MO

Notes. —, No findings; MI, minimal; SL, Slight; MO, moderate; MA,

marked; S, Severe.

TABLE 4

Histologic Incidence and Severity Scores for Hemorrhage in

Male and Female Sprague-Dawley Rats After Five Weeks of

Treatment With LY2541546

Dose (mg/kg) 0 1 10 100

Number examined 20 20 20 20

Mandibular lymph node –– –– 5 MI, 1 SL 9 MI, 9 SL

Mesenteric lymph node –– 6 MI 10 MI, 1 SL 11 MI, 7 SL, 1 MO

Lungs 1 MI –– 4 MI, 1 SL 5 MI, 4 SL

Pancreas –– –– 2 MI 3 MI, 1 SL, 5 MO

Notes. —, No findings; MI, minimal; SL, slight; MO, moderate; MA,

marked; S, severe.
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after a 13-week recovery period in the 6-month study but were

not completely recovered after a 3-week recovery period in the

5-week study, the latter consistent with continued exposure to

LY2541546 during the recovery period due to its approxi-

mately 1-week half-life in rats (data not shown). The No-

Observed-Adverse-Effect-Level for hematologic findings was

1 mg/kg for both the 5-week and 6-month rat studies.

Comparable effects on platelets and megakaryocytes were not

observed in the cynomolgus monkey toxicology studies after

either 5 weeks or 9 months of treatment. In addition,

FIG. 2. Rats given 100 mg/kg LY2541546 had increased number of bone marrow megakaryocytes (large multinucleated/lobulated cells) and erythroid

hyperplasia (islands of cells with basophilia) (B, 2003), and increased extramedullary hematopoiesis in spleen (D, 2003) and liver (F, 2003) compared with

controls (A, C and E, all 2003).
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LY2541546 demonstrated binding to megakaryocytes and

platelets in rat but not human or cynomolgus monkey in

in vitro cross-reactivity studies.

Drug-induced thrombocytopenia (DITP) is an important

clinical problem in humans and can cause major bleeding and

death (reviewed in Aster and Bougie, 2007; George and Aster,

2009); however, to our knowledge, DITP caused by a therapeutic

monoclonal antibody has not been described for the rat. This is

likely due to the fact that therapeutic monoclonal antibodies are

not frequently tested in rodents, usually because they do not

cross-react with the cognate rodent antigen. There are several

mechanisms of DITP in man and animals (Arepelly and Ortel,

2006; Aster and Bougie, 2007; George and Aster, 2009). These

include thrombocytopenia secondary to drug-related bone marrow

suppression, excessive platelet consumption due to processes like

disseminated intravascular coagulopathy, and increased platelet

clearance due to immune-mediated effects. Immune-mediated

causes of thrombocytopenia include the formation of platelet

hapten-directed antibodies, acquired antibodies to a drug-induced

or natural platelet epitope, immune complex formation on

the platelet surface, thrombotic thrombocytopenic purpura,

and hemolytic-uremic syndrome (Bloom and Brandt, 2001).

Based on the combination of data from both the rat and

cynomolgus monkey repeat dose toxicity and in vitro cross-

reactivity studies reported here, we hypothesize that the cause

of thrombocytopenia in rats given LY2541546 was the direct

binding of LY2541546 to a surface antigen present only on rat

platelets and megakaryocytes. We propose that this direct binding

of LY2541546 to platelets and megakaryocytes increased platelet

clearance in vivo via Fc-mediated removal by tissue macrophages

resulting in the thrombocytopenia observed in rats. As the

LY2541546 was cleared during the drug-free recovery

period, platelet counts returned to normal.

