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Abstract: Many therapeutically effective animal-derived biopharmaceuticals and biomaterials, e.g., bovine thrombin,
heparin and collagen, have been used successfully for decades during surgery, despite the potential formation of antibod-
ies. Whether biological products are derived from human or animal sources or are recombinant proteins, an antigenic re-
sponse can be provoked by many different factors inherent to biopharmaceuticals or biomaterials, including differences in
amino acid sequences and glycosylation, impurities/contaminants in the biological preparations and patient-specific fac-
tors. Administration of products containing biological proteins can result in a range of reactions and the development of
antibodies that can be serious but does not always have significant clinical consequences. Overall, only small proportions
of treated patients develop severe reactions to these products. For example, out of the millions of patients treated with
erythropoietin, 175 patients developed pure red cell aplasia, and of 4109 patients with injectable collagen implants, treat-
ment-related adverse reactions (mostly localized swelling and erythema) occurred in 1.3% of patients. Despite their poten-
tial immunogenicity, physicians still use animal-derived products because of the beneficial effects on patient outcomes
during surgery. Since retrospective clinical and immunogenicity assessments of these commonly used products is un-
likely, the key for new animal-derived biopharmaceuticals is to carry out comprehensive immunogenicity assessments
during clinical development before they reach the marketplace.
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INTRODUCTION

Many effective animal-derived biopharmaceuticals and
biomaterials have been used during surgical procedures for
many years with great success, despite the potential for im-
munogenicity. Antibody formation can occur in response to
all biopharmaceuticals, the frequency of which varies con-
siderably [1].

Biopharmaceutical immunogenicity results as part of the
body's normal immune reaction to a foreign protein [2] and
is comparable to that which occurs when a vaccine is admin-
istered [1]. Antibodies are induced in 2 ways: by the classi-
cal immune response or by breaking immune tolerance [1].

Biopharmaceutical proteins can act as immunogens and
stimulate the classical immune response [2]. Such proteins
can incite a protective immune response, consisting of cellu-
lar and humoral components, that not only facilitates the
elimination of the ‘foreign antigen’ but also commits to
memory the specific foreign antigenic epitope to better pre-
pare the immune system for future exposure to the same for-
eign antigen [3]. The initial or primary immune response to a
protein antigen is its binding to specific receptors on circu-
lating B cells. When an antigen binds to B cells, the cell is
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activated to proliferate and produce plasma cells that secrete
antigen-specific antibodies (immunoglobulins, e.g., IgG and
IgM) that bind and inactivate the foreign protein [3] (Fig.
1a). B-cell activation also creates memory B cells with the
same antigen specificity that allows a rapid immune response
to occur during future exposure to the same antigen. This
secondary or enhanced recognition/memory immune re-
sponse requires interaction with CD4+ helper T cells and
occurs with prolonged or re-exposure to the same antigen
(Fig. 1b). The secondary immune response may be important
when patients are re-exposed to a substance that previously
induced a primary immune response, such as re-exposure to
a therapeutic biological protein [3].

Antibody formation in response to a biopharmaceutical
protein or peptide can also be induced by breaking the im-
mune tolerance to self-antigens [1]. For example, antibodies
produced against a human homologue biopharmaceutical
protein, e.g., a recombinant human protein such as interferon
or erythropoietin (Epo), can expand recognition of or cross-
react with the endogenous, homologous human proteins with
similar epitopes and thus break the self-tolerance that nor-
mally exists. This leads to autoimmunity or the production of
autoantibodies against the biopharmaceutical [1, 4, 5]. In the
case of Epo, the net effect is the functional absence of Epo in
patients with autoantibodies to Epo. In contrast to the neu-
tralizing and non-neutralizing antibodies produced in the
classic immune reaction to foreign proteins, these antibodies
against human proteins often appear only after prolonged
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Fig. (1). Basic primary (a) and secondary (b) immune responses (modified after Porth, 1998; Koren 2002).

treatment and develop in fewer than 1% of patients. Typi-
cally, some of these autoantibodies disappear during treat-
ment or when treatment with the offending biopharmaceuti-
cal protein ceases [1].

Antigenic responses can be provoked by many different
factors inherent to biopharmaceuticals or biomaterials,
whether derived from human or animal sources or recombi-
nant proteins [6, 7] (Box 1). For example, the immune sys-
tem’s ability to recognize subtle differences between the
amino acid and/or glycosylation sequences of endogenous
human proteins and biopharmaceutical proteins is sufficient
to provoke immune responses and the generation of antibod-
ies. In the case of the recombinant biopharmaceutical Epo
(epoetin) for example, which previously had an excellent
safety record and had been prescribed to millions of patients
without problems [6], the development of pure red cell apla-
sia (PRCA) associated with anti-Epo autoantibodies was
found to have increased from a total of 3 cases between 1988
and 1998 to 175 for Eprex alone between 1998 and 2004 [4].
Patients developed PRCA within 9 months of exposure [4].
This led to the blocking of red blood cell maturation and
differentiation in the affected patients [1]. The only explana-
tion for this serious side effect appears to be subtle changes
in the Eprex Epo molecule that occurred during manufactur-
ing, formulation, handling, or distribution that were difficult
to detect before hundreds of thousands of patients had been
exposured to the product.

