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HISTORY OF IMMUNOGLOBULIN TREATMENT

In 1890, von Behring and Kitasato'! proved that “bloodserum” of rabbits immunized
with tetanus toxin contained activity against “tetanus poison,” and such blood serum
transferred to rabbits protected these normal (naive) animals against tetanus. In 1901,
von Behring was awarded the first Nobel Prize in Medicine or Physiology for his work in
this field. Ehrlich® demonstrated that protection could be quantitatively correlated to
the amount of antitoxin in the blood.

In 1910, Dr. A. Wolff-Eisner, a 33-year-old physician in Berlin, published “Curative
Serum Therapy and Experimental Therapy,” a handbook for clinic and medical prac-
tice.® His intention—not so far from our own current intentions—was to convey to cli-
nicians and practitioners “the advances of biological science as they relate to therapy.
The theoretic [the science] should only be included as far as necessary for the under-
standing of treatment.” Several infectious diseases and conditions such as allergy and
cancer were treated with curative serum. Serum therapy of diphtheria and tetanus was
already common practice.*

In Germany alone, five companies, including Héchster Farbwerke, Merck-Darm-
stadt, and Behring-Hochst, produced curative serum; products from Schering and
Parke-Davis were also available. There was international cooperation: Calmette®
in Lille, France worked on the treatment of snake venom; Wolff-Eisner in Berlin
concentrated on serum therapy of hay fever and treatment of bacterial diseases.
Serum therapy was introduced in the treatment of staphylococcal disease (van de
Velde, Holland), streptococcal infection (R. Freund, Berlin), and meningococcal dis-
ease (Flexner, New York).5=8 Curative (mainly antitoxic) sera were produced in different
animal species because serum sickness already was recognized as one of the feared
complications of therapy. Convalescent human sera had great advantages compared
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with sera of immunized animals, because human serum could be applied without the
risk of anaphylaxy and serum sickness.

In 1907, Cenci® (Italy) applied convalescent human sera for the prevention of mea-
sles. McKhann and Chu'° followed in the same indication with material obtained from
the globulin fraction of placenta in 1933. Treatment with curative sera was performed
successfully and saved the lives of many individuals in the first third of the twentieth
century,® mainly children with diphtheria and soldiers with tetanus in World War 1.
Treatment was also widely applied in pneumococcal disease.

Although antibody treatment had been widely used,'" information on serum protein
composition was incomplete until the 1930s. The proof that antibodies localized to
the immunoglobulin (Ig) compartment of human serum came in the 1930s. Initially
fractionation was performed by precipitation with different salt concentrations (such
as ammonium sulfate).

In 1938, Karelitz,'? an associate of Schick, published prophylaxis against measles
with the globulin fraction of immune adult serum in The American Journal of Diseases
of Children, but profound understanding on serum proteins became available only
after Tiselius and Kabat'® published their pioneering work on electrophoresis of
immune serum in Science in 1938. Just 2 years later, Cohn and his group'*'5 reported
on preparation and properties of serum and plasma proteins, which opened the way
for Ig prophylaxis and treatment of infectious diseases.

Fractionation of Serum Proteins

Techniques developed by Cohn and his coworkers'#1% in Boston at the beginning of

World War Il led to the development of the separation of plasma proteins into individ-
ual stable fractions with different biologic functions. The basis for Cohn’s fractionation
was to use low concentrations of alcohol by reducing the pH and lowering ionic
strength. The procedure was performed at low temperature, which reduced the likeli-
hood of contamination and made large-scale fractionation possible. This method,
further refined in cooperation with J.L. Oncley,'® is basically still in use and, with
some additional steps, yields Ig for intramuscular and subcutaneous use. By the
mid-1940s, however, Cohn'* realized that an Ig product that could be applied intrave-
nously was desirable. He recognized that the removal of depressor substances was
necessary and would require new technology.

In the following years, numerous cooperations were established between Cohn and
others,'® including Elliot Robinson at the Massachusetts Antitoxin and Vaccine
Laboratory, Charles Janeway'” (Sen.) and John Enders at Harvard, and clinical trials
to prevent viral diseases (eg, measles and hepatitis) were initiated. Because of the
limited availability of blood, Ig products were also prepared from placentas. During
and after World War I, the supply of gammaglobulin increased as plasma from the
American Red Cross became available.