We cannot rule out that the accelerated platelet clearance may

have also been augmented by endogenous or acquired antibodies

formed in the rat as a result of the direct LY2541546-platelet

interactions. It is known that the binding of platelets by the anti-

GPIIb/IIIa antibody, abciximab, exposes an epitope for which

a natural antibody already exists resulting in accelerated platelet

clearance and thrombocytopenia (Curtis et al., 2002). Also, anti-

drug antibodies (ADA) are frequently formed in rodents admin-

istered humanized monoclonal antibodies and theoretically could

increase the extent of platelet opsonization caused by a platelet-

binding humanized monoclonal antibody. We have no data eval-

uating the possibility of LY2541546 exposing epitopes on the

platelet surface, but we did indirectly measure the presence of

ADA using an antigen-capture ELISA that detects only free

LY2541546 (i.e., not bound by ADA). The ELISA data indicated

that LY2541546 exposure over time decreased in rats given the

1 mg/kg dose, consistent with the formation of ADA (data not

shown). In rats given the 10 and 100 mg/kg doses, LY2541546

exposure increased over time suggesting a dose-dependent

saturation of the effect of ADA on plasma LY2541546 levels.

Taken together, we cannot entirely exclude the possibility that

ADA contributed to the LY2541546 effects on platelet clearance.

TABLE 7

Red Blood Cell and Platelet Changes in Male Sprague-Dawley

Rats After a 3-Week or 13-Week Recovery Period Following 5

Weeks or 6 Months of Treatment With LY2541546

3 Weeks 13 Weeks

Dose (mg/kg) 0 100 0 100

Number examined 5 5 10 10

Red blood cells (3 106/ll) 8.7 7.9* 8.5 8.0*

Reticulocytes (3 109/l) 215.6 278.7* 157 211*

Platelets (3 103/ll) 1100 236* 958 1141*

Mean platelet volume (fl) 6.7 9.7* 5.7 5.8

*Significant difference from control (0 mg/kg) at p � 0.05.

TABLE 8

Red Blood Cell and Platelet Values in Male Cynomolgus

Monkeys After 5 Weeks of Treatment With LY2541546*

Dose (mg/kg) 0 1 10 100

Number examined 6 3 3 6

Red blood cells (3 106/ll) 5.3 5.3 5.2 5.1

Reticulocytes (3 109/l) 52.4 63.7 72.4 55.5

Platelets (3 103/ll) 441 472 359 491

Mean platelet volume (fl) 8.3 7.9 10.2 8.5

*No significant changes at p > 0.05; comparable results were observed in

females.

TABLE 9

Red Blood Cell and Platelet Values in Male Cynomolgus

Monkeys After 9 Months of Treatment With LY2541546*

Dose (mg/kg) 0 3 30 100

Number examined 6 4 4 6

Red blood cells (3 106/ll) 6.1 5.7 5.8 5.9

Reticulocytes (3 109/l) 40.5 47.5 48.5 39.2

Platelets (3 103/ll) 439 435 397 366

Mean platelet volume (fl) 8.9 9.1 9.2 9.8

*No significant changes at p > 0.05; comparable results in females.

TABLE 6

Spleen and Liver Weights Relative to Body Weight in Male Rats

After 1 Month of Treatment With LY2541546

Dose (mg/kg) 0 1 10 100

Number examined 10 10 10 10

Spleen 0.174 0.185 0.192 0.227*

Liver 2.553 2.526 2.717 3.122*

*Significant at p ¼ 0.001; comparable results in females.
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The in vitro cross-reactivity data demonstrated that LY2541546

bound platelets and megakaryocytes only in the rat. Although we

do not know the antigenic target in the platelet and megakaryocyte

and why binding only occurred in the rat, glycoproteins are

a potential culprit. Glycoproteins are abundant surface antigens on

the surface of both platelets and megakaryocytes and are common

cell surface targets for antibodies (Aster and Bougie, 2007;

George and Aster, 2009). They also demonstrate significant het-

erogeneity in rat, monkey, and human megakaryocytes and

platelets (Blue et al., 2009; Holoda and Dyr, 1991; Meyer et al.,
1983). Namely, there is only a 70% homology between the

GPIIb-IIIa coding sequence for rat and human GPIIb-IIIa, and the

predicted and/or solved GPIIb-IIIa structure for rats and human

platelets is responsible for important differences in the binding

pocket and subsequent binding affinity for small molecule GPIIb-

IIIa antagonists (Blue et al., 2009; Holoda and Dyr, 1991).