Box 1. Factors that Promote Antibody Production in Re-
sponse to Administration of Biopharmaceutical

Products [1, 6, 7]

e Variation in amino acid sequence

e Modification of amino acid side chains (e.g., oxidation or deamination)

e Glycosylation variation

¢ Differences in protein structure (e.g., proteolysis, partial denaturation)

e Contaminants and impurities

e Downstream processing and formulation

e Other immunogenic potential, such as route of application, dosing,
length of treatment, and patient's immune status

Variation in glycosylation is another possible factor that
can contribute to immunogenicity associated with biophar-
maceuticals as proteins produced in prokaryotes are not gly-
cosylated. Two examples of non-glycosylated biopharma-
ceuticals are granulocyte-macrophage colony-stimulating
factor and interferon a. Non-glycosylation may induce pro-
duction of neutralizing antibodies as these recombinant
molecules are less soluble than the endogenous molecules or
because the biopharmaceutical molecule presents epitopes
that are normally hidden by glycosylation in the endogenous
human protein [8, 9]. In addition, immunogenic reactions to
some biopharmaceuticals have been attributed to impurities
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or protein aggregates present in these preparations rather
than structural changes in the therapeutic proteins. Generally
speaking, the immunogenicity of the impurities present in
the biopharmaceutical directly relates to its ability to pro-
voke immunogenic responses.

The clinical consequences of antibody production to bio-
pharmaceuticals are variable, however, and are not necessar-
ily linked to the quantity of antibodies, but they may be
closely correlated to the type of antibody produced. Al-
though some biotherapeutic proteins do not seem to be im-
munogenic, others induce the production of antibodies that
can impact on clinical response, while others can induce an-
tibodies that cross-react with endogenous proteins (Table 1).

Table1. Immunogenicity of Some Recombinant Biopharma-

ceuticals

Type of Response Example of Biopharmaceutical

e Granulocyte colony-stimulating factor

Non-immunogenic
e Interferon (IFN)-y

e Interleukin 2

e Granulocyte-macrophage colony-
stimulating factor

e IFN-u
o IFN-B

Some clinical effect

e Megakaryocyte growth and development
Severe adverse events factor

e Erythropoietin

The main clinical consequence of antibody formation
seems to be loss of product efficacy, which can sometimes
be restored by increasing the product dose [1]. Antibodies
produced against therapeutic products are of most concern
when they neutralize endogenous proteins, which have es-
sential biological roles, e.g., PRCA associated with Epo
treatment [1]. Due to the variability of responses to biophar-
maceuticals and the complexities of product comparisons, an
extensive clinical history during administration of a bio-
pharmaceutical becomes an important factor in the overall
assessment of its safety profile during routine clinical prac-
tice.

This paper describes the immunogenicity of certain ani-
mal-derived biopharmaceuticals and biomaterials used in
surgery, assesses the clinical consequences, and discusses
the methods available for determining the potential immuno-
genicity of biopharmaceutical product during clinical devel-
opment.

ANIMAL-DERIVED BIOPHARMACEUTICALS USED
IN SURGERY

Topical Hemostatic Agents and Tissue Sealants

Excessive blood loss is a complication of surgery, physi-
cal trauma, and burns [10, 11], and surgeons can use many
approaches to control bleeding depending on the procedure
and site of bleeding. When mechanical or thermal hemostatic
techniques fail or are impractical, surgeons often control
bleeding using topical pharmacological interventions [12,
13], including animal-derived biopharmaceutical products
that exert pharmacological effects at various points in the
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coagulation cascade [1, 6, 14]. These animal-derived pro-
teins, such as bovine thrombin, have been used successfully
for many years.

Topical Thrombin

Thrombin is the central protease of blood coagulation
[15]. It converts fibrinogen to fibrin; activates blood plate-
lets, factors VIII, V, XI, and XIII, and protein C; and has
critical functions in the wound-healing process [16]. This is
reflected in its wide use in surgery; it is as commonly used as
saline [16, 17]. Bovine thrombin is a biologically active
topical hemostatic modifier that is used alone or in combina-
tion with other agents to promote and sustain hemostasis. It
was first used for the treatment of surface bleeding in the
1930s [16, 17]. Thrombin is also used in both autologous and
commercially available fibrin sealants [16].

As with any animal-derived protein, bovine thrombin
may induce an immune response [18]. Many factors are
thought to contribute to the immunogenicity of bovine
thrombin in patients, from its xenogeneic origin to differ-
ences in the amino acid sequences or glycosylation between
bovine and human thrombins [19]. Differences in glycosyla-
tion and amino acid sequences seem to be the most likely
causes of the immunostimulatory properties of this therapeu-
tic protein, because it is more heavily glycosylated than hu-
man thrombin and there is approximately a 10% difference
between the amino acid sequences of human and bovine
prothrombin [1].