The first Ig products were mainly given to prevent and treat infections: polymyelitis,
measles, mumps, pertussis, and hepatitis A.'®'° These Ig disappeared as soon as
the respective diseases could be and were prevented by vaccination. Other Ig
products with defined specificities were developed subsequently and continue to
be used currently (eg, tetanus Ig,2° RHo(D) Ig,?" rabies Ig, hepatitis B 19,22 and varicella
zoster 1g2%). Respiratory syncytial virus hyperimmunoglobulin®# was licensed but later
replaced by a respiratory syncytial virus monoclonal antibody,?%2® one of the few
monoclonal antibodies that made its way into clinical application in the prevention
of an infectious disease —pneumonia caused by respiratory syncytial virus, a danger-
ous, potentially fatal disease in premature infants and newborns.
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Early Treatment of Primary Immunodeficiency with Immunoglobulin

The first patient who had primary immunodeficiency (PID) described by Bruton®” in
1952 had recurrent infections and multiple episodes of sepsis. Testing his serum re-
vealed the absence of specific antibodies, and serum electrophoresis indicated that
Ig were lacking. The boy was treated with subcutaneous gammaglobulin and was
free of sepsis and severe infections thereafter. The clinical history of the patient indi-
cated that in addition to life-threatening bacterial infections, he had mumps four times
but managed to recover from the disease without problems or complications. That
finding, which was an experiment of nature, indicated that antibodies are important
to prevent the disease, but T-cell immunity is sufficient to clear this viral infection. Par-
allel to this observation, numerous patients with agammaglobulinemia were identified
and treated by Janeway and others.'”?8 In the early days, however, especially if a prod-
uct had not been prepared in the cold, contamination by bacterial toxins occurred
despite the fact that the product passed tests of sterility and pyrogenicity. Although
Janeway'” also preferred the subcutaneous route, intramuscular administration of
“immune serum globulin” became state-of-the-art for the years to come.

Immune serum globulin became standard treatment of patients with antibody defi-
ciency syndromes (agammaglobulinemia and hypogammaglobulinemia) in the 1950s
and was widely used with this indication for at least the next two decades.?®=%° Its
efficacy has been well documented. The products contained mainly IgG traces of
IgM and differing amounts of IgA. Ig treatment substantially improved the prognosis
of patients with agammaglobulinemia, hypogammaglobulinemia, and other forms of
severe antibody deficiencies. The recommended dose was 25 mg/kg/wk. After the
efficacy of IgG (for intramuscular use) had been clearly proven in primary immunode-
ficiencies in the early 1950s, the British Medical Research Council set up a working
party to find the optimal dose for the treatment of patients with antibody deficiency*®
(hypogammaglobulinemia). Based on the results, a 50 mg/kg/wk dose was regarded
as adequate, but it was felt that the previously accepted dose of 100 mg/kg/mo might
be justified in view of the discomfort the injection caused and with regard to the
high expense of treatment. In 1966, Janeway'” considered a raise in serum levels of
200 mg/dL necessary to prevent invasive bacterial infections and suggested
300 mg/kg as an initial dose to be followed by 100 mg/kg/mo.

Products of intramuscular Ig of different manufacturers were similar in composition
and activity as long as the plasma of at least 1000 donors had been pooled. The spec-
trum and quality of antibodies were comparable to antibodies in the plasma of the
starting material. Fc-mediated functions were preserved. Antibodies were enriched
approximately 10- to 20-fold in the 15% to 18% solutions as compared with plasma.
Transmission of viral diseases was a major concern because hepatitis B transmission
did occur when the starting material was contaminated.*'=** If the single donations of
plasma were free of hepatitis B surface antigen and if appropriate fractionation meth-
odology was used, however, the final product was proven to be safe with respect to
the transmission of hepatitis B. Serum Ig for intramuscular use also had great disad-
vantages. The intramuscular injection was painful, maximum serum levels were not
reached before 24 hours and could take several days, and in vivo recovery was usually
less than 50%.4%4% At higher dosages, the preservative containing mercury caused
increased concern.*”48 These products could not be given intravenously because
of adverse reactions. These reactions, mainly in children, caused chills and fever
but also could be severe and lead to shock and even fatal reactions.*® Adverse effects
occurred in 15% to 25% or more of applications and were mainly attributed to aggre-
gates in the product. Researchers soon recognized that reactions were more frequent
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in agammaglobulinemic patients compared with patients with normal gammaglobulin
serum levels, who received these products with the aim of preventing recurrent or
severe infections.

