CLINICAL OBSERVATIONS, INTERVENTIONS, AND THERAPEUTIC TRIALS

Thrombocytopenia caused by the development of antibodies to thrombopoietin
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Thrombocytopenia developed in some in-
dividuals treated with a recombinant
thrombopoietin (TPO), pegylated recombi-
nant human megakaryocyte growth and

development factor (PEG-rHuMGDF).

Three of the subjects who developed se-
vere thrombocytopenia were analyzed in
detail to determine the cause of their
thrombocytopenia. Except for easy bruis-
ing and heavy menses, none of these
subjects had major bleeding episodes;
none responded to intravenous immuno-
globulin or prednisone. Bone marrow ex-
amination revealed a marked reduction in
megakaryocytes. All 3 thrombocytopenic
subjects had antibody to PEG-rHUMGDF
that cross-reacted with endogenous TPO

and neutralized its biological activity. All

anti-TPO antibodies were immunoglobu-
lin G (IgG), with increased amounts of
1gG4; no IgM antibodies to TPO were
detected at any time. A quantitative assay
for 1gG antibody to TPO was developed
and showed that the antibody concentra-

tion varied inversely with the platelet

count. Anti-TPO antibody recognized
epitopes located in the first 163 amino
acids of TPO and prevented TPO from
binding to its receptor. In 2 subjects,

endogenous TPO levels were elevated,
but the TPO circulated as a biologically
inactive immune complex with anti-TPO
1gG; the endogenous TPO in these com-
plexes had an apparent molecular weight

of 95000, slightly larger than the full-
length recombinant TPO. None of the
subjects had atypical HLA or platelet anti-

gens, and the TPO cDNA was normal in
both that were sequenced. Treatment of
one subject with cyclosporine eliminated

the antibody and normalized the platelet
count. These data demonstrate a new
mechanism for thrombocytopenia in

which antibody develops to TPO; be-
cause endogenous TPO is produced con-
stitutively, thrombocytopenia ensues.

(Blood. 2001;98:3241-3248)
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Introduction

Thrombopoietin (TPO) is the key regulator of platelet productionplatelet count in individuals with human immunodeficiency virus
TPO stimulates bone marrow progenitor cells to become megakargla-ombocytopenid and also to increase platelet donation by
cytes that in turn shed platelets. TPO is produced in a constitutigpheresid® Both recombinant TPOs improve the number of
fashion in the liver, and its production is not increased imirculating peripheral blood progenitor cells that can be harvested
thrombocytopenic disorders such as immune thrombocytopefieg stem cell transplantatioft.
purpura (ITPR In animals in which the TPO gene or the TPO In these clinical studies, both recombinant TPOs were safe and
receptor, c-Mpl, has been eliminated in a homozygous fashidipt associated with thrombosis. However, PEG-rHUMGDF was
bone marrow megakaryocyte progenitors are reduced to 5% Rsfradoxically associated with the development of persistent throm-
normal and the platelet count to 10% to 15% of norafdlevels of ~bocytopenia (platelet count 100X 10°L) in 13 of 325 healthy
white blood cells (WBCs) and red blood cells (RBCs) are nifolunteers who received 2 or 3 doses and in 4 of 650 oncology
altered, but their bone marrow precursors are reduced to 309PRfients undergoing intensive nonmyeloablative chemotherapy
40% of normak who received multiple doséswWe have analyzed 3 of the most
Two recombinant TPOs have undergone extensive clinicﬁ?ver?ly thrombocytopenic subjects and found that the thrombocy-
testing. These are recombinant human TPO (rHUTPO), a glycod§Penia was due to the development of antibodies to PEG-
lated molecule identical in amino acid sequence to endogendfUMGDF that cross-reacted with and neutralized endogenous
TPO, and pegylated recombinant megakaryocyte growth ahgo- Be_cause TPO is produced in a constitutive fashion, thrombo-
development factor (PEG-rHUMGDF), a nonglycosylated mol&Ytopenia ensued.
cule that contains the first 163 amino acids of endogenous TPO and
is coupled to polyethylene glycF Both are potent stimulators of
platelet productiqn in humans and decreasg the extent of thromlm_)lt(;}ria|S and methods
cytopenia associated with nonmyeloablative chemotherapy and
may reduce the need for platelet transfusibtowever, neither Subjects

has any s'gn'f'cf"mt e.ﬁeCt upon plgtelet recovery or the .need f?ﬁe 3 subjects studied were participants in clinical studies to assess the
platelet transfusions in myeloablative chemotherapy settings S%ty of PEG-rHUMGDF in healthy volunte&r in cancer patients

as bone marrow transplantation or induction chemotherapy f@fdergoing multiple cycles of chemotherd@yThese studies were ap-
acute leukemi8.PEG-rHUMGDF has been shown to increase thgroved by the appropriate local institutional review boards for human
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subjects in accordance with the Helsinki protocol, and blood samples wenterleukin-3 (IL-3), rHUTPO, or PEG-rHUMGDF in the presence or absence of
collected under these guidelines. Large volumes of plasma from subjelgf& fractions from healthy or thrombocytopenic subjects. The extent of cell
no. 1 and 3 were obtained from therapeutic plasmapheresis treatments. growth was measured by assay with 3-(4,5-dimethylthiazol-2-yl)-5-(3-