Topical thrombin originates from bovine sources' there-
fore, some patients may develop antibodies against thrombin
or any contaminating bovine coagulation factors, e.g.,
prothrombin, cardiolipin factor V, and factor Va, that may,
on rare occasions, cross-react with endogenous human clot-
ting factors [14, 19]. Published reports have shown that the
clinical impact of the development antibodies to topical
thrombin preparations varies greatly, ranging from asymp-
tomatic to laboratory abnormalities, such as prolonged
prothrombin time (PT) and partial prothrombin time (PPT),
to clinically relevant coagulopathies such as excessive post-
operative bleeding in patients or thrombosis [19].

The development of anti—factor V and factor Va antibod-
ies is likely to result from factor V and factor Va fragment
contaminants in some topical bovine thrombin preparations
[19]. As with many animal-derived protein products, im-
provements in the manufacturing process have reduced the
levels of contaminants in newer bovine thrombin products.
For example, with the inclusion of a membrane filtration step
in the manufacturing process, the amount of factor Va light
chain in the current bovine thrombin product is below the
limit of detection using a semi-quantitative Western Blot
assay [20].

The immunogenic response and adverse events in pa-
tients exposed to bovine thrombin during surgery has been
studied in 2 trials with inconsistent findings. In a study in-
volving 151 patients undergoing cardiac surgery, Ortel et al.
showed that bovine thrombin was immunogenic and associ-
ated with an increased risk of adverse clinical outcomes [18].
Antibodies (both bound IgG and IgM) to thrombin and any
contaminating coagulation proteins (including factor V, fac-
tor Va, and prothrombin), were detected using enzyme-
linked immunosorbent assay (ELISA). More than 95% of
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patients developed a seropositive response to bovine coagu-
lation proteins, and 51% had elevated antibody levels to cor-
responding human coagulation proteins after exposure to
bovine thrombin. Patients with elevated antibodies to human
coagulation factors were determined to be more likely to
suffer coagulation abnormalities. Contrasting results were
found in another study conducted by Winterbottom et al.
[21]. In this study, 309 patients who were exposed to bovine
thrombin during cardiac, vascular, or spinal surgery were
tested for bovine thrombin and factor Va antibodies using
ELISA. In this study, a similar number of patients (19%)
were found to be seropositive for bovine thrombin but only
30% were seropositive for bovine factor Va. Unlike Ortel et
al, this study reported that the presence of bovine thrombin
or factor Va antibodies preoepratively or postoperatively was
not associated with increased clinical adverse outcomes, in-
cluding coagulopathy [21]. While the association between
topical bovine thrombin and coagulopathy does exist, a de-
finitive and consistent association has not been made.

In addition to bovine thrombin and coagulation protein
antibodies, other antibodies associated with the clinical use
of bovine thrombin have been reported, including antibodies
to galactose-a1-3 galactose (galal-3Gal) and antiphosphol-
ipid antibodies [22, 23]. Many glycoproteins in topical
thrombin preparations have been found to contain the galal—
3Gal epitope [22]. Galal-3Gal is expressed in large amounts
in all mammals (including rabbits, pigs, and cows) except
humans and old-world apes [22]. Interestingly, natural anti-
galal-3Gal antibodies are often found in people who have
never been exposed to biopharmaceuticals, including topical
bovine thrombin. Galal-3Gal is recognized by natural anti-
bodies in normal people that mediate complement activation
and destruction of xenogeneic tissues [22]. Schoenecker et
al. determined anti—galo1-3Gal IgG and IgM antibody levels
(using ELISA) in 63 patients following coronary artery by-
pass grafting (CABG) [22]. Following exposure to topical
bovine thrombin, anti—galal-3Gal IgG antibodies increased
to levels 10 times greater than those of natural anti—galal—
3Gal antibodies in individuals who have never been exposed
to bovine thrombin or any other animal-derived biopharma-
ceutical [22]. It is apparent; therefore, that gala1-3Gal may
account in part for the immunogenicity seen with bovine
thrombin [22].

It is difficult to determine what percent of antibodies de-
veloped against a biopharmaceutical are pathogenic; how-
ever, clinical experience demonstrates that 20% to 90% of
patients treated with topical bovine thrombin subsequently
have detectable levels of antibodies, although these patients
rarely develop coagulopathies [18, 21]. Precise assessment
of the use of bovine thrombin in surgical cases is unavail-
able, although it is conservatively estimated that at least
500,000 Americans are exposed to some type of topical bo-
vine thrombin preparation each year [22]. The incidence of
clinically significant antibody-mediated adverse events to
topical bovine thrombin has been low since its use became
widespread in the United States after receiving US Food and
Drug Administration (FDA) approval in the 1970s [19].