Studies in patients with antibody deficiency demonstrated a reduction of acute and
chronic infections by intravenous Ig (IVIg).5%-52 Early studies in patients with common
variable immunodeficiency showed a significant reduction in infection rate as com-
pared with before IVIlg treatment.5® The superiority of IVIg to intramuscular Ig was
proven by direct comparison.5*%° Ig products that could be applied intravenously
were clearly desirable, and serum Ig had to be further treated to be tolerated via the
IV route.

Different Intravenous Immunoglobulin Products

Several different methods have been tried to arrive at safe and efficacious prepara-
tions. Because aggregates were thought to be the main cause of adverse effects,
proteolytic treatment was the first choice. Ample evidence from previous times
when animal sera treated with pepsin or trypsin were used indicated that this treat-
ment reduced reactivity. The first IVIg product from human plasma prepared by pepsin
treatment, manufactured by Behringwerke in Germany, has been in clinical use since
the 1960s. This product contains mainly Fab2 fragments, has no Fc-mediated activity,
and has a half-life of 24 hours or less in the circulation. It was principally well tolerated,
although it still has some adverse effects in immunodeficient patients. With its short
half-life, however, it is clearly unsuitable for the treatment of patients with antibody-
deficiency syndromes.

Other subsequently developed IVIg products that could be considered for treatment
of patients with primary immunodeficiency diseases were chemically and enzymati-
cally modified preparations. Several IVIgG preparations were created in which the Ig
was basically unmodified. Different methods were used to arrive at products that
were safe when given intravenously and showed wide variation with respect to
functional integrity (Table 1).56-62

In 1979, a workshop entitled “lg: Characteristics and Uses of Intravenous Prepara-
tions” was organized by J.S. Finlayson and Barbara Alving and sponsored by the
Bureau of Biologics, the US Food and Drug Administration, and the National Heart,
Lung and Blood Institute. The purpose of the workshop was (according to the preface
by the editors) to review the international use of 1VIg preparations in the treatment of
immunodeficient and immunosuppressed patients, explore potential clinical uses for
such preparations, discuss the nature of adverse reactions to these products, and
define, insofar as possible, the ideal characteristics oflVIg.5® The specialties of the
more than 200 attending investigators ranged from basic science to manufacturing
to clinical medicine.

The consensus at the 1979 meeting was that IVIg products were indicated for the
provision of antibodies to prevent certain infectious diseases and for the treatment
of patients with antibody deficiency, primary immunodeficiencies with agammaglob-
ulinemia and hypogammaglobulinemia, other forms of PID (eg, severe combined im-
munodeficiency, combined immunodeficiency), and secondary antibody deficiency.®*
At the meeting, individual clinical investigators reported their experience regarding
treatment with the different enzymatically, chemically modified or intact Ig products.
In most cases, the number of patients in the individual groups was between 10 and
20, and there was agreement that the IV route of Ig treatment was advantageous to
intramuscular therapy.®® The adverse reactions observed and reported by the different
investigators were virtually identical and are described later in the article.*®:56-%8 The
conclusion was that 1Vlg was a promising new option in the treatment of patients
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Table 1
Intravenous immunoglobulin preparations
Enzymatically treated
Procedure Manufacturer Country
Pepsin Behringwerke Germany
Nikon Seiyaku Japan
Kaketsuken Japan
Plasmin Hyland USA
Michigan USA
Green Cross Japan
Merieux France
Chemically treated
Procedure Manufacturer Country
B — propiolactone Biotest Germany
PH4 + treated pepsin SRC, Sandoz Switzerland
Reduced, alkylated Cutter USA
Unmodified
Procedure Manufacturer Country
Si O, QAE sephadex Condie USA
Ethanol DEAE sephadex KABI Switzerland
stabilized with albumin
DEAE sephadex Winnipeg USA
PEG/HES Armour USA
PEG, Plasmin Treatment Green Cross Japan
Salting out, PEG, isoelectric precipation Immuno Austria
Cohn Il + 1l + PEG 4000 Continental Canada
Ethanol, pH4 Scottish National Blood Great Britain
Transfusion Service

with humoral immunodeficiency: impaired antibody production. Adverse events often
were seen, but they were manageable. The causes of those adverse events were not
completely understood.

