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A Single Intravenous Dose of Murine Megakaryocyte Growth and Development
Factor Potently Stimulates Platelet Production, Challenging the Necessity
for Daily Administration

By Najat C. Daw, Julie T. Arnold, Basel A. Abushullaih, Paula E. Stenberg, Melanie M. White,
Deepthi Jayawardene, Deo Kumar Srivastava, and Carl W. Jackson

The thrombopoietic efficacy of recombinant forms of c-mpl
ligand is being actively investigated in preclinical studies
using daily dosing schedules. However, a comprehensive
kinetic study of the thrombopoietic response to a single
injection of recombinant c-mpl ligand has not been per-
formed. Here, we present the results of a detailed kinetic
analysis of the platelet response to a single intravenous
administration of pegylated recombinant murine megakaryo-
cyte growth and development factor (PEG-rmMGDF) in mice.
In addition, we compare the efficacy of single versus daily
dosing in stimulating platelet production. A single intrave-
nous injection of PEG-rmMGDF produced a marked and
dose-dependent elevation in platelet number and a moder-
ate increase in mean platelet volume (MPV). After administra-
tion of 25 or 250 pg/kg of PEG-rmMGDF, platelet number
was first increased on day 3 and peaked at 2.7-fold (25
rg/kg) and 5.7-fold of normal (250 nwg/kg) on day 5. Thereaf-
ter, platelet number declined and returned to baseline by
days 9 and 14, with the 25 and 250 png/kg doses, respectively.

ing maximum values of 1.2-fold (25 pg/kg) and 1.5-fold of
normal (250 pg/kg) on day 4. Subsequently, MPV declined
and was downregulated on days 6 to 7 (25 pg/kg) and day 8
(250 pg/kg). Based on these results, we evaluated the
platelet response to PEG-rmMGDF administered intrave-
nously as a single dose versus daily for 5 days. A single
administration of 100 pg/kg produced a higher platelet
number on day 5 than daily administration of 100 or 20
rg/kg for 5 days. However, the thrombocytosis was less
sustained after single versus daily dosing. The smaller plate-
let number increase on day 5 after daily dosing reflected the
production of larger platelets, rather than suppression of
thrombopoiesis. Our results indicate that PEG-rmMGDF ad-
ministered as a single intravenous dose potently stimulates
platelet production in mice, challenging the need for its daily
administration. Adoption of an intermittent administration
schedule of this cytokine could be more efficacious and is
merited in future clinical trials.

© 1998 by The American Society of Hematology.

MPV began to increase on day 2 after PEG-rmMGDF, reach-

HROMBOPOIESIS IS A complex, multistep process that size®8 The thrombopoietic activity present in thrombocytope-
begins with the commitment of a pluripotent hematopoi- nic plasma was attributed to thrombopoietin, the humoral

etic stem cell to a differentiation pathwayThe committed regulator of thrombopoiesis that long has been believed to exist
megakaryocytic progenitor cell then undergoes proliferationand sought aftef. Thrombopoietin was thought to be respon-
and subsequently differentiates into a mature megakaryocytesible for the alterations in the platelet indices observed after
which ultimately releases platelets into the circulafidxperi-  induction of immune thrombocytopeni@but whether this was
mental induction of immune thrombocytopenia in animals hasindeed the case remained to be determined.
served as a model system to study the mechanisms that regulateThe recent discovery and cloning of thempl! ligand'l-15
megakaryocytopoiesis and platelet producidAn increase in - have provided an essential tool to characterize the role of
platelet size was detected as early as 8 to 12 hours aftahrombopoietin in thrombopoiesis. Several in vitro and in vivo
induction of acute severe or moderate immune thrombocytopestudies, along with the mpl receptor and ligand knock-out
nia in rodents and preceded the increase in platelet nuhiber. mouse models, have identifiechpl ligand as thrombopoietin,
Furthermore, injection of plasma from thrombocytopenic ani-the primary regulator of thrombopoiedfst® Further data have
mals into mice resulted in increases of platelet number andngicated the potential usefulness of this novel cytokine in the
clinical setting. For instance, megakaryocyte growth and devel-
opment factor (MGDF), a truncated recombinant form ofigt
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of pegylated recombinant murine MGDF (PEG-rmMGDF), in frequent intervals (12 hours to 14 days) after PEG-rmMGDF/carrier
mice. In an earlier report, we described the kinetics of theadministration.

megakaryocytic changes produced by the single injeéfion.