Four healthy subjects and one subject with severe aplastic anem&boxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner’Salt.
served as controls. Serum and platelet-rich plasma were prepared as

previously described! Assays for antibody to TPO

Materials All patients were subjected to frequent qualitative screening ELISA assays
PEG-rHUMGDF and rHUuTPO were generous gifts from Amgen (Thousarfl(%:]igzltiislgi:};f antibody to TP® during their participation in these

Oaks, CA). Agarose-conjugated proteins A, G, and L, insoluble protein /&,' A more sensitive and quantitative assay for TPO antibody was
immunoglobulin G (IgG) subtype-specific antisera, and Western blomnc?eveloped to assess the thrombocytopenic subjéc@uantitation of
reagents were obtained from Sigma (St Louis, MO) and Novex (San Dieghcﬂman anti-TPO antibody was based on the amoud€bFHUTPO that
CA). Polyclonal, affinity-purified goat IgG versus human TPO was

purchased frm R & D Systems (Minneapolis, MN). Affinity-purified rabbit co_preC|p|t_ated with subject Ig_G following treatment with prc_)tem AorG. In
. i . brief, subject samples or rabbit standard were incubated with about 250 000
1gG versus human TPO was a generous gift from Kirin Pharmaceutical 12 ) -
(Tokyo, Japan) cpm of29-rHUTPO and the total IgG content of the sample immunoprecipi
' ' tated using insoluble protein A—agarose or protein G—agarose. After
Clinical assays centrifugation, the peIIe_‘t was washed with PBS, and'f-rHUTPO
content was measured in a gamma counter. Test samples were compared
Assays for antibody to platelet antigens were performed at the Blood Cenjgith a standard curve generated with the rabbit anti-TPO antibody, and the
for Southeastern Wisconsin (Milwaukee, WI) by indirect immunofluoresamount of human anti-TPO antibody was expressed in micrograms per
cence by flow cytometry, antigen capture ELISA (ACE) using GPIIb/lllamilliliter of the rabbit standard. This assay is reproducibly sensitive to 0.075
ACE Il using GPIb/IX, GPIV and class | HLA, modified ACE using pg/mL rabbit anti-TPO IgG. Using 60 normal human serum samples, a
GPIlb/llla, and GPla/lla. HLA and platelet phenotype were determinegormal cutoff (average- 3 SD for normal samples) of about 0. fg/mL
using both serology and polymerase chain reaction methods. DNA Wags been established for this assay. This assay has a sensitivity of 100% and
harvested from whole blood samples from subjects and the TPO opsggecificity of 96% for the clinical presence of antibody to TPO in huniéns.
reading frame sequenced by standard polymerase chain reaction methods
using overlapping primers. 1251.rHUTPO competition binding assays

Immunochemical methods To measure the specificity of binding of IgG to TP&3-rHUTPO was

TPO concentration was measured by using a sensitive enzyme-linli@ﬁ“bated with subject serum in the presence of various concentrations of
immunosorbent assay (ELISA) assay with a detection limit of 17 pg/mL. REG—rHuMGDF, rHUTPO, orTEO peptides for‘ 1 hour at room temperqture.
total of 15 to 25 mCi/mg (555-925 mBq/m&-rHUTPO was prepared as The TPO peptides tested contained the following TPO amino acid residues:
previously describéd and retained its biological activity. Immunopregipi 1-17, 12-28, 23-40, 34-50, 45-60, 55-70, 65-81, 75-92, 87-104, 99-116,
tation was performed by adding agarose beads conjugated with proteinl,&]é'lﬂ' 122-138, 133-149, 144-159, 154-163, 20-28, 24-32, 28-36, 32-40,
G, or L to 20 to 50uL serum samples and incubating at room temperaturjeO -117, 114-122, 11_7‘125’ an_d 121-129. After addition of protein G-agar-
for 30 to 60 minutes followed by centrifugation at 350@r 10 minutes ose beads, the reaction was incubated for another hour. The beads were
. . 205 .

The isolated immunoprecipitate was washed once with phosphate—bufer\é%Shed twice, and theif?3-rHUTPO content was measured in a
saline (PBS) and the contentf-rHUTPO measured in a gamma counter9&Mma counter. _ o _

Anti-TPO IgG subtypes were measured by incubating 20 touB0 To measure the effect_of subject IgG on TPO blndl_ng to its plgtelet
aliquots of subject sera with about 250 000 cpni%krHUTPO followed receptor 24-rHuTPO was .|nc_ubated W|th_30ﬁL platelet-rich plasma in
by addition of biotinylated type-specific monoclonal antibody and immundP® Presence of serial dilutions of subject serum for 1 hour at room
precipitation with strepavidin-agarose. After the beads were washed, tht&pperature. The platelets were collected by centrifugation, washed twice
129.TPO content was counted in a gamma counter. with PBS, and thei#?3-rHUTPO content measured. The supernatant was

1gG was isolated from subject samples using a protein A affinity columtnen collected, incubated with protein G—agarose beads for 1 hour at room
followed by acid elution of the adherent IgG, pH adjustment, angmperature, the beads collected by centrifugation, washed, and their

concentration of the protein. Western blotting using the purified IgG Was5|—rHuTPO content measured.