At the meeting in 1979, a single presentation from Japan®® on 5406 cases of IVig
treatment for numerous diseases in the specialties of pediatrics, medicine, surgery,
and neurosurgery with 82% effectiveness gave one of the early examples of an
empiric approach indicating that there might be a much greater scope of treatment
with IVlg than generally accepted at the time. Researchers soon realized that treat-
ment with IgG, the only component of most IVIg products, is necessary and sufficient
for the prevention of infection and the prophylaxis of acute exacerbations of lung dis-
ease (pheumonia) and sinusitis,>%527% even in patients in whom all isotypes of Ig were
absent (the agammaglobulinemics). Researchers recognized that antibody quality,
especially functions mediated by the Fc portion of the antibody, were important.

The question of antibody diversity was raised on several occasions before and
a long time after this workshop in 1979. One of the questions raised was whether it
was necessary to provide the starting material of individual products from the geo-
graphic area where the patients are.”’ The current view, which is the result of
a long-lasting debate, has been that as long as the number of donations is 15,000
to 60,000 per plasma pool for production, the antibody diversity in the product can
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be considered adequate.”® Selective antibodies are tested lot-wise to show that anti-
toxic, antiviral, and antibacterial qualities are preserved. Extended testing of current
preparations proves that products have only traces of aggregates, contain 90% or
more monomeric IgG, are free of vasoactive contaminants, and have proven Fab-
and Fc-mediated antibody functions.66-68

Fab and Fc Properties

The specific antibody activity, the function of antigen binding, resides in the Fab part
of the Ig, and secondary functions of the Ig are carried by the Fc portion of the mol-
ecule. The Fc portion determines its isotype (eg, class and subclass). It interacts with
receptors on phagocytic cells (eg, neutrophil granulocytes and macrophages) to fa-
cilitate engulfment of antibody-coated cells and pathogens. The Fc portion initiates
activation of the complement cascade via the classic activation pathway by binding
C1q (an early complement component). It is responsible for the active passage of Ig
from mother to fetus through the placenta and determines the half-life of Ig in the cir-
culation. The Fab and Fc regions of the Ig are connected by the hinge region of the
molecule. The hinge region is flexible; its function is important for avidity, and it is the
most sensitive portion of Ig with respect to chemical and enzyme treatment.

Specific antibody activities are crucial for antigen recognition. Fab fragments are
sufficient for toxin neutralization. Antiviral activity depends on recognition through
Fab but is much more potent by the intact antibody molecule. The elimination of
bacteria requires the Fab and the Fc moiety of the Ig.

Immunomodulatory Activity

Early observations by Barandun in the 1960s noted that in a patient who had primary
immunodeficiency disease and hemolytic anemia, signs and symptoms of hemolysis
decreased and Coomb’s test results normalized when treated with IVIg. Parallel to
those observations, a child who had idiopathic thrombocytopenic purpura (ITP) and
chicken pox was treated with I1Vlg, and platelet counts normalized. Subsequent to those
observations, other patients with thrombocytopenia were successfully given IVIg.”® Im-
bach and colleagues” followed up on these anecdotes and started clinical studies in
children with acute and chronic ITP. The dose was 400 mg/kg for 5 days, and almost
all patients showed a dramatic response with fast normalization of platelet counts.

After the report by Imbach” on the effect of IVIg in ITP, numerous studies confirmed
these results,”>82 and other studies have been conducted to investigate the effect of
IVIg in different organ-specific and systemic autoimmune diseases.?3-%° These studies
included —but were not limited to—investigations in the following areas: hematology
(numerous), dermatology (eg, bullous pemphigoid), endocrinology (eg, thyroid dis-
ease, diabetes), and neurology (eg, Guillain-Barré syndrome, chronic inflammatory
demyelinating polyneuropathy, intractable childhood epilepsy, myasthenia gravis).
The effect of IVIg treatment in autoimmune diseases clearly depended on the Fc
portion of the Ig. Although chemically modified IVIg with its Fc function mainly
preserved was effective in ITP, pepsin-treated Ig, which contained only the Fab2
part of the Ig molecule, had only minimal effect.®6-°7

Although the mechanism of action of IVIg in different autoimmune diseases was not
clear, the following hypotheses have been suggested to explain the results observed:

1. lg binds activated complement components, solubilizes immune complexes, and
inhibits their binding to target cells. Basta and coworkers®® protected guinea
pigs by Ig in the complement-mediated Forssman shock and emphasized that
the binding of activated complement components could be the crucial mechanism
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of the effect of IVIg in hematologic autoimmune diseases.®® 1% This hypothesis be-
came the basis of a later controlled study that demonstrated the effect of IVIg in
dermatomyositis.101:102

2. Another hypothesis centered around the inhibition of the binding of antibody-
coated target cells to Fc receptors on phagocytic cells: Fc receptor blockade.”® %3
Based on this hypothesis, an Ig product with anti RHo(D) specificity was later
licensed for the treatment of ITP.'%419¢ An experimental study with an anti-Fc
receptor monoclonal antibody proved the principle but has not been followed up
as a routine mode of treatment. 07108

3. Theimmunomodulatory effect of IVlg was described and thought to be crucial in the
down-modulation of the production of autoantibodies by B cells.'®® The importance
of anti-idiotypic antibodies has been emphasized.'® Anti-idiotypic antibodies are
present in IVlg and antibodies to af T-cell receptors,’"" major histocompatibility
complex class 1,’'2 CD45 (Fas),"'>'"* and other self-determinants''® and were
thought to be the effective principle in the treatment of other autoimmune diseases
(eg, myasthenia gravis, Guillain-Barré syndrome, systemic lupus erythematosus,
nephritis).’%11€ |n addition to their specificities, anti-idiotypic antibodies are leading
to g dimerization and the functional importance of the dimers in Fc receptor ligation,
and signaling has been demonstrated.’°

4. Several studies indicated that IVIg has an immunomodulatory effect, not only on
B cells but also on T cells. It down-modulates not only B-cell activation but also
T- and B-cell interaction and is inhibitory in mixed lymphocyte reaction and mitogen
and interleukin-2-induced proliferation of mononuclear cells.’” IVIg products were
shown to contain antibodies against different cytokines, and these antibodies were
thought to be important for the immunomodulatory effect.!'® Based on the down-
regulation of the immune response, IVIg has been studied in bone marrow and solid
organ transplantation.’19-123

Modulation of Inflammation by Immunoglobulin

Certain pathophysiologic events (eg, Kawasaki disease, vasculitis) are characterized
by systemic, excessive inflammation. Cells and mechanisms of the innate and
adaptive immunity are operational in this process. Phagocytes, B cells, and T cells
are central in mounting inflammatory host response to gram-negative and -positive
bacteria and their products, such as lipopolysaccharide and superantigens.’?4128 A
deregulated release of inflammatory cytokines results in life-threatening pathology
with fever and organ damage and may lead to shock and fatality. The release of inflam-
matory cytokines and their activity can be regulated at different levels: gene expres-
sion, translation, release, receptor expression, and neutralization of cytokine activity
by antibody or soluble cytokine-binding inhibitors. IVIg has been shown to regulate
the burst of inflammatory cytokines at the level of cytokine receptor interaction with
antibodies against cytokines and the induction of receptor antagonists.!18129-133
The effects of monomeric polymeric IgG and immune complexes on Fc receptors
have been studied in several laboratories.”® 34136 Clinical evidence that IVIg treat-
ment is safe and effective in a deregulated inflammatory disease has been provided
by large, controlled clinical studies of children who have Kawasaki disease, which is
a disease with prolonged fever, rash, erythema of palms and soles, and mucosal
inflammation with involvement of the oral pharynx and conjunctiva.’®” The underlying
pathology is characterized by vasculitis that involves medium and large arteries. Up to
25% of children who have this syndrome and received aspirin as the standard treat-
ment developed coronary artery lesions with severe sequelae. High-dose IVig
(400 mg/kg on 5 consecutive days or 2 g/kg in one infusion) impressively stopped
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the inflammatory symptoms and significantly reduced the prevalence of coronary ar-
tery abnormalities to less than 5% when given early in the disease. 812 Clinical trials
were double-blind, randomized controlled studies that compared the then-standard
treatment of Kawasaki disease with aspirin to aspirin plus IVIg.

Expanding the Scope of Accepted Indications in 1990

The accepted modes of action of IgG, namely provision of antibodies, %46 inhibition
of Fc receptor binding (on phagocytes), down-modulation of inflammation, and down-
modulation of antibody production'#”~'4° (immune response), were the basis of the
consensus in 1990.74° According to the consensus of 1990, IVIg was indicated for
the prevention and treatment of the following disorders:

Primary immunodeficiencies

Pediatric aids

Bone marrow transplantation

Chronic lymphocytic leukemia with hypogammaglobulinemia
Idiopathic thrombocytopenic purpura

Kawasaki syndrome

Chronic inflammatory demyelinating polyneuropathies
Guillain-Barré syndrome

Although a trial to prevent infections in premature infants was one of the first
randomized trials with intramuscular 1g,'%° the question whether treatment with Ig is
beneficial in this vulnerable group of patients is still undecided.