Here, we present the detailed analysis of the consequent platelBfatelet Number Determination

response. In addition, we compare the platelet responses to Blood was collected by orbital sinus bleeding into Unopette pipettes

single versus daily dosing of PEG-rmMGDF. and immediately diluted in Unopette reservoirs containing 1% ammo-
nium oxalate. Platelets were counted on a hemacytometer by phase-
MATERIALS AND METHODS contrast microscopy (magnification500).
Experimental Design Mean Platelet Volume (MPV) Measurement

First, we defined the serial effects of PEG-rmMGDF administered Bjood was collected by cardiac puncture inte EDTA at a final
intravenously as a single dose (25 or 250 ug/kg) on platelet number angoncentration of 12.5 mmoliL. Platelets were separated on self-
size in mice. These parameters were measured at frequent intervals (dgnerated Percoll density gradients. Percoll density medium (Pharma-
hours, 24 hours, 36 hours, daily at days 2 to 10, and day 14) afteg;a, Inc, Piscataway, NJ) was made isotonic for mouse blood with 10
PEG-rmMGDF administration. Independent groups of mice were usethylpecco’s PBS and then diluted with an isotonic solution of the same
for the different doses at each time point, ie, mice were bled only oncepffer to a 40% concentration. A total of 5 mmol/l, EDTA was added
The 25 uglkg dose was chosen because of its repeated use in daily the medium to prevent platelet aggregation in the gradients.
administration schedules in other studies of this cytokine. A 10-fold continuous density gradients were generated by centrifugation of 9 mL
larger dose (250 pg/kg) was used based on our hypothesis thafolumes of the diluted Percoll medium at 20,800r 20 minutes at
administration of a single large dose of this cytokine may be morep2°c in a fixed-angle rotor. A total of 200 L of each blood sample was
advantageous than daily administration of smaller doses. Next, Wgjijuted 1:1 with Hanks’ balanced salt solution, layered on top of the
compared in two separate experiments the platelet responses igensity gradient, and centrifuged at 1,806r 10 minutes at 22°C. The
PEG-rmMGDF given intravenously as a single dose of 100 pg/kg, ofportion of the gradient containing platelets was collected for MPV
daily for 5 days at 100 pg/kg or 20 pg/kg. Specifically, we determined measurement. MPV was determined with a Coulter particle analyzer
platelet indices on days 5, 7, 10, and 12 after initiation of PEG-rmMGDF (Model ZM with Channelyzer 256; Coulter Scientific Instruments,
treatment. Independent groups of mice were used in these experiment§ialeah, FL). The instrument’s calibration was verified with 2.02 um
except in experiment 1, where mice bled on days 5 and 7 after PEGgjameter latex beads before each use. Data were accumulated on each
rmMGDF administration, were bled again on days 10 anddshectively.  pjatelet sample until a count of 2,000 was achieved in the peak channel.

The volume distributions were analyzed as log-normal distributions.
MGDF Reagent The data were expressed as MPVs.

PEG-rmMGDF is a recombinant truncated murioenpl ligand
encompassing the erythropoietin-like domain of the nativept-
ligand, thrombopoieti®® Derivitization with polyethyleneglycol (pegyla- Blood was collected by orbital sinus bleeding into Unopette pipettes
tion) increases the in vivo potency of this product by roughly 10-fold to and immediately diluted 1:40 with normal saline solution. Blood
20-fold, largely by delaying its clearance and thus prolonging its plasmasamples were then incubated for 30 minutes at room temperature with a
half-life.21-26 PEG-rmMGDF was kindly provided by AMGEN Inc saturating concentration (10 pL of 1:1000 dilution) of a rat monoclonal
(Thousand Oaks, CA) as a clear, aqueous solution. An initial lot ofantibody to mouse platelets (4A%)shown to be directed to a 74-kD
PEG-rmMGDF used in our kinetic studies demonstrated higher throm-glycoprotein present on murine platefStand to be highly platelet
bopoietic potency than a second lot that was used in subsequent experimergpecifi@” (kindly provided by Dr S. Burstein, University of Oklahoma,

No data on the relative biologic activity of the different PEG-rmMGDF Oklahoma City, OK). Platelets were then fluorescently labeled with 5

Analysis of Platelet Size by Flow Cytometry

lots determined by bioassays, were provided by the supplier. pL of fluorescein isothiocyanate (FITC)-goat antirat 1gG F(ab’)
On the day of administration, the stock solution wésted in phosphate-  (Biosource, Camarillo, CA), by incubating for 30 minutes at room
buffered saline (PBS) containing 1% isologous-mouse serum. temperature. Before flow cytometric analysis, samples were diluted
1:20 with normal saline solution. Platelets incubated with FITC-goat