Gelatin-Based Products

Other animal-derived absorbable topical hemostatic
agents are often used as adjunctive therapy during surgery
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[14]. Products containing sterile porcine or bovine gelatin
are available in a variety of formulations and are indicated to
provide hemostasis at bleeding surfaces [24, 25]. These bio-
logically passive products are believed to initiate clotting
through contact activation and by providing a scaffold for
platelet aggregation, although the exact mechanism is un-
known [14]. Gelatin-based products may be used alone or in
combination with thrombin. In combination, the 2 compo-
nents work synergistically to produce a stable clot at the
bleeding site that limits blood loss. These components pro-
vide a matrix around which a clot can form and localize ac-
tive thrombin to promote rapid hemostasis [14]. In the case
of spinal surgery, for example, it is essential to achieve he-
mostasis during surgical procedures within the spinal canal,
where bleeding of only a few milliliters of blood may cause
devastating neurologic damage. The use of chemical hemo-
stasis is preferred to bipolar cautery because of its superior
efficacy in controlling diffuse capillary bleeding [12]. De-
spite the complications of absorbable porcine gelatin and
regenerated oxidized cellulose as hemostats in intraspinal
surgery, Sabel and Stummer concluded that these agents are
considered safe and beneficial and the proper administration
should prevent serious adverse patient outcomes [12].

A search of the literature revealed no reports of immuno-
genic reactions to these gelatin-based products, although
Nakamura ef al. reported that poorly hydrolyzed bovine gela-
tin was immunogenic when administered with alum adjuvant
in vaccines [26]. Most anaphylactic and urticarial reactions
to gelatin-containing measles, mumps, and rubella (MMR)
monovalent vaccines were associated with IgE-mediated
gelatin allergy [27]. A retrospective study has shown that
among 26 cases of anaphylaxis, 6 (27%) were positive for
anti-gelatin IgE antibodies [26]. The reported incidence of
anaphylactic reactions, however, is 1.8 per million doses of
MMR vaccine and this has not increased since the introduc-
tion of the gelatin-containing diphtheria-tetanus-acellular
pertussis (DTaP) vaccine in 1998 [26]. DTaP immunization
histories suggest that the gelatin in DTaP vaccines may have
a causal relation with the development of this allergy [27].

Fibrin Glues and Sealants

Fibrin glues and sealants are often applied topically to
promote hemostasis when electrocautery, sutures or metal
clips, and staples are not appropriate for delicate surgery on
small yet functionally vital tissues and structures [28]. The 2
main components of these products—purified human fi-
brinogen and bovine or human thrombin—interact to form a
fibrin network when applied [28]. Bovine aprotinin, a plas-
min inhibitor, may be added to prolong the in vivo life of
these products [29]. Although the principal application of
fibrin sealants is to achieve hemostasis, they can also be used
to seal air, bile, and lymphatic leaks and as glue and matrix
for local drug delivery [30].

Various adverse effects have been reported with fibrin
glues and agents, particularly during specific surgical proce-
dures (laminectomy, craniotomy, lobectomy, and nasal sur-
gery), with some rare adverse effects, such as paralysis, be-
ing quite severe [14]. Adverse events relevant to this discus-
sion, however, have involved products that contain bovine
thrombin and include allergic reactions and the development
of inhibitory antibodies to bovine thrombin and coagulation
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proteins that interfere with the coagulation process [14] as
well as Gala1-3Gal and cardiolipin, as described above.

Bovine aprotinin is often used as the fibrinolysis inhibitor
in these products and is highly immunogenic in humans [30].
Indeed, anti-aprotinin IgG antibodies have been shown to be
present in 80% of patients after exposure to local aprotinin
during cardiac surgery [31]. In addition, after exposure to
fibrin sealants during pediatric cardiac surgery, 39% of pa-
tients had anti-aprotinin IgG antibodies and 8% had IgE an-
tibodies [32]. An immune response to bovine aprotinin can
result in IgE-mediated type I or IgG-mediated type III hyper-
sensitivity [30]. The incidence of anaphylaxis to fibrin seal-
ant is estimated to be 0.5 per 100,000 applications; however,
assuming that 90% of cases go unreported, the true figure is
likely to be closer to 5 per 100,000 applications [30].

When considering the use of bovine aprotinin—containing
products, it is important to assess the risk of immunogenic-
ity. Although hypersensitivity reactions to bovine aprotinin
are rare, the clinical consequences for some patients can be
very serious [30]. Adverse effects associated with bovine
aprotinin immunogenicity range from mild skin rashes to
fatal anaphylaxis after local application. Although there are
tests available to assess the likelihood of an immune re-
sponse to aprotinin, only tests for specific anti-aprotinin IgE
and IgG antibodies (ELISAs) are available in clinical prac-
tice, but none are used routinely [30].

Collagen

Collagen is a tissue-derived material used in a variety of
biomaterials, including topical hemostatic agents [13]. Col-
lagen-based absorbable hemostatic agents provide hemosta-
sis through contact activation and the promotion of platelet
aggregation as a direct effect of contact between blood and
the agent’s collagen [14]. After platelet aggregation begins,
platelet degranulation occurs as does platelet-dependent co-
agulation [14].