At the 1990 consensus meeting, large clinical trials to answer the question of effi-
cacy of Ig in premature infants and neonates were thought to be important. A large
multicenter controlled trial’®' could not provide clear results for efficacy, and smaller
clinical studies later came to similar conclusions.52:153

Adverse events observed in the course of high-dose treatment were of increasing
concern, as was the transmission of blood-borne pathogens at that time because of
the theoretic threat of possible HIV transmission by IVIlg, which fortunately did not
happen. Transmission of blood-borne pathogens did occur, however, in the 1990s,
when hepatitis C was transmitted in clinical trials and with treatment with IVIg of patients
who had PID (see the later section on adverse events). The recently developed test kits
based on hepatitis C antigen produced by a recombinant technology opened the way to
eliminating donations from hepatitis C antibody—positive plasma donors. Industry, in co-
operation with the health authorities, reacted in a fast and proper way. By the end of the
decade, all licensed products could be considered free of contaminating viral agents.

In the 1990s, off-label use of IVIg started to widen for numerous autoimmune and
inflammatory indications in the treatment of neurologic diseases.'®*'%¢ The dose
was usually 2 g/kg either in five applications of 400 mg/kg each or in two applications
of 1 g/kg each. In the course of expanding high-dose treatment, rare but severe
adverse events were noticed, and it became evident that although rare, they might
occur in patients who had PID and were on regular replacement therapy.

Although during the course of almost two decades [1990-2008] changes in labeled
indications for IVIg treatment were minimal, more diseases have been treated off-label.

CONSENSUS STATEMENTS, 1999-2001 (EXPERT MEETINGS, NATIONAL INSTITUTES
OF HEALTH, FOOD AND DRUG ADMINISTRATION, AND PUBLISHED REPORTS)

The results started to come in from studies initiated to analyze the effect of IVIg in the
different areas of autoimmune disease.'®”-158 Studies of IVIg treatment in 53 different
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diseases from the areas of hematology, infectious disease, neurology, obstetrics,
rheumatology, endocrinology,®?-°* and other specialties were investigated. The first
studies, even when based on meta-analysis of several clinical trials, were not large
enough to give clear support for additional indications, even when the results did
look promising. These studies opened the way for further trials, which, almost
a decade later, arrived at several indications supported by grade | evidence. Based
on these results, IVIg became a generally accepted standard way of treatment by the
end of the twentieth century in numerous neurologic diseases such as Guillain-Barré
syndrome and chronic inflammatory demyelinating polyneuropathy. By 2003-2004,
approximately 60% to 65% of IVIg had already been used for patients with neurologic
disease.”1%°

In 2006, a document was prepared by a committee of the American Academy of Al-
lergy, Asthma and Immunology on the use of IVIg in human disease.”? This consensus
gave a factual review of labeled indications “as licensed by the FDA” and off-label
indications based on (practically all) publications available. A summary of FDA-
approved indications for licensed products follows:'6°

PID or primary humoral immunodeficiency

B-cell chronic lymphocytic leukemia (hypogammaglobulinemia)
HIV infection (pediatric)

Kawasaki disease

Idiopathic thrombocytopenia

Bone marrow transplantation

Off-label indications increased significantly at that point. More than 80% of the IVIg
is used off-label, supported by definitely beneficial and probably beneficial indications
based on category la-llb evidence. From the 2006 consensus about the use of IVIg in
human diseases, the main off-label uses based on category la-llb evidence are
summarized in Table 2.7

The concerns and risks center around adverse events (mainly the rare and serious),
or around supply and economic considerations. The concern regarding the

Table 2

Off-label uses based on category la-llb evidence

Definitely Beneficial Grade Probably Beneficial Grade

Grave's ophthalmopathy b Dermatomyositis and polymyositis lla

ITP la Autoimmune uveitis lla

Guillain-Barré syndrome la Lambert-Eaton myasthenic syndrome b

Chronic demyelinating la IGM antimyelin paraprotein associated b
polyneuropathy neuropathy

Multifocal motor neuropathy la Myasthenia gravis Ib-1la

— — Stiff-man syndrome b

— — Neonatal sepsis la

— — Rotaviral enterocolitis Ib

— — Toxic epidermal necrolysis and Stevens lla

Johnson's syndrome

These and additional IVIg products are available in Europe.