performed by native and sodium dodecyl sulfate—polyacrylamide gel

electrophoresis (SDS-PAGE) of 10 ng PEG-rHUMGDF or rHuTPO fol-

lowed by transfer to nitrocellulose (Hybond-C, Amersham Pharmac'ﬁesults

Biotech, Piscataway, NJ). The blots were incubated with purified 1gG from

thrombocytopenic or control subjects at g/mL for 2 hours at room  cjinical histories

temperature, washed, and incubated with peroxidase-conjugated antihuman

IgG (Sigma) followed by detection by the ECL method (AmershanSubject no. 1.A previously healthy 49-year-old female volunteer

Pharmacia Biotech). _ received 3 injections of PEG-rHUMGDF at the times indicated in
Endogenous TPO was isolated from sera from healthy, thrombocytoggyyre 1A. Her platelet count rose to an equal extent after the first 2

nic, or aplastic anemia subjects and from concentrated culture mediumfrﬂﬁbctions but rose much less after the third. On study day 133 the
a HepG2 cell line by passing 1 mL of filtered sample over a column of '

Sepharose G-50 coupled to polyclonal, affinity-purified antibody to rHuTPé):‘atelet C:)unt fkell t}elow 10? 1(?)”" ar:d th?] SUbje(;:t. Ctomplt?;lln?d ild
The column was washed extensively with equilibration buffer (50 mM T Several weeks of generalized muscie aches and intermittent mi

150 mM NaCl, pH 7.5) and the adherent protein eluted into 4 fractions Bﬁa_-daChes- A screening test indicated the possible presence of an
equal volume with Gentle Elution Buffer (Pierce, Rockford, IL), concen@ntibody to PEG-rHUMGDF. On study day 149 she received a
trated by ultrafiltration, and subjected to SDS-PAGE followed by Westeifansfusion of single-donor platelets for a platelet count ok180°/
blotting. This method recovered 100% of the TPO in the samples. L, and her platelet counts 1 and 12 hours after transfusion were
61 X 10°/Land 43X 1%L, respectively. The erythrocyte sedimen
tation rate was 39 mm/h, and the hematocrit and WBC count were
A BaF3-mpl cell line was develop&tand 4x 10 cells incubated for 48 nhormal. There was no splenomegaly. On study day 153, prednisone
hours in 100uL culture medium containing various concentrations ofit 60 mg daily was initiated and continued for 25 days with no

TPO bioassay
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she was well and received no platelet transfusions. The spleen was
not palpable. On study days 749 to 751 she received daily infusions
of 31 g IVIG, which was complicated by anaphylaxis, but she had
no rise in platelet count. Over 772 study days, the hematocrit
dropped from 40.2 to 25.9 and, because of excessive menstrual
bleeding at a platelet count of ® 10°%L, she underwent an
uncomplicated dilation and curettage without platelet transfusion
on study day 777. Postoperatively the hematocrit rose to 32.6 with
iron supplementation. Despite normal vitamin,Bnd folic acid
measurements on multiple determinations, the mean cell volume
100 rose from normal (84.5-97.8 fL) to 115.9 fL with a mean cell

0] ‘ ‘ ‘ : ' ‘ ‘ ‘ ‘ hemoglobin of 40.7 pg/rbc (normal 27.7-33.4 pg/rbc) by study

40 90 190 290 390 490 590 690 790 890 day 832. Bone marrow chromosome analysis was normal. The
prestudy WBC count of 5.%X 10°%/L to 7.3 X 10°/L also declined
over this period to 3.3 10%L to 4.4 X 1(°/L. Cyclosporine (125
mg twice daily) was begun on day 832; on day 869 the platelet
count was 37X 1%L, and by day 919 the platelet count was
175X 10°/L. Cyclosporine was discontinued on day 1066 at a
WBC count of 7.7x 10°L, hematocrit 41, mean cell volume 103
fL, and platelets 235 1(°/L.

Subject no. 3.A 61-year-old woman with stage IlIA non—-small
cell lung cancer and a history of scleroderma and Raynaud
phenomenon was enrolled in a clinical ttfdh which she received
900 , oo g " T4 4 cycles of chemotherapy with paclitaxel (275 mg) and carboplatin
800 12 (890 mg). Twenty-four hours after the administration of chemo-
;gg therapy, she received PEG-rHUMGDF at a dose ofvd@/kg
500 | subcutaneously daily for 7 days and filgrastipn@/kg subcutane-