Animals Studied antirat IgG F(ab”) only, served as the negative control. Flow cytometric

analysis was performed on a FACScan (Becton-Dickinson, San Jose, CA).
Young adult C57BL/6] male mice were purchased from The Jacksortelis positive for 4A5, identified as platelets, were selected for analysis by
Laboratory (Bar Harbor, ME) and quarantined for 4 weeks before useglectronic gating. Forward angle light scatter was used as an index of platelet
At the time of the experiments, mice were 10 to 12 weeks old andsjze. The proportion of large platelets was defined as the percentage of
weighed 25 to 35 g. They were anesthetized with methoxyflurane beforgatelets larger in size than 99% of platelets of control mice (mice injected

blood collection via cardiac puncture or from the orbital sinus or it carrier only). Ten thousand platelets were examined for each sample.
abdominal aorta.

Electron Microscopy

MGDF Administration Blood was collected from the abdominal aorta of methoxyflurane-
In all experiments, PEG-rmMGDF was injected intravenously via a anesthetized mice into ACD/PGEontaining syringes and immediately
lateral tail vein after induction of vasodilation by warming under an dripped into 9 vol of 1.5% gluteraldehyde in 0.1 mol/L sodium
examination lamp. The intravenous route of injection was chosen in arcacodylate buffer, pH 7.4, with 1% sucrose, and fixed for 1 hour at room
attempt to achieve the highest possible plasma levels of PEG-rmMGDRemperature. The red blood cells were pelleted by centrifugation for 20
In the single dose schedule, PEG-rmMGDF was administered as aninutes at 40. The supernatant containing the platelets was collected,
single injection on day 0O, while it was given on days 0 through 4 in the and platelets were pelleted by centrifugation for 10 minutes at 8,200
daily administration schedule. An equivalent volume of PBS with 1% The fixed platelets were washed three times with 0.1 mol/L cacodylate
isologous-mouse serum (carrier) was injected intravenously into controbuffer (pH 7.4) by centrifugation for 10 minutes at 2,80then were
mice. Blood samples were obtained for platelet counting and sizing apostfixed in osmium tetroxid®. The platelet samples were dehydrated
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through a graded series of ethanol, infiltrated with toluene and 74
subsequently with a resin composed of dodecenyl succinic anhydridr __
(DDSA), nadic methyl anhydride (NMA), and tri(dimethyl amino -:'_ 64
methyl) phenol (DMP-30; Ted Pella, Redding, CA) and LX-112 (Ladd o;
Research Industries, Burlington, VT), and finally embeded in 100% of 5
the same resin. Thin sections were cut and stained with uranyl acetal 3~
and lead citrate and viewed with a Philips 301 transmission electror § 41

microscope (Philips Electronic Instruments, Inc, Mahwah, NJ). g
3
L 4
Statistical Analyses <
The Kruskal-Wallis tes¥ a nonparametric analog of the analysis of % 21
variance (ANOVA) F-test, was used to detect overall differences in @ _ |
median platelet number and size when comparisons involved more tha
two groups. Because of the small sample sizes, a permutatich test 0
T T T T T T T

(STATXACT software package; CYTEL Software Corp, Cambridge, 6 2 4 6 8 10 12 14

MA)32 was used to determine the values. When the number of .. .
: f PEG-rmMGDF
permutations was less than 10,000, an eXasalue was calculated, Days after administration o G

Whgreas, when the number OT permL_Jtations exceeded 10,000, an Fig 1. Serial effects of a single intravenous dose, 25 pg/kg (O) or
estimate of the® value was obtained using the Monte Carlo method, 550 ,g/kg (®) of PEG-rmMGDF administered on day 0 on platelet
based on 10,000 permuted samples. With 10,000 permutations, thgumber in mice. PEG-rmMGDF produced a profound and dose-
estimatedP value is within 1.3% of the true® value with 99%  dependent increase in platelet number. With both PEG-rmMGDF
confidence. When a significant difference was detected by the Kruskaldoses, a 2-day delay was observed before platelet number began to
Wallis test or when only two groups were being compared, theincrease; and peak values were reached on day 5. Each data point
Wilcoxon-Mann-Whitney rank sum té8twas used. In the case of represents the mean = SEM of platelet number; for the 25 pg/kg
multiple comparisons, a Bonferroni correctidmas made to maintain ~ 90€: 1 = 4 to 10 mice per time point for the E"GDF groupand n = 13
the overall type 1 error level @f = .05. The correctea was obtained for_ controls, and for the 250 pg/kg dose, n = 5 to 11 mice per time
by dividing 0.05 by the number of comparisorg. values were pqmt for the MGDF group and n = 20 for contro!s. Data from control
: . ) mice were pooled to represent the day 0 data point.

calculated using the permutation test as described above.

