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Abstract:

The incidence of antibody-mediated pure red cell aplasia (PRCA) in patients with chronic kidney disease began to increase in
1998 and reached a peak in 2002. Most cases were associated with EPREX® use. All of the cases involved subcutaneous admi-
nistration. Risk mitigation strategies have successfully reduced the incidence of antibody-mediated PRCA. A rigorous technical
investigation identified leachates extracted by polysorbate 80 from uncoated rubber syringe stoppers as the most likely cause
of increased immunogenicity associated with EPREX®. This conclusion is based upon five criteria: (I) the temporal correlation
between the occurrence of leachates in the product and the increased incidence of PRCA; (2) the exclusive presence of lea-
chates in polysorbate 80 formulated EPREX® in syringes with uncoated rubber stoppers, and the absence of these leachates in
other epoetin products with lower rates of PRCA; (3) the presence of leachates in microgram quantities which are sufficient
to initiate rare immune responses; (4) the requirement of an adjuvant in the immune mechanism for generating a T cell media-
ted B cell response leading to IgG antibodies of the type detected in PRCA patients; and (5) the demonstration of the ability
of the leachates to act as an adjuvant that is capable of stimulating the production of IgG antibodies in animal models.

INTRODUCTION

From 1998 onwards, the reported inci-
dence of pure red cell aplasia (PRCA)
associated with epoetin use in patients
with chronic kidney disease (CKD)

CONTACT INFORMATION:

increased sharply (1), from only sporadic
reports over the previous 10 years (2-4) to
a peak of 71 cases in 2002. Of the 262
cases of suspected epoetin-associated
PRCA that have now been reported, 217

had anti-erythropoietin antibodies; 201 of
those cases were associated with subcuta-
neous use of EPREX". Risk mitigation
strategies that include improved cold-
chain management (5) and a recommen-
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dation to switch to intravenous EPREX®
administration (followed by a formal
contraindication in Europe) have signifi-
cantly reduced the incidence of antibody-
mediated PRCA.

Immune responses to many therapeuti-
cally used exogenous proteins have been
described, and although human derived
and recombinant human proteins are less
immunogenic than animal proteins,
immune responses to these proteins have
also been described (6,7). It was unclear
why the immunogenic response to ery-
thropoietin in patients treated with
EPREX® had apparently increased so dra-
matically in 1998 and this increased inci-
dence of PRCA led to an intensified
investigation of the manufacturing pro-
cess and of the purity of both purified
bulk and finished product. The technical
investigation involved a detailed review
of manufacturing data and the develop-
ment and use of more sensitive analytical
methods. The goal was to analyse the
epoetin alfa molecule for signs of degra-
dation or alteration and to identify any
impurities that might increase the immu-
nogenicity of the product. No irregulari-
ties in the manufacturing process or in the
epoetin alfa molecule in the bulk or the
finished product were identified.
However, additional, previously undetec-
ted compounds were observed in an expe-
rimental high performance liquid chroma-
tography (HPLC) elution profile of
EPREX". Further investigation indicated
that these additional compounds were
organics, termed leachates in this paper,
which had been leached from the uncoa-
ted rubber syringe stopper by the action of
polysorbate 80 within the EPREX" for-
mulation.

This paper reports the results of the tech-
nical investigations and the evidence that
strongly suggests these leachates were the
product-specific cause of the increased
frequency of antibody-mediated PRCA.
As of April 2003, all EPREX® prefilled
syringes with the polysorbate 80 based
formulation have been shipped with
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Flurotec stoppers that do not release any
leachates.