Collagen consists of 3 polypeptide chains, called tropo-
collagen, arranged in a helical structure and a non-helical
portion composed of telopeptides [13]. The antigenic deter-
minants of collagen can be classified into 3 categories—
helical, central, and terminal [33]. The antigenicity of colla-
gen is linked intimately with the concepts of self-tolerance
and interspecies variation. The terminal telopeptides are the
component of collagen with the highest interspecies variabil-
ity, and some evidence suggests that the immunogenic po-
tential of collagen is strongly reduced by proteolytic diges-
tion of these telopeptides [13]. Other evidence, however,
suggests that removal of telopeptides provides no immu-
nologic benefit of clinical significance [33]. Immune re-
sponses to collagen involve both antibody formation and an
enhanced recognition component, but their relative contribu-
tions are not yet known [33]. Between 2% and 4% of the
total population have an inherent immunity (allergy) to bo-
vine collagen, but this is a relatively low incidence compared
with other common allergies [33]. Skin tests are available
that can identify such people before treatment with collagen-
based products is initiated, although a further 1% to 2% of
people will develop immune reactions after exposure to a
collagen hemostatic product [33]. Overall, collagen has low
antigenicity and immunogenicity [33], but immunogenicity
does vary between the different hemostatic and injectable
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collagens [13]. As with all bovine- and porcine-derived ma-
terials, development of anti—Galal-3Gal antibodies can of-
ten also occur, as described above.

Bovine or Porcine Heparins

Heparin is used prophylactically to prevent postoperative
deep vein thrombosis (DVT) in patients undergoing orthope-
dic, general, and gynecological surgery [34, 35]. It is also the
anticoagulant most commonly used to prevent clotting dur-
ing cardiac or vascular surgery [36]. Heparin may be ex-
tracted from porcine intestinal mucosa or bovine lung, where
it is bound to histamine and stored in the mast cell granules
[35, 36]. The purified, unfractionated product is a heteroge-
neous mixture of glycosaminoglycans with an average mo-
lecular weight of 12000 [36].

Heparin-induced thrombocytopenia (HIT) is a potentially
serious immune-mediated adverse response to heparin and is
associated with an increased risk of thrombosis that can re-
sult in loss of limbs or death [36, 37]. Up to 8% of patients
treated with heparin will develop the anti-platelet factor 4
(PF4) antibodies associated with HIT, and 1% to 5% of pa-
tients will progress to develop HIT with thrombocytopenia
[37]. Despite thrombocytopenia, bleeding is rare, but HIT is
strongly associated with thrombosis, with a mortality of
about 20% to 30% and permanent disability by amputation,
stroke, or other causes in a further 20% to 30% [37].

The antigenic mechanism of HIT has been extensively
reviewed by Franchini [37]. Briefly, the principal antigen is
the complex of the highly acidic heparin and highly basic
platelet factor 4 (PF4). PF4 is normally stored in platelets
and is released into the circulation when platelets are acti-
vated [37]. The heparin-PF4 complex presents neoepitopes
that act as immunogens and provoke production of antibod-
ies [37]. This results in the production of IgG antibodies di-
rected against the heparin—PF4 complex. The IgG antibodies
bind to the complex on the platelet surface through the Fab
region [37]. The Fc portion of the HIT antibody binds to the
platelet Fc receptor, and this triggers activation and aggrega-
tion of platelets, which release more PF4 to perpetuate the
cycle of heparin-induced platelet activation [37]. This anti-
body-mediated activation of platelets also leads to the pro-
duction of prothrombotic platelet microparticles that promote
coagulation. The presence of heparin-like molecules
(heparan sulfate) on the surface of endothelial cells means
that HIT-antibody—PF4—heparan sulfate complexes on the
endothelial surface may induce expression of the procoagu-
lant molecule tissue factor with further coagulation activa-
tion [37]. Thrombocytopenia results from clearance of acti-
vated antibody-coated platelets [37]. The overall result is
intravascular platelet activation, thrombocytopenia, and po-
tential thromboembolic complications [38].

Francis et al. found that bovine heparin might be associ-
ated with a higher rate of heparin—PF4 antibody formation
than porcine heparin [39]. In 207 patients undergoing first-
time coronary artery bypass graft (CABG) surgery with or
without cardiopulmonary bypass, the overall incidence of
anti-heparin—PF4 antibody formation was 42% [39]. Six
(2.9%) patients were positive postoperatively and one of
these developed clinical HIT [39]. When these 6 patients
were excluded, seroconversion rates were 44.4% (44/99)
with bovine heparin and 30.6% (33/108) with porcine hepa-



Antibodies to Animal-Derived Products in Surgery

rin (P=.041) [39]. Most patients who produced antibodies
(90% bovine, 85% porcine) seroconverted after postopera-
tive day 2 [39]. No differences in postoperative platelet
counts occurred, and only one patient developed thrombosis
associated with seroconversion without also developing
thrombocytopenia [39]. The authors concluded that there is a
high frequency of anti-heparin—PF4 antibodies after CABG
and that the incidence is significantly higher with bovine
than porcine heparin [39].