For spontaneous hemorrhage to occur in domestic animal

species, platelet counts that are � 25 3 103/ll would be

required to alter normal platelet plug formation (Duncan et al.,
1994). In the 5-week and 6-month rat studies, no rats had

platelet counts that were � 25 3 103/ll; however, tissue

hemorrhage was observed at all dose levels (Tables 3 and 4). It

is possible that animals were not sampled at the platelet count

nadir, the time when platelets would be at their lowest, and the

highest risk period for the tissue hemorrhage events to occur. In

our studies, platelet counts were only measured at necropsy,

approximately 24 h after the last dose of LY2541546. For

comparison, in an acute rat thrombocytopenia model where

anti-glycoprotein antibodies caused accelerated platelet clear-

ance, platelet nadirs (17 3 103/ll) in rats given the highest dose

of antibody (8 mg/kg) were observed 1 h after a single dose of

FIG. 3. LY2541546 immunocytochemistry in peripheral blood smears

from cynomolgus monkey, rat, and human. Platelets in cynomolgus monkey

(A) and human (C) are not labeled by LY2541546 and are blue due to

hemotoxylin counterstain. Rat platelets (B) are brown due to labeling with

LY2541546. All photomicrographs at 2003.

TABLE 10

LY2541546 Platelet and Megakaryocyte Immunocytochemistry

Scoresa

Human

Cynomolgus

monkey Rat

Tissue/antibody, lg/ml 2.5 12.5 2.5 12.5 2.5 12.5

Spleen and bone marrow

megakaryocytes

0 0 0 0 3þ 3þ

Peripheral blood smear

platelets

0 0 0 0 1 to 2þ 1 to 2þ

a0, No labeled cells; 1þ, light stain and/or occasional cells (minimal); 2þ,

light-to-medium stain and/or small numbers of cells/types of cells (mild); 3þ,

moderate stain and/or medium numbers of cells/types of cells (moderate); and

4þ, dark stain and/or large numbers of cells/types of cells (marked).
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antiplatelet antibody and after 24 h were more than 3-fold higher

than the nadir counts (Hansen and Balthasar, 2001).

The evaluation of several tissues and parameters across

multiple nonclinical studies enabled the characterization of the

drug-induced decrease in platelet count observed in LY2541546-

treated rats. The peripheral blood data (CBC and smear) and

histopathologic and cytologic data (bone marrow) provided key

data that discriminated between bone marrow suppression and

increased clearance mechanisms. These data provided evidence

that the mechanism of drug-induced decreases in platelet count

was the result of increased platelet clearance. Decreased platelet

counts in the rats correlated with adverse clinical signs, namely

the prolonged bleeding after nail clip or phlebotomy.

Several lines of evidence suggest that the effect of LY2541546

on platelets is rat specific and has limited relevance to the clinical

use of LY2541546: (1) In the in vitro cross-reactivity studies,

LY2541546 bound to rat, but not monkey or human platelets

and megakaryocytes; (2) sclerostin is not expressed in human

megakaryocytes and platelets; and (3) LY2541546 did not cause

changes in platelets or megakaryocytes in the monkey repeat-

dose toxicity studies at doses up to 100 mg/kg.

Based on the species-specific nature of the findings, it was

considered highly unlikely for similar platelet effects to be ob-

served in humans. A standard CBC was proposed for clinical

monitoring to insure safe testing of LY2541546 in clinical trials.

In clinical studies to date, no effects have been observed clinically

or in the hemogram that would indicate an effect on hemostasis.

FUNDING

All funding supporting the work described in this manuscript

was provided by Eli Lilly and Company.

REFERENCES

Arepally, G. M., and Ortel, T. L. (2006). Heparin-induced thrombocytopenia.

N. Eng. J. Med. 355, 809–817.

Aster, R. H., and Bougie, D. W. (2007). Drug-induced immune thrombocy-

topenia. N. Eng. J. Med. 357, 580–587.