METHODS

Reverse phase HPLC of EPREX®
Reverse phase HPLC analysis of epoetin
alfa (EPREX*/ERYPO®, Ortho Biotech, a
division of Janssen-Cilag) syringes was
carried out using a Vydac C4 column (4.6
x 250 mm) with monitoring at 214 and 280
nm. Mobile phase A consisted of 0.06%
trifluoroacetic acid (TFA) in water, and
mobile phase B consisted of 0.06% TFA in
acetonitrile. A flow rate of 1.0 ml/minute
was used for all sample analyses. Initially,
after sample injection, a 10-minute hold at
0% mobile phase B was performed follo-
wed by a linear gradient of 0% to 55% of
mobile phase B for 115 minutes. A 10-
minute gradient to 75% mobile phase B,
followed by another 10-minute gradient to
100% mobile phase B was performed. For
better separation of the peaks, this method
was optimised as follows. After sample
injection, a 5-minute hold at 5% mobile
phase B was performed followed by a
linear gradient of 5% to 90% of mobile
phase B for 90 minutes. Monitoring was
performed at 214 and 280 nm.
Concentrations of leachate peaks were
estimated using bisphenol A as an internal
reference standard. The samples tested
consisted of EPREX® solutions formulated
with human serum albumin (HSA) or
polysorbate 80 and delivered from prefil-
led syringes or vials with uncoated or
fluoro-resin coated stoppers (Flurotec®,
Daikyo Seiko, Ltd.), and commercially
available formulations of epoetin beta
(Neorecormon®, Roche) and darbepoetin
alfa (Aranesp”, Amgen) in prefilled syrin-
ges with coated rubber stoppers.

Immunogenicity studies in mice

For ovalbumin (OVA), 6-8-week-old
BDF-1 mice (Charles River Laboratories,
Inc.) were injected subcutaneously on day
0 and day 14 with approximately 100 pg
of OVA with the addition of leachates at
concentrations ranging from 0.3 to 2.7
pg/dose. Bleeds were taken prior to the
first immunization and at days 14, 21, and

28. For epoetin alfa, mice were injected
weekly for 4 weeks starting on day 0 with
10 pg epoetin alfa with the addition of lea-
chates as described above. Bleeds were
taken prior to the first immunization and at
days 35 and 56. Each antigen was injected
alone and in combination with Incomplete
Freund’s Adjuvant (IFA) as controls.
Serum samples were stored at —20°C until
analysed by enzyme linked immunosor-
bant assay (ELISA).

ELISA for detection of antibodies
against epoetin alfa and OVA

ELISA was performed as previously des-
cribed by Braun et al. and modified for
OVA (8). Briefly, 96-well plates (Nunc
MaxiSorp™) were coated with 0.5 pg/well
chicken egg OVA (Sigma Grade III,
Sigma-Aldrich, Inc.) or epoetin alfa in a
bicarbonate-coating buffer overnight at
4°C. Non-specific binding was blocked by
incubating the plates with a phosphate
buffered saline containing 1% bovine
serum albumin. Following washing, dilu-
tions of mouse serum containing antibo-
dies (starting at 1:100) were added in
duplicate and incubated with agitation for
1 hour at room temperature. The plates
were washed to remove unbound antibo-
dies and bound antibody was detected
using a goat anti-mouse 1gG horseradish
peroxidase conjugate (Zymed
Laboratories, Inc.) followed by 3,3, 5,5’
tetramethylbenzidine substrate. Optical
density (OD) was read at 450 nm. For
OVA, mouse anti-OVA (Sigma-Aldrich,
Inc.) was included as a positive control on
all plates. For epoetin alfa, a standard
curve of mouse anti-erythropoietin IgG
was run as a positive control in all assays.
Time 0 (pre-bleeds) were used as a nega-
tive control. A positive response was defi-
ned as an OD value that was at least twice
the mean of the day 0 serum samples for
all mice plus 3 standard deviations of the
mean OD of all day 0 animals.

Hematocrit

Hematocrits were determined in these
mice to establish if there was a physiologi-
cal response to the adjuvants. BDF-1 mice
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were treated as described above, except
they received 40 pg epoetin alfa per dose.
Hematocrits were determined prior to
immunization and at days 35 and 56 by
centrifugation of microcapillary hemato-
crit tubes in a Biofuge B. The percent
packed cell volume was determined on an
Adams microhematocrit reader.