In contrast, data from an earlier study by Konkle ef al.
did not support these findings [40]. In 98 patients, no signifi-
cant difference in patient positivity for antibodies was seen
postoperatively with the serotonin release assay (12% in both
groups) or the heparin—PF4 ELISA (29% with porcine hepa-
rin, 35% with bovine heparin) postoperatively [40]. There
was also no significant difference between preoperative or
postoperative platelet counts or thromboembolic complica-
tions [40]. The study did confirm that an unexpected number
of patients had developed antibodies before surgery was per-
formed and that levels of these antibodies increased in most
patients during the perioperative period [40]. Although some
patients developed thrombotic complications, there was no
correlation with antibody formation or platelet count at the
time of the event and thus no diagnosis of HIT or HIT with
thrombosis was made [40].

The clinical criteria for diagnosing HIT are thrombocy-
topenia (platelet count < 100 x 10° or a 50% drop from pa-
tient’s baseline level), exclusion of other causes of thrombo-
cytopenia, and disappearance of thrombocytopenia when
heparin treatment is stopped [37]. The presence of anti-
heparin/HIT antibodies can be determined by functional tests
and immunoassays. Functional tests, such as heparin-induced
platelet aggregation (HIPA) and the serotonin release assay
(SRA), measure platelet activity. Although the SRA is con-
sidered to be the gold standard, it is more difficult to perform
and is not widely available, so the HIPA test is more com-
monly used [37]. ELISAs can detect the PF4/heparin com-
plex antibody. These immunoassays are relatively easier to
perform and more sensitive than functional tests; however,
functional tests may be more effective at detecting clinically
significant HIT [37]. These tests, however, tend not to be
routinely available in clinical practice. Although HIT does
not invariably recur during subsequent re-exposures to hepa-
rin, future use of heparin is contraindicated in these patients
[37]. Again, as with all bovine- and porcine-derived materi-
als, development of anti—Galal-3Gal antibodies can often
also occur, as described above.

Low-Molecular-Weight Heparin

Low-molecular-weight heparin (LMWH) was introduced
in the late 1980s for the prevention and treatment of DVT
[41]. LMWH is used to prevent DVT in a variety of clinical
situations, including general and hip or knee replacement
surgeries, and is as effective as unfractionated heparin
(UFH) in preventing DVT [41]. LMWH can also be used as
an adjunct therapy while waiting for oral anticoagulation to
take effect during the treatment of DVT [41].

Early reports suggested that short-term use of LMWH
was not associated with HIT [41] and, by 2004, only a few
cases of HIT had been reported following treatment with
LMWH [38]. In a study of 180 patients treated for suspected
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HIT, the condition was confirmed in 59 patients; 57 had high
levels of antibodies to heparin—PF4 complexes and 2 had
antibodies to interleukin 8 [38]. These patients had been
treated with LMWH (n=11) unfractionated heparin (UFH)
alone (n=34), or UFH combined with LMWH (n=14). In
patients who received LMWH, the interval to onset of HIT
was longer, and severe thrombocytopenia (platelet count
<15x10°/L) was more frequent (P=.04) than in those who
received UFH. Thrombosis was equally observed in both
patient groups [38]. In another study, the frequency of HIT
was lower in patients who received prophylaxis with LMWH
for 9 months after hip or knee replacement than in those who
received UFH (0% vs 5.2%, P<.001). Overall, total thrombo-
sis was significantly more frequent in the LMWH patient
population than the UFH group [42].

A review by Walenga et al. suggested reasons for the
reported differences in the frequencies of HIT associated
with LMWH and UFH [43]. Similar mechanisms were sug-
gested for the pathophysiology of HIT caused by UFH and
LMWH because their chemical structures are similar. How-
ever, the smaller size of LMWH means that it cannot interact
with both PF4 and platelets as efficiently as the larger UFH
[43]. This translates to a 2- to 3-fold reduced risk of immune
sensitisation (antibody generation and occurrence of clinical
HIT) [43]. In addition, LMWH-induced HIT antibodies are
more often IgA and IgM, while IgG is more commonly gen-
erated in HIT induced by UFH. The differences in the types
of antibodies generated in response to LMWH and UFH may
explain the greater tendency for clinical HIT after UFH [43].

Animal-Derived Biomaterials

A biomaterial is any natural or manmade material that
augments or replaces a natural function within a living or-
ganism. The Romans, Chinese, and Aztecs used the very first
biomaterials more than 2000 years ago in the form of gold
used in dentistry [44]. With the development of synthetic
polymer systems over the past few decades, biomaterials
have begun to find broad applications in modern medicine
[45]. Indeed, biomaterials have played an enormous role in
the success of medical devices and drug delivery systems
[45] and are included in a vast array of products, such as
synthetic replacements for biological tissues, materials for
specific medical applications, and materials for diagnostics
[45].