Statistical analyses of nonparametric nature were performed compar-
ing medians, whereas, figures shown depict arithmetic means Vvalues on days 8 and 9 after the 25 and 250 ug/kg doses,
standard error of means (SEM). respectively.
To test whether enpl ligand is responsible for the early
RESULTS . . . . . .

increase in platelet size noted after experimental induction of

Kinetics of the Platelet Response to PEG-rmMGDF immune thrombocytopenia, a single large dose (250 pg/kg) of

Platelet number. PEG-rmMGDF administered as a single PEG-rmMGDF was injected intravenously into mice, and MPV
intravenous dose of 25 or 250 pg/kg resulted in a profoundwas determined at 12 hours and 24 hours after administration.
thrombopoietic stimulation. Platelet number peaked with bothNo change in MPV was detected 12 hours after this dose in the
doses on day 5, at 2.7-fold and 5.7-fold of normal with the 25MGDF-treated mice compared with control micecat= .05
and 250 pg/kg doses, respectively (Fig 1). The correetéat
analysis of data shown in Fig 1 was .004. After a 2-day delay, 7
with both doses, platelet number increased on ddy 3 (0006 W
andP < .0001, with the 25 and 250 pg/kg doses, respectively),g
and reached approximately 2.5-fold of normal by day 4. With g
the 25 ug/kg dose, platelet number remained elevated for thg 6
next 4 days and returned to baseline on day 9. In contrast, witl©
the 250 pg/kg dose, platelet number continued to increasw
beyond day 4, reaching a peak of 5.7-fold of normal on day 5.@
The platelet number remained elevated through dayPLé- (
.002). With both doses, the rate of decline in platelet numbelg
from peak values was consistent with the 4-day life span oiés
normal murine platelet®' 4

MPV. Anincrease in MPV was first detected on day 2 after
PEG-rmMGDF P = .0007 andP = .0003 for the 25 and 250
pa/kg doses, respectively), preceding by 1 day the increase i
platelet number (Fig 2). The correctedfor analysis of data Days after administration of PEG-rmMGDF
show_n Ir? .Flg 2 Wa.s 004. Changes in MPV before day 2 W(_Bl’e Fig 2. Serial effects of a single intravenous dose, 25 pg/kg (O) or
not significantly different from control. MPV reached maxi- ,5,",4/kg (@) of PEG-rmMGDF administered on day 0 on MPV in
mum values of 1.2-fold and 1.5-fold of normal with the 25 and mice. PEG-rmMGDF caused a dose-dependent increase in MPV,
250 ug/kg doses on day 4, respectively. Noteworthy is the sharpshich began on day 2 and peaked on day 4. Each data point
decrease in MPV on day 5, time of the peak in platelet numberrepresents the mean + SEM of MPV; for the 25 ng/kg dose, n =4 to 10

. . mice per time point for the MGDF group and n = 13 for controls, and
Thereafter, MPV declined to below baseline on day$*6~ for the 250 pg/kg dose, n = 5 to 7 mice per time point for the MGDF

.003) and 7 < .0001) with the 25 pg/kg dose, and on day 8 gyoup and n = 18 for controls. Data from control mice were pooled to
(P < .0001) with the 250 pg/kg dose. MPV returned to baselinerepresent the day 0 data point.

Pla
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Table 1. MPV Early After PEG-rmMGDF

Group MPV at 12 hr (fL) MPV at 24 hr (fL)
Control 491 = 0.06 4.64 + 0.14
@ 4
MGDF 250 pg/kg 4.88 = 0.05* 4.68 = 0.10t
®) o
MGDF 500 pg/kg 4.77 = 0.131

4)

Values shown represent mean = SEM. Numbers in parentheses
indicate number of mice per group.