400 | ously daily for 14 days for all 4 cycles. Her platelet count fell after
300 each administration of chemotherapy but rebounded less well after
200 | each cycle. After the fourth chemotherapy cycle, the platelet count
100 - o A X ., fell below 20X 10°/L on day 84. The hematocrit was 21 with an
0‘10 - ';O' e ‘T;(T e - o absolute neutrophil count of 08 10°%/L. With multiple RBC and
Study Day platelet transfusions and filgrastim, her hematocrit and WBC count
returned to a normal range, but the platelet count never rose above
Figure 1. Plate.let cognt; and anti-TPO antiquy concehtration. Thg platelet 20 X 10°/L without platelet transfusions. A screening test for
count (closed circles) is inversely related to anti-TPO antibody concentration (open . .
circles) in thrombocytopenic subjects no. 1 (A), 2 (B), and 3 (C). PEG-rHUMGDF antlbOdy to PEG-rHUMGDF was positive on StUdy day 92. On
treatment is indicated by vertical lines and chemotherapy by the arrows. Horizontal ~ study day 152 the platelet count was<21L0°/L with an absolute
!ine_ denotes normz?ll cutoff.o.f as;ay for anti.—TPQ 19G. In panel B, t_he soli_d bar neutrophil count of 6.4< 10°/L. Plasmapheresis was performed on
|nd|.cates cyclos‘porlne admlnlstrgtlon and .SO|Id trlangles denote neg;mve antl-TPQ day 148 with no improvement. Marked progression of cancer in the
antibody screening tests. The anti-TPO antibody titer on day 56 for subject no. 1 (A) is
slightly above the cutoff value. chest, abdomen, and pelvis was noted on study day 177. Brain
metastases were subsequently irradiated, and the subject died on

change in platelet count. The subject received 30 g intraveno%ps'dy day 226 due to disease progression.
immunoglobulin (IVIG) Or! StUdY days 157, ].'61' and 1_64 with N linical assessment of thrombocytopenic subjects
response. Throughout this period, the subject experienced occa-
sional petechiae and ecchymoses but had no melena or hematuie3 thrombocytopenic subjects underwent bone marrow examina-
At a platelet count of 6< 10%L on study day 180, she experiencedion (on days 142, 777, and 146 for subjects no. 1, 2, and 3,
a bout of gingival bleeding and epistaxis, and she underwentréspectively), and all had a marked decrease in bone marrow
plasmaphereses beginning on study day 185, complicated rnggakaryocytes. The 2 nonchemotherapy subjects, no.1 and no. 2,
staphylococcal sepsis. The platelet count rose to<4@°/L by had normal cellular marrows with no evidence of other hemato-
study day 197 but then fell, and she subsequently receivediagic disorders (and normal chromosome and flow cytometry
transfusions of platelets for platelet counts below<lQ0%/L. Over analyses) but with megakaryocytes that were no more than 5% to
the next 636 days, her platelet count gradually returned to norma0% of that present in normal marrow (Figure 2A). This is
Currently (study day 833) she is well, with no sequelae, and hasrarkedly decreased from what would have been seen in the
normal platelet count. marrow of a subject with ITP and a similar extent of thrombocyto-
Subject no. 2.A previously healthy 31-year-old female volun-penia (Figure 2B). Moreover, the megakaryocytes that were present
teer received 2 injections of PEG-rHUMGDF. Her platelet countere small and hypolobulated. The marrow of subject no. 3 was
rose after the first injection but rose less well after the secomdso devoid of significant numbers of megakaryocytes and showed
injection, and she developed a platelet count below4 /L on  postchemotherapy changes of hypocellularity (5%-10%) but with
study day 73 (Figure 1B). A screening test for antibody toaormal maturation of myeloid and erythroid lineages.
PEG-rHUMGDF was positive on study day 76. From study days The immunologic status of these subjects was analyzed for host
167 to 749, the platelet count gradually fell from 301(°/L to factors that might have contributed to the development of anti-
13 X 10°/L, and except for occasional petechiae and ecchymodesdies to TPO (Table 1). Only subject no. 3 had any history of
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Table 1. Clinical characteristics of subjects

Subject Subject Subject
no.1 no. 2 no. 3
Age,y 49 31 61
Sex F F F
Weight, kg 92 84 54
Prior autoimmune disorders No No Yes
Number of PEG-rHUMGDF doses 3 2 28
Total dose of PEG-rHUMGDF, ng 828 504 7602
Pretreatment platelet count, X 109/L 219 288 246
Minimal platelet count, X 10°%/L 6 9 2
HLA
Class |
HLA-A 11,24 2,3 nt
HLA-B 60, 62(W6) 61, 62(W6) nt
HLA-C w3, wé w3, w- nt
Class Il
HLA-DQB5 0302/7,-  0302/7, 0602/11 nt
HLA-DR B1 04, - 04, 15 nt
HLA-DR B3 nt
HLA-DR B4 01 01 nt
HLA-DR B5 0101 nt
Platelet type
HPA-1 ala ala nt
HPA-3 ala a/b nt
HPA-5 a/b b/b nt
Antiplatelet antibody*
IIF 4+ Negative nt
ACE Negative Negative nt
ACE Il Negative Negative nt
MACE Negative Negative nt
Anti-TPO IgG, % of total IgGt
1gG1 (normal = 65%) 78 nt 1
19G2 (normal = 23%) 4 nt 27
1gG3 (normal = 8%) 0 nt 14
1gG4 (normal = 4%) 18 nt 58
TPO cDNA sequence Normal Normal nt

nt, indicates not tested.

*See “Materials and methods” for assay descriptions.

TPreviously established normal levels.
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Figure 2. Bone marrow megakaryocytes were decreased

in subjects with anti-TPO antibody.  Bone marrow biopsies
(A,B) and aspirates (C,D) were examined at an original
magnification of X 50 in subject no. 2 (A,C) and in a patient
with ITP (B,D).

autoimmune disorder. HLA class | and class Il antigens and platelet
antigens showed no consistent pattern. Four different tests for
antiplatelet antibodies were used, and only one was positive:
Subject no. 1 had a modest elevation in platelet-associated antibody
that was consistent with prior pregnancy or transfusion.