Collagen

As described above, collagen is used as a component of
topical hemostats. Bovine collagen is also used in a number
of medical biomaterials, including sutures, pericardial substi-
tutes, wound and burn dressings, vascular graft coating, and
soft-tissue augmentation, as well as the treatment of urinary
incontinence [13]. Collagen has high tensile strength, high
affinity with water, low antigenicity, high absorbability, and
good cell compatibility. Furthermore, collagen enhances
tissue regeneration, influences cell differentiation, and acti-
vates platelets. These properties are controllable by physical
and chemical modifications and availability of variously
shaped fabrications [13]. It is one of the best materials for
use as a scaffold in tissue engineering and, with modifica-
tion, can be used in a variety of fields [13]. Injections of bo-
vine collagen are used in plastic surgery to improve the
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skin's contour and fill out depressions in the skin caused by
scarring, injury, or aging [46].

Immunogenicity to implanted collagen has been shown to
occur, but current published literature is sparse. One study
has shown that 5 of 68 (7%) patients implanted with a bo-
vine collagen—coated vascular graft developed anti—bovine
collagen antibodies [13]. A skin test in one patient who had a
systemic allergic reaction to a collagen implant during
laparoscopic cholecystectomy showed a notable allergic re-
action, while an IgE radioallergosorbent test against bovine
serum albumin was within the normal limits [36]. Immu-
nologic responses to composites of pepsin-solubilized bovine
type I collagen and calcium phosphates have been limited to
elevated levels of circulating antibodies to collagen, with no
reported effect on the efficacy of the implant itself [33].

Although data on immunologic responses to bovine and
porcine dermal collagens used as dermal substitutes for
wound cover and wound closure are meager, no collagen-
induced adverse immunologic responses to non-allograft
dermal substitutes have been documented despite the numer-
ous collagen sources and varied extraction methods used
[33]. Fibrillar collagen-containing products used for hemo-
stasis have marginally higher incidences of induced allergy
to collagen, and a granulomatous foreign body reaction was
observed after application of a microfibrillar collagen hemo-
stat in the spleen, but such devices often contain noncollage-
nous protein contaminants (including the glycoprotein
Galal-3Gal), which may be the main immunogenic compo-
nents of collagen-based hemostats [33].

Screening for collagen allergy/immunogenicity using a
readily available and simple skin test should be carried out
routinely before collagen is implanted in patients [33].

Biologic Valves and Bovine Pericardial Tissue

Biologic (or bioprosthetic) valves made of bovine or por-
cine tissue may be used in patients requiring heart valve re-
placement surgery [47]. Porcine valves consist of natural
porcine aortic valves sewn to a metal wire stent and covered
with cloth made of polyethylene terephthalate fibers [47, 48].
Bovine valves are made of bovine pericardial tissue mounted
on a frame of molded silicone rubber [47]. Biologic valves
are more similar to the natural valve than mechanical valves
and may not require lifelong anticoagulant therapy (unless
the patient has other conditions that warrant such treatment).

Bovine pericardial tissue has other uses, e.g., in the sur-
gical treatment of emphysema [49,50] and in extra-cardiac
lateral tunnel Fontan procedures to create a conduit from the
inferior vena cava to the artery in children with complex
congenital heart defects [51]. It is also used as a penile pros-
thesis lining [52], a wrapping material for hydroxyapatite
implants in patients undergoing enucleation for uveal mela-
noma [53] and in the repair of incisional hernias [54].

The most common cause of bioprosthesis failure is stiff-
ening of tissue due to the buildup of calcium, which can re-
strict blood flow through the valve or cause tears in the valve
leaflets. The use of biologic heart valves decreased in the
1990s because of the high incidence of failure due to tissue
degeneration or tearing [55]. As younger patients have
greater metabolism of calcium, bioprostheses tend to last
longer in older patients [48], and premature degeneration of
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biologic valves has limited their use in younger patients in
recent years [56]. Inflammatory and immune reactions were
thought to mediate both calcification and biodegradation
[57], but the exact immune response has remained unclear
[56].

METHODS OF ASSESSING IMMUNOGENICITY

Assessing antibody responses should be an integral part
of the clinical development of biopharmaceutical products
and form part of the safety evaluation. During clinical devel-
opment, thorough and appropriate detection, quantification,
and characterization of antibody responses is needed to as-
sess potential immunogenicity. This requires the implemen-
tation of anti-product antibody immunoassays during pre-
clinical and clinical trials [58]. Indeed, this is now a re-
quirement of most regulatory authorities, including the
European Medicines Agency and the US FDA [59].

Numerous assays are available that will detect the pres-
ence of antibodies to biopharmaceutical products [7, 58].
Methods for detecting antibodies include immunochemical
tests e.g. binding assays (solid phase binding immunoassays
such as ELISA) and immunoblotting, and biophysical tests,
e.g., surface plasmon resonance (SPRs) and functional bioas-
says. Each assay has its own advantages and disadvantages
(Table 2). A comprehensive assessment of a product’s im-
munogenicity requires a strategy that utilizes a combination
of these methods [7]. Extrapolations of published data com-
paring one particular biological therapeutic to another often
can be misleading and invalid due to the inadequacy of the
antibody evaluation methods used to assess immunogenicity.
Similarly, conclusions about the immunogenicity of products
drawn by comparing data from multiple studies with differ-
ent products can also be misleading. Comparative immuno-
genicity of similar biological products should be determined
only from studies appropriately designed for that purpose [7,
58].