*Not significantly different from MPV of control mice P = 0.857,
Wilcoxon-Mann-Whitney.

tNot significantly different from MPV of control mice P = 0.708,
Kruskal-Wallis. 00— T T T T T T T

Large Platelets (%)

(Table 1). Similarly, no change in MPV was noted 24 hours after Days after administration of PEG-rmMGDF
250 pg/kg of PEG-rmMGDF. Doubling the dose to 500 pg/kg ) ) )
(250 ug/kg given twice. 12 hours apart) also did not produce a Fig 4. Serial effects of a single intravenous dose, 25 ng/kg (O) or
h . h, h | d 250 pg/kg (@) of PEG-rmMGDF administered on day O on the
(? ange. in MPV at 24. ours. These resg ts Squ?Ste ﬂmﬂ C'. percentage of large platelets defined by flow cytometry to be larger
ligand is not responsible for the early increase in platelet siz&han 99% of platelets of control mice. A major increase in the
observed after experimental immune thrombocytopenia. percentage of large platelets was noted on day 2 after PEG-rmMGDF,
Platelet size by flow cytometryBecause of the concern that W't/'l‘( Pzaks occurring _O”Idaé’ 3 ;":jd days 3 to 4 after the hZS and 250
" . +
MPV measurement may not be sensitive enough to detect mindt? 9 o5 respectively. Each data point represents the mean =
. L ! . of the percentage of large platelets, for the 25 ng/kg dose, n = 4
increases in platelet size due to small p(_)pu'atlons of neW|yt0 7 mice per time point for the MGDF group and n = 12 for controls,
released large platelets, we further examined platelet size bynd for the 250 pg/kg dose, n = 5 to 6 mice per time point for the
analyzing the percentage of large platelets using flow cytomeMGDF group and n = 15 for controls. Data from control mice were
try, as described in the Materials and Methods section. FlowP°°led to represent the day 0 data point.
cytometric analyses of platelets were performed concurrently at )
all time points where MPVs were measured. After administra-2" day 4,'and was decreaseq to belqw baseline on dé_’y:S (
tion of 250 pg/kg of PEG-rmMGDF, the percentage of Iarge.0001) (Figs 3 and 4), consistent with the changes in MPV

platelets was first increased on dayP2- .0001), was maximal documented above in response to this dose (Fig 2). The
correcteda for analysis of data shown in Fig 4 was .004. In

contrast, administration of 25 pg/kg of MGDF resulted in an
initial minor increase in the percentage of large platelets
detected at 12 hour®(= .0003) followed by a slight decrease

at 24 hoursP = .0003), preceding the pronounced increase that
began on day 2R < .0001) (Fig 4). Subsequently, except for
the earlier peak in the percentage of large platelets noted on day
3, the changes in platelet size in response to the lower dose
resembled those detected by MPV. These results suggest that
flow cytometry is more sensitive than MPV in detecting minor
fluctuations in platelet size and that the effect of PEG-rmMGDF
on production of large platelets is dose-related.

P 160 Electron microscopy. Platelets were examined by transmis-

: 1403 sion electron microscopy on day 4 after PEG-rmMGDF (250

Control MGDF
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S 120 pg/kg), the time point of maximal increase in platelet size.
S0’ 100 Platelets had normal ultrastructure, with the exception of
3w a0 frequent endoplasmic reticulum and Golgi Complex profiles in
g o o platelet sections, suggesting their premature release from stimu-
T . lated megakaryocytes (Fig 5).
O 40 40:
2 20 Dose-Response Effects of Single Dose PEG-rmMGDF
5O WAL WAL S LR SRR IR o We determined platelet number on days 5 and 6 following a

range of single intravenous doses (5 to 250 pg/kg) of PEG-

Forward Angle Light Scatter o X X e !
rmMGDF injected into mice. These specific time points were

Fig 3. Shown are representative flow cytometric profiles of plate-
let size on day 4 after carrier or 250 pg/kg of PEG-rmMGDF. Platelets
were labelled with FITC-4A5 monoclonal antibody and analyzed by
flow cytometry. A vertical gate was set to detect the percentage of
large platelets, defined to be larger than 99% of platelets of control
mice. Note the higher percentage of large platelets in the MGDF-
treated mice compared with control mice.

selected based on the kinetic results, which showed that
maximal platelet production occurred on day 5 after PEG-
rmMGDF administration (Fig 1). The second lot of PEG-
rmMGDF, of lower potency, was used in this and subsequent
experiments. In no case was the platelet number on day 6 (data
not shown) higher than that on day 5 @t= .05. A single
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Fig 6. Dose-response effects of single intravenous injection of =] Exp. 2
PEG-rmMGDF on platelet number in mice on day 5 after PEG- c 7
rmMGDF. PEG-rmMGDF potently stimulated platelet production in a "6
dose-dependent manner. Each data point represents the mean = E 6
SEM of the platelet numbers. Number of mice injected at each dose ‘a'
level = 5. - 5
o