RESULTS

Leachates from rubber stoppers
Several late-eluting, non-peptide peaks
were observed using an experimental
reverse phase HPLC in solutions delivered
from prefilled syringes containing the
polysorbate 80 formulation and fitted with
uncoated rubber stoppers (Fig. 1). These
peaks were present both in the presence of
active product as well as in placebo syrin-
ges that contained no product, indicating
that they were not protein related. These
peaks were further resolved into 10 peaks
by an optimised reverse phase HPLC
method (Fig. 2). The identities of peaks 2
through 9 (shown in Table 1) were deter-
mined using mass spectrometry analyses
and comparison to reverse phase HPLC

Figure |. Reverse phase HPLC profile of A) EPREX®from
prefilled syringes with coated rubber stoppers and the
polysorbate 80 formulation; B) EPREX® from prefilled
syringes with uncoated rubber stoppers and the polysor-
bate 80 formulation; and C) placebo from prefilled syrin-
ges with uncoated rubber stoppers and the polysorbate
80 formulation. The large peak at approximately 105
minutes is epoetin alfa. The presence of extra peaks in
the chromatogram is only observed with the uncoated

rubber stoppers.Absorbance was at 214 nm.
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Figure 2. Optimised reverse phase HPLC profile of the
placebo syringe. The leachates were resolved into 10
components; a cut-off of > 20 ppb was used. The low
broad peaks to the left of peak #5 and under peak #6 are

due to polysorbate 80.Absorbance was at 280 nm.

profiles of authentic standards (data not
shown). Peak 1 was present in low
amounts and has not been identified. All of
the identified peaks contained phenolic
rings that absorb at 280 nm. Peaks 3
through 10 are all potential forms or deri-
vatives of Vultac”, a low molecular weight
multisulfide alkyl phenol that is used as a
curing agent in making the rubber stop-
pers. Since all of the materials contained
phenolic rings, the concentrations of the
individual peaks were estimated by assu-
ming that the response factors at 280 nm
for each component were equivalent to that
of bisphenol A that was used as a reference
standard. The mean concentration of the
individual components ranged from 0.024
pg/ml to 0.78 pug/ml, and the total was esti-
mated to be from 1 to 2 pg/dose for syrin-
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ges between the age of 1 to 3 years as
shown in Table 1. The level of leachates
increased with the storage time of the pre-
filled syringes with uncoated rubber stop-
pers, starting at low levels and increasing
to microgram per dose levels at 18-24
months.

The leachates were only found in the poly-
sorbate 80 formulations of EPREX® or
EPREX® placebo in prefilled syringes
with uncoated rubber stoppers. Analyses

Figure 3. Optimised reverse phase HPLC profile compa-
ring 18-month-old polysorbate 80 formulated EPREX®
syringes with the uncoated rubber stopper (top curve)
showing epoetin alfa (EPO) plus the 10 leachate peaks,
and the Flurotec stopper (lower curve), which only
shows epoetin alfa and 2 broad polysorbate 80 peaks.

Absorbance was at 280 nm.

e EPO EPREX syringe with

rubber stoppers stored
E s at §9C for 18 months :

% EPREX syringe with coated oo sk gt
stoppers stored at §°C for
18 months: no extra peaks

of other EPREX" preparations, including
the EPREX® HSA formulation with
uncoated syringe stoppers, the polysorbate
80 formulation with Flurotec syringe stop-
pers, vials with coated stoppers, and other

Table I.Identification and average concentrations of the purified leachates | through
10 (from reverse phase HPLC) based on bisphenol A used as an internal stan-
dard. An average of 6 representative lots aging from | to 3 years was used
for calculating concentration of the leachates

Peal¢ Compound Average concentration®
I Unknown Unknown
2 Bisphenol A 0.070

3 4-tert-amylphenol 0.046

4 2-chloro-4-tert-amylphenol 0.037

5 Vultac® 2 disulfide 0.778

6 2,2’-methylene-bis-4-tert-amylphenol 0.243

7 Vultac® 2 trisulfide 0.235

8 Vultac® 2 tetrasulfide 0.142

9 Vultac® 2 pentasulfide 0.063
10 Vultac® 2 hexasulfide 0.024

a From Figure 2
b Units are pg/mL = ppm
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epoetin products such as epoetin beta and
darbepoetin alfa with coated syringe stop-
pers did not show these leachate peaks
(Table 2). None of the other products tes-
ted were associated with the increased fre-
quency of PRCA; the presence of leacha-
tes was a unique factor associated with
PRCA. Figure 3 shows HPLC chromato-
grams comparing 18-month-old syringes
of EPREX" with the uncoated rubber stop-
per to the Flurotec stopper. As can be seen,
there are no prominent leachate peaks
with the Flurotec stoppers.