To determine whether these subjects had a polymorphism of
their TPO coding sequence, complementary DNA (cDNA) was
prepared from leukocytes from subjects no. 1 and 2 and the TPO
cDNA sequenced. Both showed a wild-type TPO coding sequence
identical to that found in PEG-rHUMGDF and rHUTPO.

Assessment of TPO levels

Median normal levels of endogenous TPO are approximately 179
pg/mL (range, 45-400 pg/mLi.In patients with aplastic anemia
and thrombocytopenia to the degree seen in the subjects studied,
TPO levels range from 1500 to 2500 pg/fL.Thrombocytopenic
subjects no. 2 and 3 had inappropriately normal or low levels of
TPO in the circulation, but subject no. 1 had a marked elevation of
TPO (Figure 3A).

To assess whether a factor neutralizing endogenous TPO might
be present, a screening test was performed in which 1500 pg
rHUTPO was added to 1 mL samples from each of the subjects and
the total TPO concentration measured again. In 4 healthy individu-
als, the addition of 1500 pg rHUTPO increased the total TPO level
from 57 + 34 pg/mL to 1314+ 67 pg/mL, as expecteld Although
the total TPO level in subject no. 2 rose by an extent similar to the
healthy subjects, the total TPO concentration in subjects no. 1 and 3
rose much less or not at all, suggesting the presence of a
neutralizing activity.

Presence of TPO-IgG immune complexes

To explore the etiology of the elevated endogenous TPO level in
subject no. 1, a serum sample (day 469) was tested for its TPO
content before and after treatment with beads conjugated with
protein A. The protein A treatment specifically removed 90% to
93% of the IgG in the sample. As shown in Figure 3B, 87% of the
endogenous TPO in subject no. 1 coprecipitated with the 1gG.
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Figure 3. Plasma from thrombocytopenic subjects contained antibody to TPO

and circulating TPO-IgG complexes.  (A) TPO levels before (light bars) and after
(dark bars) addition of rHUTPO. The TPO concentration was determined before and
after the addition of 1500 pg/mL rHUTPO to serum samples from 4 healthy subjects
(N1-N4) and from subjects no. 1, 2, and 3. (B) Endogenous TPO circulates as a
TPO-IgG complex. The TPO concentration was determined before (—) and after (+)
immunoprecipitation with protein A beads, both before (gray bars) and after (black
bars) addition of 1500 pg/mL rHUTPO to serum samples from a healthy control
subject and subjects no. 1 and 3. The horizontal line indicates the detection limit for
the TPO ELISA assay. (C) The immune complexes from subject no. 1 contain
full-length, endogenous TPO. Immune complexes were isolated and their TPO
content assessed by SDS-PAGE and Western blot as described in “Materials and
methods.” Endogenous TPO isolated from plasma from a healthy subject, plasma
from an aplastic anemia subject, and conditioned medium from HepG2 cells is shown
for comparison. For each sample, 4 equivalent sequential column elution fractions
(E1-E4) were analyzed. Lanes containing rHUTPO (T) and molecular weight markers
(M) are indicated. The arrow denotes the position of endogenous TPO.
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PEG-rHUMGDF and rHUTPO (Figure 4). IgG from subject no. 3
bound to native rHUTPO and PEG-rHUMGDF on Western blots
(Figure 4A) but did not bind to denatured and reduced rHUTPO or
PEG-rHUMGDF (data not shown). Purified IgG from subject no. 1
as well as from healthy subjects repeatedly failed to bind to either
native or denatured PEG-rHUMGDF or rHUTPO on Western blots.

The purified 1gG fractions were tested for their ability to inhibit
the biological activity of TPO. A BaF3-mpl cell lide dependent
upon either IL-3 or TPO grew maximally in the presence of IL-3,
rHUTPO, or PEG-rHUMGDF. The IgG fractions from subjects no. 1
and 3 had no inhibitory effect on the growth of these cells when
stimulated by IL-3 (Figure 4B). However, in the presence of
rHUTPO, IgG from subject no. 1 reduced maximal cell growth by
90% and IgG from subject no. 3 reduced cell growth by approxi-
mately 48%. When the cells were grown in the presence of
PEG-rHUMGDF, IgG samples from both subjects reduced cell
growth by 86% to 89%. IgG from healthy subjects did not affect the
growth of cells in the presence of any of these hematopoietic
growth factors.

Antibody to TPO neutralized the biologic activity of rHUTPO
by preventing the binding of rHUTPO to its receptot?d-
rHUTPO was added to platelet-rich plasma from healthy individu-
als and its binding to the platelet TPO receptor measured. As shown
in Figure 5A, in the absence of serum from subject no. 3, all the
123-rHUTPO bound to platelets and none could be immunoprecipi
tated from the plasma as a complex with IgG. However, upon
addition of increasing amounts of serum from subject no. 3, the
extent of platelet binding was reduced to 5% and the extent of
IgG-associatedd-rHUTPO rose to 95%.