In studies determining the immunogenicity of single or
multiple biopharmaceutical products, the most common
methodology is to quantitatively assess the antibodies pro-
duced after the products are administered to patients. Differ-
ent antibody capture probes with variable specificities are
currently used. It is critical for comparability that probes
with similar and very specific capture abilities be used across
multiple antibody assessment methods. These methods and
probes should be used in a crossover manner with different
products and appropriate controls in order to assess the
specificity of the antibody capture probe and any cross-
reactivity between proteins [7, 58]. Overall, assays for de-
tecting production of antibodies directed against biopharma-
ceutical products in patients require assay standardisation
and validation in order to obtain results that facilitate mean-
ingful comparisons of the antigenicity of similar products.

Few tests, however, are available commercially to confirm
possible immunogenicity in patients during routine clinical
practice. Most antibody tests are for use in the research setting
only. Immunogenicity to biopharmaceuticals, such as bovine
thrombin, fibrin sealants, etc, that arises after surgery tends to
be diagnosed clinically; ie, evidence of an allergic reaction or
coagulopathies in the case of thrombin. Confirmation of the
presence of antibodies to the biopharmaceutical is rarely car-
ried out. Even if the presence of antibodies is determined in
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Table 2.
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Advantages and Disadvantages of Tests Used to Identify Antibodies (Adapted from Wadhwa, et al. 2003) [7]

Test How it Works

Advantages

Disadvantages

e Quick to perform
Uses an antigen prepa-

ration to detect which
antibodies will bind

Binding assay, e Relatively easy to use

e.g., ELISA e High throughput

e Good sensitivity

¢ Spurious binding can occur
e ‘Low-affinity’ antibodies often undetected
e Antigen immobilization may alter protein conformation

Determines an anti-

body’ Ficitv f o Establishes specificity/reactivity of an ¢ Non-quantitative

Immuno-blotting ody’s specificity for antibody e Low throughput
protein m an antigen Good e s . , . o
preparation ¢ Good sensitivity ¢ SDS-PAGE may effect antibody's antigen binding

. . e Automated
Establishes real-time

e Establishes antibody binding affinity,

e Antigen immobilization may alter protein conformation

SPR antigen-antibody inter- . N . e Less sensitive than binding assays
18 y isotype, specificity and concentration . & Y
actions . . e Expensive
e Detects ‘low-affinity” antibodies
Determines an anti- ¢ Identifies neutralizing potential e Variable results
Bioassay body’s ability to neu- e Possible correlation with clinical re- e Difficult to validate
tralize an antigen sponse e Time-consuming

the clinic, additional tests will rarely be used to ascertain the
type of antibody and/or how it affects the patient clinically.
Currently, some specific antibody immunoassays, such as
anti-aprotinin IgE and IgG antibody ELISAs, are available in
clinical practice, but none are used routinely. Simple-to-use
collagen allergy skin tests are available, and all patients should
undergo such testing prior to receiving collagen-based prod-
ucts [33].

Inevitably, immunogenicity can be expected with all ani-
mal-derived biopharmaceuticals [7]. The key objective is to
gain a thorough understanding of the antibodies that can be
induced against any therapeutic product and to be aware of the
clinical consequences the antibodies may cause. Feasibly, a
comprehensive strategy of immunogenicity testing will occur
during early clinical development and not on a patient-by-
patient basis after the product has reached the market. A full
immunogenicity profile on the product can provide surgeons
and patients with a better understanding of the risks, if any,
that may be involved.

CONCLUSION

The medical use of animal proteins has a long history that
started with the development of vaccines and immune sera
from animals more than a century ago and was followed by
the introduction of porcine and bovine insulins some decades
later [1]. The foreign nature of the proteins leads to the occur-
rence of immunogenic reactions, including occasionally severe
anaphylaxis. It was anticipated that the introduction of human-
derived and later recombinant human homologues would
avoid immunogenicity. Human biological medicines, how-
ever, whether derived from human plasma or from recombi-
nant DNA technology, nearly always induce immunogenicity
as well [1]. Indeed, immunogenic reactions to biopharmaceu-
ticals are common, and many protein therapeutics currently in
clinical use elicit some level of immune response, but the in-
dividual responses vary in their clinical implications. The pro-
duction of antibodies is not necessarily associated with signifi-
cant clinical sequelae and, for the most part, antibody produc-
tion does not present serious problems [2]. In most cases, the
type of antibodies produced, not the quantity of antibody de-
veloped, determines the clinical consequences.

Despite the immunogenic potential, physicians continue to
use animal-derived products because the beneficial effects
outweigh the possible risk in terms of patient outcomes. Over-
all, only a limited number of patients develop severe reactions
that warrant avoidance of the product. In the future, computer-
driven modeling followed by in vitro and/or in vivo testing of
potentially immunogenic epitopes may predict and help avoid,
or at least minimize, immune responses to foreign therapeutic
products [2]. In the meantime, however, products that contain
animal-derived proteins are generally more beneficial than
harmful in the vast majority of patients.
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