Data from Orange JS, Hossny EM, Weiler CR, et al. Use of intravenous immunoglobulin in human
disease: a review of evidence by members of the Primary Immunodeficiency Committee of the
American Academy of Allergy, Asthma and Immunology. J Allergy Clin Immunol 2006;117:5525-53.
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transmission of blood-borne pathogens still exists as a theoretic scenario without any
practical relevance.

Dosage

Numerous publications have dealt with the question of optimal dose as replacement
for patients with primary immunodeficiency disease.”?61-16° After a loading dose,
400 mg/kg/mo is the generally accepted standard treatment. Diminished pulmonary
function is the major cause of morbidity and mortality in patients with antibody
deficiency syndrome, and it is clear that early diagnosis and prompt initiation of IVig
treatment significantly reduce these complications. Two large studies analyzed the
question of dose in patients in whom [VIg treatment was started when impairment
of pulmonary function was already present. In the trial by Roifman and colleagues,'%”
doses of 200 mg/kg/mo and 600 mg/kg/mo were compared in a cross-over study.
This study and the trials conducted by Bernatowska and colleagues,'”® proved that
in patients on high-dose treatment, pulmonary function improved. This improvement
did not take place at the lower dose level, which could be attributed to the additional
anti-inflammatory effect of IVIg, which requires treatment at higher dose.

The determination of whether standard doses (eg, 400 mg/kg/mo) are preferable or
whether trough levels should guide 1VIg treatment is still undecided. A previous study
demonstrated that trough IgG levels of 500 mg/dL in patients were beneficial,%2167-171
and a recent study indicated that the rate of infection can be further reduced with
a trough level of 900 mg/dL.""2 This finding might be important for long-term progno-
sis.®® Certain conditions in patients who have PID must be treated with a higher dose.
Patients with impairment of pulmonary function at presentation might need a total of
600 mg/kg/mo in one or two doses, and a few patients with chronic echo virus,
meningoencephalitis, a previously fatal disease, may improve and then be maintained
on 1 g/kg per dose, which has to be given repeatedly.’”3-176

Doses of IVIg required for immunomodulation are much higher. Up to 2 g/kg are rec-
ommended and may have to be repeated.'®® This usually applies to clinical situations
in which IVIg is given for true immunomodulation and for the treatment of systemic
inflammatory conditions (eg, Kawasaki disease).

ADVERSE EVENTS
Inflammatory Reactions

Reactions during the course of, or immediately after, Ig treatment already were
observed when Ig was given intramuscularly and have continued to be of concern
with IVIg therapy. These reactions were anaphylactoid in nature.’”7-183 The following
list details adverse reactions to 1VIg:

Fever

Chest tightness
Chills

Dyspnea

Facial flush
Wheezing
Tachycardia
Urticaria
Palpitation
Rash

Lowering of blood pressure
Anxiety
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Shock
Nervousness
Lumbar pain
Headache
Abdominal pain
Nausea
Vomiting

Several investigators gave prophylactic steroids, antihistamines, or anti-inflamma-
tory agents to avoid reactions or reduce severity.'”®184 In many cases, adverse reac-
tions could be avoided just by lowering the rate of infusion. The fact that patients with
the most pronounced impairment of antibody production had the highest likelihood of
adverse reaction made a true anaphylactic reaction most unlikely.'”” The question of
whether these reactions were caused by formation of immune complexes 00180181 1o
anticomplementary activity or some other properties of aggregates was a subject of
discussion. 85188 The fact that patients with severe adverse reactions often did not
show a drop in complement levels in serum and changes in serum complement levels
were not associated with adverse events indicated that other properties of Ig aggre-
gates in addition to complement activation may be operational. IgG aggregates in
IVIg products may trigger the release of pharmacologically active mediators by ligation
of Fc receptors from macrophages and leucocytes.'®”-'8 Substances such as
prostaglandins, platelet-activating factor, and cytokines (eg, tumor necrosis factor-a,
interleukin-6) have been described to cause reactions such as fever, bronchospasm,
and changes in blood pressure, which are characteristic adverse events of IVIg treat-
ment. Another possibility for the release of mediators is that in patients with infections,
the antibodies infused react with circulating microbial antigens to form immune
complexes, which again trigger the release of the respective mediators. Vasoactive
contaminants (eg, enzymes such as prekallikrein activator) that were present in
earlier products could have contributed to reactions through the generation of
bradykinin.90:191

The question of whether the frequency and severity of anaphylactoid reactions
could be related to some extent to individual products, their mode of production,
and their preparation is still pending. To give definite answers, controlled trials specif-
ically designed for comparison of different products are needed, because results of
such trials are scarce.'”?