IgG was the only antibody type that bound to TPGerum

Upon addition of rHUTPO to a serum sample from subject no. $amples from all 3 subjects were incubated W#rrHUTPO and

81% of the total TPO coprecipitated with the IgG. Immunoprecipi-
tation of IgG from normal control serum did not reduce the TPO
content either before or after the addition of rHUTPO. In different
serum samples from subject no. 3, the endogenous TPO content
ranged from undetectable (Figure 3A) to modestly elevated (Figure
3B). When present in detectable amounts in subject no. 3, 85% of
the endogenous TPO coprecipitated with 1gG. These results
suggest that endogenous TPO was circulating as a presumably
inactive TPO-IgG complex in subject no. 1 and to a lesser extentin
subject no. 3.

To determine whether the endogenous TPO in the immune
complex in subject no. 1 contained full-length TPO or TPO

A

‘ I:' “rl;\‘
Ll

degradation products, the immune complexes were collected and Subject 3 Control  Goat anti-
the associated TPO was purified on a TPO affinity column,

electrophoresed, and subjected to Western blotting. As shown in HuTPO
Figure 3C, the immune complexes from subject no. 1 contained a B

TPO band migrating at a molecular weight of about 95 kd. This 120

band was identical in size to the endogenous TPO purified from the P

serum of a subject with aplastic anemia who had a high endogenous E £ a0

TPO level and from a subject with a normal TPO level as well as 5 60

from the conditioned media of a TPO-producing hepatoma cell §'% e

line. Endogenous TPO is slightly larger than the rHUTPO that runs E b apll

at about 90 kd. The relative intensities of the TPO bands for the & o ’l| B
healthy subject, subject no. 1, and the aplastic anemia subject st esa 51 +51 . est 3
reflect the differences in serum TPO concentrations: 135, 1552, and IL-3 rHuTPO  PEG-rHUMGDF

1934 pg/mL, respectively.

Characterization of antibodies to TPO

Figure 4. IgG from thrombocytopenic subjects binds to TPO and neutralizes its

biological activity. (A) rHUTPO (lanes 2,4,6) and PEG-rHUMGDF (lanes 1,3,5) were
subjected to native PAGE (10% Tris-glycine, pH 8.3, without SDS, heat denaturation,
or reduction) and blotted with IgG from subject no. 3 (lanes 1,2), IgG from a control

IgG from thrombocytopenic subjects bound and neutranzeosubject (lanes 3,4), or a polyclonal goat antibody to TPO (lanes 5,6). (B) BaF3-mpl

cells were grown in the presence of varying concentrations of IL-3 (gray bars),

PEG-FHUMGDF and rHUTPO. The lgG fra(_:tion was purifiEd rHUTPO (black bars), or PEG-rHUMGDF (white bars) in the absence (—) or presence
from subjects no. 1 and 3 and tested for its ability to bind to-) of IgG from subjects no. 1 or 3 and the effect on cell growth measured.
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nonlinear epitopes were involved. Identical studies were also
190000 performed with sera from subjects no. 1 and 2 with the same results.
80000 Time course of anti-TPO antibody development in subjects.
80000 Using a sensitive and specific assay for IgG antibody to TPO, the
a0000 time course of appearance of the antibodies was quantified in all 3
20000 subjects (Figure 1). In none of the subjects was antibody detected
prior to the injection of PEG-rHUMGDF, and none showed any
IgM antibody response. In subject no. 1 (Figure 1A), trace amounts
of antibody first appeared on day 56 when the platelet count had
25000 just started to fall below baseline, was markedly elevated by day
137 at a platelet count of 58 10°/L, and was maximal at day 147
at a platelet count of 2k 1(°/L. The antibody concentration
decayed over the next 686 study days, and with resolution of the
thrombocytopenia no more antibody to TPO was detectable in the
serum of this subject. For subject no. 2 (Figure 1B), the elevated
antibody level, first quantified on day 202, slowly declined and
following treatment with cyclosporine rapidly disappeared. For
subject no. 3 (Figure 1C), measurable amounts of antibody were
120 first detected on day 71 when the platelet count was>32°/L,
100 became markedly elevated when the platelet count failed to rise
® after the third cycle of chemotherapy, and remained at a very high
& plateau thereafter during the entire course of her thrombocytopenia
despite plasmapheresis on day 148. Notably, the concentration of
antibody varied greatly among the subjects: For the same degree of
thrombocytopenia, subject no. 2 had a maximal antibody titer
of approximately 2.3.g/mL versus 8.g/mL for subject no. 1 and
13 pg/mL for subject no. 3.

151 rHUTPO {cpm)

o

15 117 150 1167 1500
Serum Dilution

w

20000

15000

10000
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20
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0.001 001 01 1 10 100
L d Ligand C: ation (pM}

Figure 5. Anti-TPO IgG prevents TPO from binding to its receptor and is

directed toward epitopes in the first 163 amino acids of TPO. (A) 125]-rtHUTPO
was added to normal platelet-rich plasma and incubated without (—) or with various
dilutions of citrated plasma from subject no. 3. The amount (= SD) of platelet-
associated (circles) and IgG-associated (triangles) 1251-rHUTPO was then determined
as described in “Materials and methods.” (B) IgG subtypes of antibody to TPO. Serum

from subject no. 3 (gray bars) or a healthy subject (black bars) was incubated with
125]-rtHUTPO followed by addition of IgG subtype-specific antisera and immunoprecipi-
tation. 1gG subtype-specific sera was omitted from the control (“C") lane. (C)
PEG-rHUMGDF and rHUTPO compete equally for binding to anti-TPO antibody.
Plasma from subject no. 3 was incubated with 125-rHUTPO in the absence or
presence of various concentrations of unlabeled rHUTPO (circles) or PEG-rHUMGDF
(triangles) and the amount of 1251-rHUTPO present in the immunoprecipitate measured.