Correlation of leachates with increa-
sed frequency of PRCA

Figure 4 shows the number of cases of
PRCA associated with EPREX® by year.
The EPREX" prefilled syringes were origi-
nally launched in 1994 with an HSA-based
formulation with uncoated rubber stoppers.
Leachates have not been detected with
these syringes, and the frequency of PRCA
was similar to the low rate seen with all
epoetin products. In 1998, the formulation
was revised, with polysorbate 80 replacing
HSA as the stabilizer in the same syringes
with uncoated stoppers. This is the formu-
lation—syringe combination in which lea-
chates occur and which correlates with the
increase in the frequency of PRCA.

To limit the increasing incidence of anti-
body-mediated PRCA, the manufacturer,
in collaboration with the health authorities,
initiated three risk mitigation strategies: (1)
instituting tighter control of the product’s
cold-chain distribution; (2) recommending
a switch to the lower risk route of intrave-
nous administration in CKD patients,
including a formal contraindication of sub-
cutaneous administration by health autho-
rities in Europe in December of 2002; and
(3) the conversion, which occurred in April
2003, of all prefilled syringes with the
polysorbate 80 formulated product to
Flurotec stoppers. As shown in Figure 4,
the frequency of PRCA has dropped signi-
ficantly and has returned to a baseline level
for 2004, indicating the success of these
mitigation strategies.
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Figure 4. Number of antibody positive PRCA cases by
year. Note that there was a very low baseline level bet-
ween 1989 and 1997 with no increase with the introduc-
tion of prefilled syringes with the HSA formulation in
1994. The polysorbate 80 formulated prefilled syringes
were introduced in 1998 and correlate with the increase
in the number of cases of antibody positive PRCA. It has
subsequently been demonstrated that leachates accumu-
late in these prefilled syringes with uncoated syringe

stoppers over the shelf life of the product.
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Immune response in mice

Mouse studies were performed to deter-
mine if leachates could act as adjuvants
and stimulate an increased immune res-
ponse. Studies were conducted with epoe-
tin alfa as the antigen. Antibody responses
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epoetin alfa alone, the mice exhibited an increase in
hematocrit due to the additional epoetin alfa
(40pg/dose) that returned to normal by day 56. Mice
administered epoetin alfa plus IFA showed a decline in
hematocrit that became more severe by day 56. Mice
administered epoetin alfa plus leachates exhibited a
more variable increase to no increase in hematocrit at

day 35 and returned to normal or subnormal levels by
day 56.

in this model proved very complex to
interpret. The high doses of epoetin alfa
administered as the antigen (4 weekly
doses of 40 pg/dose) significantly increa-
sed the hematocrit at day 35 (Fig. 5). The
higher hematocrits returned to normal by
day 56. Mice injected with epoetin alfa
plus IFA, a strong adjuvant, demonstrated
no increase in hematocrit and in many
cases showed a decrease at day 35 that
became more severe by day 56. This is
likely due to the generation of neutralizing
antibodies against epoetin alfa that cross-
react with mouse erythropoietin causing a
PRCA like condition. IgG antibodies
against epoetin alfa were detected in most
mice treated with epoetin alfa plus IFA. In
the presence of leachates, which are a
weak adjuvant, the mice demonstrated a
rise in hematocrit with some mice sho-
wing less of a rise than the epoetin alfa
control at day 35. By day 56, the hemato-
crit for these mice had returned to normal
with some mice showing a decreased
hematocrit similar to that seen in animals
treated with epoetin alfa plus IFA.