injection of MGDF potently stimulated platelet production even
at the 5 pg/kg dose, the lowest dose given (Fig 6). Peak platele
number increased in a dose-dependent manner with a plateau
25 pg/kg (Kruskal-Wallis comparing values at doses 10 to 25C
pa/kg,P = 0.03,a = 0.05; Kruskal-Wallis comparing values at
doses 25 to 250 pg/k®, = .925, and Wilcoxon-Mann-Whitney
comparing values at 10 and 25 pg/lRg= .016, corrected =
.025). Increasing the dose above 25 pg/kg, using this batch ¢ 10
PEG-rmMGDF, did not result in further enhancement of the . ee as
platelet number response. This plateau effect could hawvt Days after initiating
possibly resulted from a complete saturation of thenpl- PEG-rmMGDF treatment

receptors of megakaryocytes and/or to the production of larger
P 9 yocyt P 9 Fig 7. Comparison of platelet number response to PEG-rmMGDF

platelets by the higher doses..Very large platelets were noted bé(dministered intravenously as a single dose of 100 ng/kg versus daily
phase-contrast microscopy with 1,000 pg/kg of PEG-rmMGDF,at 100 pg/kg or 20 pg/kg for 5 days. Single dose administration of

however, quantitation of platelet size was not performed. PEG-rmMGDF resulted in a higher elevation in platelet number on
day 5, whereas daily dose administration produced a more prolonged
Sing|e Versus Dai|y Dosing of PEG-rmMGDF thrombocytosis. No data were collected on days 7 and 12 for the 20

. . o . rg/kg dose in experiment 1 and for all doses in experiment 2. Bars
We next examined whether the daily administration of represent the mean * SEM of the platelet numbers. Numbers

MGDF was more efficacious in elevating platelet number thandisplayed in bars indicate number of mice in each group.

single dosing. Our aim was to determine whether the thrombo-

poietic response to a single dose could be enhanced by dailgf 100 pg/kg P < .0001 and® = .002 for experiments 1 and 2,
administration of the same dose or by dividing the dose overespectively) or 20 pg/kgR = .003 andP = .002 for
several days. Based on the dose-response curve of the secoexperiments 1 and 2, respectively); correated .008. By day

lot of PEG-rmMGDF, we chose a 100 pg/kg dose to ensure tha?, platelet number after the single injection declinBd~.036;
maximal response to single dosing would be achieved. Specifia = .05), whereas, it continued to increase after daily injection
cally, we compared the thrombopoietic responses to 100 pg/kgf 100 pg/kg P = .008;a = .05). On day 10, platelet number
of PEG-rmMGDF when given as a single injection on day 0, after the single dose returned to baseline; however, it remained
versus when given daily for 5 days (100 pg/kg daily on days Osignificantly increased after daily administration of 20 or 100
through 4), versus when divided equally over 5 days (20 pg/kgug/kg of PEG-rmMGDF compared with contrd® & .002 for
daily on days 0 through 4). As depicted in Fig 7, single injection experiment 2; correctesl = .008). This prolonged elevation did
of 100 pg/kg of PEG-rmMGDF produced a higher platelet not reach statistical significance in experiment 1, most likely
number on day 5, when compared with daily injection for 5 daysdue to the small number of mice in the control group. On day

Fig5. Transmission electron micrographs of platelets from mice on day 4 after receiving carrier only (a and c) or a single intravenous dose of
250 pg/kg of PEG-rmMGDF (b, d, and e). Platelets produced in response to PEG-rmMGDF had normal ultrastructure, with the exception of
frequent endoplasmic reticulum (arrowheads in [d] and [e]) and Golgi Complex profiles in platelet sections, suggesting their premature release.
db, dense bodies; g, alpha granule. Magnification in (a) and (b) x 13,000, and in (c), (d), and (e) x 34,000.
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12, platelet number after daily administration of 100 pg/kg (2N/4N cells) observed on day 4 after the higher dose was twice
remained substantially elevated compared with contPol=(  that after the lower dose, whereas, the increase of megakaryo-

.008, corrected = .017). cyte polyploidization and size were similar with both doses.
The hematocrits of the mice with repeated bleeding were noFurther, the greater expansion in the pool of immature mega-
reduced by the small collected blood volume (10 pL). karyocytes following the 250 pg/kg dose, translated into a