Discussion

Thrombocytopenia occurred unexpectedly in healthy volunteers
and cancer chemotherapy patients treated with PEG-rHUMGDF.
Thrombocytopenia developed after as little as 2 injections in the
subjects studied here, and antibody to TPO was detected as early as

56 days after the initial injection. Except for easy bruising and

] . ) . ) increased menstrual bleeding, the subjects had no major bleeding
immunoprecipitated with protein G, which removes only 19Ggpisodes. Although there was a transient response to plasmaphere-
Upon removal of the IgG—protein G complexes by centrifugationys i, 1 subject, none of the subjects responded to corticosteroids or
the supernatant was then immunoprecipitated with protein L, whigh and the 2 who received platelet transfusions had appropriate
binds not only IgG but also IgM, IgA, 1gD, and IgE. All of the jcreases in the platelet count. Two subjects have recovered, and 1
24-rtHUTPO was immunoprecipitated by the protein G and nongeq of her cancer. None of the 3 subjects had any unusual HLA or
by the protein L at any time point measured (data not showmjjatelet phenotype, and all lacked evidence for antiplatelet anti-
indicating that all of the antibodies to TPO were IgG. body. Although polymorphism of the open reading sequence of

The 1gG subtype of the antibody to TPO was analyzed usingrQ has so far not been described, the TPO cDNA from 2 subjects
subtype-specific monoclonal antibodies. As shown for subject ngas sequenced and found to be normal.
3, most of the anti-TPO antibody in this subject was IgG4 (Figure A|l 3 subjects had a marked decrease in bone marrow
5B, Table 1). This is in marked contrast to the normal IgGnegakaryocytes like that seen in homozygous knockout mice
distribution in humans (Table 1). For subject no. 1 there was @ficient in TPQ or its receptof.As in those knockout animals, the
increased amount of IgG4 but less than that seen in subject nandgakaryocytes were small, hypolobulated, and had scant cyto-
(Table 1). plasm. Although formal platelet kinetic studies could not be

Anti-TPO antibody bound to epitopes within the first 163 performed in the subjects, their bone marrow appearance was
amino acids of TPO.Subject serum samples were incubated witbonsistent with decreased bone marrow production of platelets and
128-rHUTPO along with various amounts of unlabeled rHUTPO ailiffered distinctly from that in ITP. On average, the nadir platelet
PEG-rHUMGDF and the IgG-TPO complexes immunoprecipitatesbunts in all 3 subjects were 6% to 8% of baseline, somewhat lower
with protein A. As shown in Figure 5C, both unlabeled rHUTPGhan the 10% to 15% of normal found in the knockout animals. In
and PEG-rHUMGDF competed equally for antibody bindingone subject the WBC and RBC values also became modestly
suggesting that only the first 163 amino acids of TPO contained tdecreased. Assays could not be performed to see if these subjects
epitopes recognized. A series of shorter peptides within this regibad reduced levels of myeloid and erythroid progenitor cells, as has
failed to compete for binding and suggested that more complébeen reported for the knockout mite.
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The thrombocytopenia was temporally related to the appearantRIMGDF. A second possible reason for the lack of thrombocyto-
of antibody to TPO, and the antibody disappeared in both subjegtsnia with rHUTPO in these clinical studies was that rHUTPO was
who recovered. Small amounts of antibody to TPO could keways given intravenously whereas PEG-rHUMGDF was always
detected in 2 of the subjects when the platelet count fell belogiven subcutaneousfyin experiments in rats, the subcutaneous but
baseline and before it decreased below ¥00C%/L. In general, the not intravenous injection of recombinant PEG-ratMGDF caused
antibody level in any one subject was inversely proportional to theRrombocytopenia. Because the TPOs are potent stimulators of
platelet count, but between subjects there was a variation in pefdndritic cells (J.L., unpublished observations, 1999), one possibil-
titer despite similarly low platelet counts. ity is that subcutaneous PEG-rHUMGDF has acted as an adjuvant

Even using a very sensitive assay, no IgM response could g itself by stimulating antigen-presenting cells.
detected at early time points. All of the antibody to TPO was I1gG  Platelet production may be especially sensitive to the appear-
with an increased relative amount of IgG4, a subtype that fails to fance of antibody to TPO because TPO is constitutively synthesized
complement and is associated with autoimmune phenomena @fnche liver and its rate of production does not rise during
immune complex formation. This predilection for IgG4 has previthrombocytopenia. Platelet production is regulated by a simple
ously been reported for autoantibody formation against factfedback loop whereby the TPO level is controlled directly by the
VIl ¥ and IL-10.20 circulating platelet couft the addition of an antibody-mediated