The hematocrit data support the idea that
the leachates are acting as an adjuvant in

Figure 6. Adjuvant activity of leachates. Ovalbumin
(OVA), OVA plus leachates, or OVA plus IFA were injec-
ted into BDF-1 mice.The mice were bled on days 0, 14,
21, and 28. The results of the ELISA assay for day 28
serum samples are shown.The data are expressed as the
average OD of the positive responses + 2 SEM.
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3

25
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OVA OVA OVA OVA OVA OVA OVA
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this model. In the case of epoetin alfa plus
IFA, antibodies against epoetin alfa could
be detected. However, antibodies against
epoetin alfa were not readily detected with
the leachates, perhaps due to a combina-
tion of a much weaker antibody response
and interference from the mouse erythro-
poietin in the antibody assay.
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Studies conducted using OVA as an anti-
gen confirmed that the leachates could sti-
mulate a stronger response to the OVA in
mice than was seen with OVA alone, and
a dose-dependent adjuvant effect of the
leachates was observed (Fig. 6), demons-
trating the potential of the leachates to act
as adjuvants and stimulate an increased
immune response.

It is well documented that the initiation of
a T cell mediated B cell reaction to gene-
rate the IgG type of antibodies against
epoetin alfa that are seen in PRCA patients
(9) requires the presence of an adjuvant
(10). The potential for leachates from rub-
ber or plastic materials to act as immune
stimulators is well known in the literature.
(11). The ability of polysorbates and other
non-ionic detergents to leach materials out
of plastics and rubber materials has also
been documented (12). In addition, sensi-
tisation to leachates from synthetic rubber
tubing used in medical equipment (13)
may predispose patients to hypersensiti-
vity reactions during subsequent contact
with  synthetic  rubber  products.
Hemodialysis patients are particularly
likely to be exposed to such sensitisers
(14), and may be more likely to mount an
immune response to epoetin in the pre-
sence of synthetic rubber leachates. A pro-
duct specific adjuvant like the leachates
detected in EPREX® could be sufficient to
generate the increased frequency of
immunogenicity as discussed above.

DISCUSSION

Any hypothesis concerning the cause of
antibody-mediated PRCA must take into
account the timing of the increase in inci-
dence of PRCA. The only change in for-
mulation, structure, or purity that had a
temporal relationship with the increased
incidence was the replacement of HSA
with polysorbate 80 in 1998. Rubber stop-
pers were in use from the first introduction
of EPREX" syringes for subcutaneous
administration in 1994. The replacement
of HSA with the non-ionic detergent poly-
sorbate 80 caused a change by leaching of
organic materials from the uncoated rubber

EJHP<5/2004

stoppers. The prefilled syringes that were
on the market that contained this combina-
tion were the 1,000, 2,000, 3,000, 4,000,
and 10,000 unit presentations. Although
epoetin beta and darbepoetin alfa both
contain polysorbate stabilisers, syringes
for subcutaneous injection of these pro-
ducts have coated stoppers. EPREX" pre-
filled syringe presentations containing
5,000, 6,000, 7,000, 8,000, and 9,000 units
were launched in 2001 with Flurotec stop-
pers. The 10 leachate peaks were not
detected in any product with coated stop-
pers, despite the presence of polysorbate
stabilisers.

Mouse studies were performed to examine
the role of leachates in relation to immu-
nogenicity. In early studies conducted
using the leachates with epoetin alfa some
mice exhibited a PRCA like effect, charac-
terized by a decrease in hematocrit.
However the authors had concerns about
testing with epoetin alfa as the immuno-
gen as it creates a complex set of physio-
logical responses in the mice that appea-
red to interfere with the measurement of
antibodies against epoetin. Therefore, the
well characterized surrogate antigen OVA
was used to test the adjuvant effect of the
leachates from prefilled syringes of

SponsoredSection

EPREX"® containing uncoated rubber
syringe stoppers. A dose-ranging study
conducted with leachates isolated from
prefilled syringes of EPREX" and using
OVA as the antigen clearly demonstrated
the adjuvant effect of the leachates.

Extensive studies were conducted to look
for changes in the epoetin alfa molecule in
both the bulk and finished product.
Specifically, methods were employed to
investigate aggregation, oxidation, deami-
dation, carbohydrate composition, denatu-
ration, and sequence/structural changes.
None of these analyses demonstrated any
change in the product that was outside of
historical experience prior to the increase
in PRCA.