Examination of MPV on day 5 showed a greater increase insustained peak in the frequency of polypoid megakaryocytes
MPV after daily administration of 100 pg/kg than after single (8N-128N cells), thus accounting for the greater and more
dosing P = .008 andP = .002 in experiments 1 and 2, prolonged effect on platelet production seen after this dose.
respectively; corrected = .017) (Table 2). Similarly, a greater A 2-day delay before an increase in platelet number was
increase in MPV was documented on day 5 after daily administraobserved after the single administration of either 25 or 250
tion of 20 pg/kg of PEG-rmMGDFR = .002; corrected = .008).  pg/kg of PEG-rmMGDF, indicating that MGDF does not act
This finding indicated that the lower platelet number on day 5 afteimmediately to release platelets from mature megakaryocytes.
multiple dosing was not due to suppression of thrombopoiesisA similar delay before an increase in platelet number was also
but rather to the production of larger platelets. observed in other studies after daily administration of this
cytokine20:2635 Qur examination of the megakaryocytic re-
sponse to single administration of PEG-rmMGBFRand its

The long search for a platelet growth factor has recentlyconsequences on platelet production reported herein, shows that
culminated in the discovery and cloning of thenpl ligand. the initial response to single PEG-rmMGDF administration is a
The availability of recombinant forms of this vital cytokine, right shift in megakaryocyte DNA ploidy at 12 hours, followed
with its potent stimulatory action on megakaryocytopoiesis ancby an increase in megakaryocyte frequency and size on day 2,
platelet production, has provided a promising thrombopoieticwhich precede the increase in platelet number on day 3. These
agent for use in clinical trials. Ideally, trials designed to in vivo megakaryocytic changes are in agreement with in vitro
determine the optimal dosing of this cytokine should be basediat&#® showing that anpl ligand has both a proliferative and
on the kinetic response to single dose administration. Howeverifferentiative effect on megakaryocyte progenitors and explain
to date, no such detailed analysis has been performed. In thgye delay before the increase in platelet number, the time
present study, we have shown that intravenous administration aflapsing between stimulation of immature megakaryocytes and
a single dose of PEG-rmMGDF to mice results in a markedpjatelet release. This mechanism of action of MGDF also
increase in platelet number and a moderate increase in platelekplains why intensifying the dose by increasing it or adminis-
size. The degree of thrombocytosis induced by single injectionering it daily, does not result in an earlier response in platelet
was dose-dependent. When compared with daily dosing, singlgumber. Interestingly, a similar delay in platelet recovery was
PEG-rmMGDF administration stimulated a higher early (day opserved after induction of immune thrombocytopenia by
5), but less sustained increase in platelet number. antiplatelet antisera in experimental animis.

Our kinetic data indicate that single intravenous injection of  gimilar to its effect on platelet number, we found that
25 or 250 pg/kg of PEG-rmMGDF into mice induces a peG-rmMGDF causes a dose-dependent increase in platelet
dose-dependent increase in platelet number, with maxima ofjze documented both by MPV measurement and analysis of
2.7-fold and 5.7-fold of normal on day 5 after the 25 and 250 3rge platelets by flow cytometry. With both doses (25 and 250
Ha/kg doses, respectively. Our kinetic analysis of the megakaryopg/kg) of PEG-rmMGDF, the initial and maximal increase in
cytic response to the above doses of PEG-rmM@Ddhowed  piatelet size preceded the initial and maximal increase in
that the markedly higher peak in platelet number with the highetp|atelet number. Prematurely released platelets, with otherwise
dose is the consequence of a greater increase in megakaryoc\igymal ultrastructure, were noted on electron microscopy
frequency, rather than a higher stimulation of either megakaryo-performed on the day of maximal stimulation of platelet size.
cyte polyploidization or megakaryocyte size. That is, theThjs suggests that the large platelet size may denote premature
maximal increase in the frequency of immature megakaryocytesg|ease of platelets from MGDF-stimulated megakaryocytes,

whose cytoplasm did not yet undergo complete maturation.

DISCUSSION

Table 2. Effect of Single Versus Daily Dose Administration of Also, based on our observation that the increase in platelet size
PEG-rmMGDF on Day 5 MPV occurred concurrently with the profound increase in the propor-
MPV (fL) tion of 64N-128N megakaryocyté$,one could postulate that

platelets derived from unusually high ploidy and large mega-

Group Experiment 1 Experiment 2 K
karyocytes induced by PEG-rmMGDF, are larger. Of note, we
Control 426> 012 502> 0.08 observed no increase in platelet size at 36 hours after PEG-
MGDF 100 piglkg X 1 5.00 E_f)o.lo 531 (;)0_04 _rmMGDF, the time at which modal megakaryocyte ploidy was
®) ©) increased to 32N. Interestl_nglyZ platelets of C3H mice, whose
MGDF 100 pg/kg daily X 5 752 + 0.15* 7.81 + 0.09+ modal megakaryocyte ploidy is 32N, also do not show an
©) ®) increase in platelet siZ8,suggesting that only higher ploidy

Values Shown represent mean = SEM. Numbers in barentheses megakaryocytes are responsible for releasing large platelets
_— P B ' P after PEG-rmMGDF. MPV rapidly declined at the peak in
indicate number of mice per group.