The antibody bound and neutralized TPO as demonstratedcigarance system would markedly alter this homeostatic mecha-
several ways. First, excess TPO antibody could be inferred inngsm This is in contrast to RBC production where renal synthesis
subjects when the predicted rise in TPO concentration was not Sggfyrythropoietin (EPO) can be markedly increased and might be
after addition of known amounts of rHUTPO to serum samplegss sensitive to antibody to EP®Only rare cases of pure red cell
Second, purified 1gG fractions from 2 subjects neutralized Moy |asia due to naturally occurring antibody to EPO have been
than 90% of the TPO biological activity using a TPO-dependefgcripects2s Equally uncommon are antibodies formed against
cell line. Finally, using an assay directly detecting the ability of 19Gecombinant human EP&.
to bind to'?3-rHUTPO, all subjects had IgG that specifically bound Low levels of antibody to G-CSF have been found in 11% of

125
4-THUTPO. healthy adults and in 13% of cord blood samples but with no effect

The anti-TPO IgG from subject no. 3 bound both rHUTPO angn the neutrophil courf These autoantibodies rose after adminis

PEG-rHUMGDF butonly in their native forms. The lack of l:)md'm:‘kration of G-CSF but lacked clinical significance. This is in contrast

to _denatured and _reduced proteins suggested that. snmplg, lin Fhe aforementioned antibodies formed after the administration of
epitopes were not involved. IgG from subject no. 1 did not bind t

thoIgramostim that reduced the half-life and biological effect of the

TPO reproducibly on Western blots, probably due to the lesser t'tr%rcombinant drug but did not affect baseline WBC production.

of antibody present or the fact that much of the antibody existed as The finding that antibody to TPO can cause significant thrombo-

an IgG-TPO complex. Because PEG-rHUMGDF contains only thetopenia has several major implications. First, it illustrates the

first 163 of the 332 amino acids in rHUTPO, the finding tha?y C : . ;
fHUTPO and PEG-rHUMGDF both competed equally for antibodWIde variation in the rate of antibody formation to recombinant
8Iypeptide therapeutics. Antibodies to recombinant EPO and

binding suggests that all antigenic determinants were locat . . .
g sugg g -CSF have been uncommon in patients treated with these

within the first 163 amino acids. tonoieti wih fact dh | d ovt .
In 2 subjects the endogenous TPO level was inappropriately Icp\ﬁma opoie ",: grq actors ap gve rarely caused cyltopenias.
Hpwever, antibodies to recombinamitinterferon, factor VIII, and

for the degree of thrombocytopenia and reflected the binding of

IgG to endogenous TPO and its subsequent removal by tLﬂléman insulin have been associated with clinical prob&ms.

reticuloendothelial system. However, endogenous TPO was persis-se_cor]d' these studies describe anew mephgnlsm for thrombocy-
enia in humans. Because TPO is constitutively produced, the

tently elevated in subject no. 1 but circulated as a presuma RP o s
inactive IgG-TPO immune complex. The TPO component of tHabpearance of a neutralizing antibody to TPO reduces platelet

immune complex had a molecular weight identical to that found ffoduction by 95% and is similar to animals in which the TPO gene
endogenous TPO isolated from sera from healthy and apladifs been knocked outorin which autoantibodies to TPO have been
anemia subjects. These data also serve to demonstrate for the §féterated?=°Although iatrogenic in the subjects described here,
time that endogenous TPO has a molecular weight of about 95 i€ spontaneous case of thrombocytopenia due to antibody to TPO
slightly higher than the approximate 90 kd rHuTPO made iRas been describéd.Both this patient and our subject no. 2
Chinese hamster ovary cells and used in other clinical studies. eésponded to cyclosporine, which supports the use of this thétapy.
Antibody to PEG-rHuMGDF occurred much more frequently iYVhether other cases of acquired amegakaryocytic thrombocyto-
the immunocompetent healthy volunteers (13 of 325) than it did RNnia are due to antibody to TPO is unknown; loss of function
the immunocompromised chemotherapy patients (4 of 650). Autations of the TPO recept8ris a cause of congenital amega
similar finding has been observed following the administration dfryocytic thrombocytopenia.
molgramostim, a nonglycosylated granulocyte-macrophage colony- Finally, the long-term complications of persistent antibody to
stimulating factor (GM-CSF) produced ifscherichia col?t TPO on other lineages may be of concern. Subject no. 2 developed
Although naturally occurring antibody to GM-CSF is rare, 95% of reversible macrocytic anemia and a low WBC count as well as the
immunocompetent patients who received molgramostim develop@é@rked thrombocytopenia. Because pluripotential stem cells and
antibody to GM-CSF whereas virtually no immunocompromise@rogenitors of all lineages depend on TPO to prevent apoptosis,
patients did. depletion of early progenitor cells and concomitant pancytopenia
In clinical studies with rHUTPO in more than 500 cancemight ensue, as has been seen in some children born with
chemotherapy patients, thrombocytopenia attributed to anti-TR@egakaryocytic thrombocytopenia due to a defective TPO recep-
antibodies has not yet been reported despite the appearance tfr& However, mice deficient in TPO or its receptor are thrombo
partially neutralizing antibody in one subjeé? This may be due cytopenic but have normal levels of RBCs and WBCs despite
to the native structure of rHUTPO unlike the modified PEGreduced progenitor cells of all lineagés.
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