Studies were conducted to investigate
whether the silicone oil that is used to
lubricate all prefilled syringes could act as
an adjuvant. No positive adjuvant res-
ponse was detected in mice in studies loo-
king at increasing concentrations of sili-
cone. The silicone process also has not
changed since the syringes were introdu-
ced in 1994 and is identical for current
HSA containing syringes, which show a
low baseline rate of PRCA, as well as for
the Flurotec stopper syringes.

Type of stopper

EPREX® syringes

EPREX® placebo Uncoated
1000, 2000, 3000,

4000, 10,000° IU Uncoated
5000-9000 U Coated
HSA Uncoated
EPREX® vials

10,000 1U Coated
40,000 1U Coated
Comparator products

Epoetin alfa USA Coated
Epoetin beta Coated
Darbepoetin alfa Coated

Table 2. Relationship of the presence of leachates to the type of stabilizer and
stopper in epoetin formulations
Epoetin preparation

Polysorbate 80 Presence of

in formulation leachates
Yes Yes
Yes Yes
Yes No
No No
Yes No
Yes No
No No
Yes® No
Yes No

pers are coated.

a Pre-April 2003 syringe stoppers were uncoated; Post-April 2003 syringe stop-

b Polysorbate 20, all other ‘Yes’ entries indicate polysorbate 80.
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Studies were also conducted to look for a
possible adjuvant effect that might occur
due to the polysorbate 80 in the EPREX®
formulation. Different levels of polysorbate
80, including significantly higher levels
than the EPREX® formulation, did not
demonstrate an increase in immunogenicity
in mice. Early clinical data indicate that the
increase in PRCA was not associated with
the combination of polysorbate 80 formula-
tion with the Flurotec stopper, indicating
that polysorbate 80 alone is not an adjuvant.
This is in agreement with Vogel et al.,
which reports, “polysorbate 80 has no adju-
vant properties on its own” (15).

It was recently hypothesized that EPREX®
might associate with micelles of polysor-
bate 80 in the EPREX"™ formulation (16).
It was implied that association between
polysorbate 80 micelles and epoetin alfa
could be a cause of PRCA. Investigations
by the authors using light scattering
clearly indicated that epoetin alfa does not
form macromolecular structures with
micelles of polysorbate 80. It was also
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demonstrated that polysorbate 80 micelles
are extremely unstable, dissipating within
seconds upon dilution (17). Kerwin et al.
also investigated whether an interaction
between polysorbate 80 or polysorbate 20
micelles and epoetin could form macros-
tructures or aggregates and reported at the
meeting of the FEuropean Renal
Association — European Dialysis and
Transplant Association in May, 2004, that
“based on analytical ultracentrifugation
data, neither polysorbate 20 or polysorbate
80 form micellar-like aggregates with dar-
bepoetin alfa or epoetin alfa” (18).

CONCLUSION

This technical investigation indicates that
leachates resulting from the action of
polysorbate 80 on uncoated rubber syringe
stoppers are the most likely product-speci-
fic cause of the increased frequency of
PRCA that occurred with EPREX" bet-
ween 1998 and 2003. A thorough investi-
gation of the epoetin molecule in both the
bulk and the finished products demonstra-
ted a high degree of consistency. No chan-

ges were detected in the epoetin alfa mole-
cule that were outside of the normal ran-
ges over the history of the product or that
were different from other epoetin products
that demonstrated only a baseline fre-
quency of PRCA. Investigation of the sta-
bilizer polysorbate 80 failed to demons-
trate any evidence of an adjuvant affect,
confirming the known safety profile of the
polysorbate 80 as an excipient for protein
formulations. Silicone oil also failed to
show any adjuvant effect in mice and
could be excluded based on the lack of any
temporal association between silicone oil
and PRCA. Several other hypotheses were
investigated over the course of the investi-
gation. Leachates were shown to have a
dose-dependent adjuvant effect in a mouse
model. Based on the evidence, only the
presence of leachates, which occurred bet-
ween 1998 and 2003 in the polysorbate
prefilled syringes with the uncoated rub-
ber stoppers, fit all of the criteria as the
causative factor for the increased inci-
dence of antibody-mediated PRCA.
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