*Significantly different from MPV of mice treated with MGDF 100 platel_et number, _and SUbsequently was d_ownregulated to below
Hg/kg X 1, P = 008, Wilcoxon-Mann-Whitney. baseline, reflecting a feedback regulation by the profound
tSignificantly different from MPV of mice treated with MGDF 100 thrombocytosis on platelet production. A similar downregula-

pglkg X 1, P = .002, Wilcoxon-Mann-Whitney. tion of platelet size was observed following rebound thrombocy-
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tosis after experimental immune thrombocytopefi@f rel- Although this finding could still be related to the use of
evance, the proportion of 64N-128N megakaryocytes hasionspecies specific recombinaatplligand forms in the other
markedly decreased on day 5 after PEG-rmMGDF, with subsestudies, we questioned whether daily administration of this
guent downregulation of megakaryocyte plofdfurther sup-  cytokine has a suppressive effect on thrombopoiesis.
porting the hypothesis that the changes in platelet size after To evaluate the necessity of the daily administration schedule
MGDF are related to the alterations in megakaryocyte ploidy. of recombinant anpl ligand that has been widely adopted in
We observed a 2-day delay before platelet size increased aft@arlier preclinical studies, we compared the thrombopoietic
25 or 250 ug/kg of PEG-rmMGDF. In addition, no change in responses to PEG-rmMGDF administered as a single dose
MPV was noted at 24 hours after increasing the dose to 500ersus daily for 5 days. Surprisingly, the platelet increase on day
ug/kg. These findings are in contradistinction to changesd after injection, in response to the single dose was higher than
observed after induction of immune thrombocytopenia inthat following the daily administration of the same dose or one
rodents where an increase in platelet size was detected as eafifth of the dose for 5 days. Although single dosing resulted in
as 8 to 12 hours after administration of platelet antiér@ur ~ an earlier higher response, the thrombocytosis was more
data suggest that thrombopoietin acting alone, is not responsiblerolonged after daily dosing. Examination of platelet size
for the early release of large platelets noted after experimentaghowed that the smaller platelet number increase on day 5 after
immune thrombocytopenia. However, thrombopoietin acting indaily dosing reflected the production of larger platelets, rather
concert with other cytokines that may be elevated in acuté¢han suppression of thrombopoiesis. In early clinical trials,
thrombocytopenia, may still play a role in the early release ofadministration of recombinant forms of human thrombopoietin
large platelets, as mpl ligand activity was detected as early as in single* or daily** dosing was shown to be safe and effective
8 hours after the administration of platelet antisénideverthe-  in ameliorating chemotherapy-induced thrombocytopenia in
less, based on the time lag before the increase in platelet numb@atients with cancer.
and size after enpl ligand, which acts primarily on immature [N summary, our data indicate that a single dose of PEG-
megakaryocytes, one could postulate that the release of largg"MGDF, by stimulating megakaryocyte progenitor prolifera-
platelets after induction of experimental inmune thrombocyto-tion and subsequent differentiation, substantially stimulates
penia, occurs independently of this cytokine and could pePlatelet production in mice, causing an increase in both platelet
attributed to another thrombopoietic factor with platelet releas-"umber and platelet size. Single dose administration of PEG-
ing ability, which is yet to be characterized. rmMGDF is more effective in elevating platelet number early
In contrast to the effect of PEG-rmMGDF we observed onCompared with daily administration, but results in a less
platelet size, Ulich et & have reported a dose-dependent sustained thrombocytosis. This, in conjunction with the pharma-
decrease in MPV after daily intraperitoneal injection of 1 to 100 COKinetics of this cytokine, suggests that optimal dosing of this
pg/kg of nonpegylated recombinant human MGDF (tHUMGDF) _cytoklr_le in futqr(_a cllr_ucal trials can be achieved by its
into mice. Harker et &+also have shown a decrease in MPV Intérmittent administration every 2 to 4 days.
after daily subcutanous injection of low doses (0.05 to 2.5
pg/kg) of PEG-rHUMGDF in nonhuman primates. However, ACKNOWLEDGMENT
using a wider range of MGDF doses, Ulich et'ahowed that, We thank Jim Houston and Roseann Lambert (recently deceased) for
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