Balemans, W., Ebeling, M., Patel, N., Van Hul, E., Olson, P., Dioszegi, M.,

Lacza, C., Wuyts, W., Van Den Ende, J., Willems, P., et al. (2001).

Increased bone density in sclerosteosis is due to the deficiency of a novel

secreted protein (SOST). Hum. Mol. Genet. 10, 537–543.

Balemans, W., Patel, N., Ebeling, M., Van Hul, E., Wuyts, W., Lacza, C.,

Dioszegi, M., Dikkers, F. G., Hildering, P., Willems, P. J., et al. (2002).

Identification of a 52 kb deletion downstream of the SOST gene in patients

with van Buchem disease. J. Med. Genet. 39, 91–97.

Bloom, J. C., and Brandt, J. T. (2001). Toxic responses of the blood. In

Casarett & Doull’s Toxicology: The Basic Science of Poisons

(C. D. Klaassen, Ed.), 6th ed., pp. 403–405. McGraw-Hill, New York, NY.

Blue, R., Kawalska, A., Hirsch, J., Murcia, M., Janczak, C. A., Harrington, A.,

Jirouskova, M., Li, J., Fuentes, R., Thornton, M. A., et al. (2009). Structural

and therapeutic insights from the species specificity and in vivo

antithrombotic activity of a novel alphaIIb-specific alphaIIbbeta3 antagonist.

Blood 114, 195–201.

Brunkow, M. E., Gardner, J. C., Van Ness, J., Paeper, B. W., Kovacevich, B. R.,

Proll, S., Skonier, J. E., Zhao, L., Sabo, P. J., Fu, Y., et al. (2001). Bone

dysplasia sclerosteosis results from loss of the SOST gene product, a novel

cystine knot-containing protein. Am. J. Hum. Genet. 68, 577–589.

Curtis, B. R., Swyers, J., Divgi, A., McFarland, J. G., and Aster, R. H. (2002).

Thrombocytopenia after second exposure to abciximab is caused by

antibodies that recognize abciximab-coated platelets. Blood 99, 2054–2059.

Duncan, J. R., Prasse, K. W., and Mahaffey, E. A. (1994). Hemostasis. In

Veterinary Laboratory Medicine: Clinical Pathology, 4th ed., pp. 75–82.

Iowa State University Press, Ames, IA.

George, J. N., and Aster, R. H. (2009). Drug-induced thrombocytopenia:

Pathogenesis, evaluation, and management. Hematology Am. Soc. Hematol.

Educ. Program 2009, 153–158.

Hansen, R. J., and Balthasar, J. P. (2001). Pharmacokinetics, pharmacody-

namics, and platelet binding of an anti-glycoprotein IIb/IIIa monoclonal

antibody (7E3) in the rat: A quantitative rat model of immune

thrombocytopenic purpura. J. Pharmacol. Exp. Ther. 298, 165–171.

Holada, K., Dyr, J. E., Suttnar, J., and Simak, J. (1991). Comparison of rat and

human major platelet glycoproteins. Comp. Biochem. Physiol. 99B,

399–403.

Li, X., Ominsky, M. S., Warmington, K. S., Morony, S., Gong, J., Cao, J.,

Gao, Y., Shalhoub, V., Tipton, B., Haldankar, R., et al. (2009). Sclerostin

antibody treatment increases bone formation, bone mass, and bone strength

in a rat model of postmenopausal osteoporosis. J. Bone Miner. Res. 24,

578–588.

Meyer, M., Hermann, F. H., Herrmann, M., Fomenko, V. N., Yakovleva, L. A.,

and Lapin, B. A. (1983). Proteins and glycoproteins of monkey and human

platelets. Comparison by high resolution two-dimensional gel electrophore-

sis. Comp. Biochem. Physiol. B 74B, 825–830.

Moester, M. J. C., Papapoulos, S. E., Löwik, C. W., and van Bezooijen, R. L.
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