Because IVIg was infused in large quantities, it was essential that it be free of iso-
agglutinins and nonagglutinating antibodies against red cells. Hemolytic reactions
have been described in rare instances.

Transmission of Infectious Agents

Fortunately, because of HIV partitioning during plasma fractionation, Ig products did
not transmit HIV at any time, even in the early 1980s, when the infectious agent was
as yet unknown and testing for antibodies or the virus was not possible. Hepatitis C
virus transmission did occur, however, with different IVIg products in the late 1980s
to mid-1990s."%2 In most of the products involved, ion exchange chromatography
was used in purification, but one of the products was prepared by the pH4 pepsin
treatment. 193

Soon after cases of viral contamination were reported, additional steps and controls
in the course of IVIg manufacturing were implemented. The industry responded with
donor screening, donor testing, inventory management, plasma pooling, and testing.
Quality control measures of viral partitioning during fractionation were introduced, and
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additional viral inactivation steps were performed. Licensed products currently are
considered safe with respect to transmission of viral agents, especially HIV and hep-
atitis viruses.®* Unknown agents are only of theoretic risk.

Thromboembolic Events

With broad application of IVIg, especially high-dose therapy, previously rare complica-
tions have been observed and described more frequently.’®® Most of the patients
in whom thromboembolic events occurred in the course of mainly high-dose IVIg
treatment were patients with neurologic diseases or polymorbid patients. Numerous
medical conditions have been recognized as risk factors (eg, hypertension, cardiovas-
cular disease, diabetes, kidney disease).’'% Thromboembolic complications also
were observed in a few patients with primary immunodeficiency who had been treated
with a regular dose. Because antibody deficiency syndromes have moved from the
pediatric to the adult population and treatment with IVIg of elderly patients who
have PID is not a rarity anymore, underlying morbidity (pulmonary, cardiac, renal)
must be taken into consideration in IVIg treatment of patients who have PID.

The mechanisms of action for thromboembolic complications are not well under-
stood. Dalakas suggested that increased serum viscosity plays a crucial role.'®” Anti-
phospholipid antibodies in IVIg also were mentioned as of possible importance.
Wolberg and colleagues detected coagulation factor XI as a contaminant in 1Vlg prod-
ucts and showed that IVIg samples that contained factor XI shortened clotting time in
factor Xl-deficient plasma.’8319°

Rapid infusions, which have been suggested because of the inconvenience of the
regular lengthy infusion time for patients who had to receive large amounts of 1VIg,
seemed to be more prone to causing thromboembolic complications. The rate of
adverse events after rapid infusion was higher than reported in usual standard rates

of application. Some reports still favor rapid infusion, mainly because of lower
COSt.zOO’Qm

Renal Complications

Renal complications in the course of 1VIg treatment have been described since the
mid-1980s. Usually, but not exclusively, they occur with high-dose treatment. These
reactions, although infrequent, resulted in severe morbidity; more than one third of
the patients required dialysis, and fatalities have been reported.9%202:203 The mech-
anisms explaining these adverse effects included sucrose or maltose in the product,
because renal lesions caused by sucrose have been known since the 1940s. Risk
factors were similar to those observed in thromboembolic disease, especially old
age (> 60), diabetes, and prior renal disease.?0420%

ADVERSE EVENTS CAUSED BY IMMUNOGLOBULIN A

Severe (transfusion) reactions have been described in patients with gastrointestinal
disease who were IgA deficient. After these observations, reactions to IVIg—usually
anaphylactoid—were contributed to IgA2% in the product and IgA antibodies in the
patient.?297-2%° |n two patients, true anaphylactic reactions were reported; they had
IgE antibodies against IgA.2"° During the decades of discussion about anaphylactic/
anaphylactoid reactions to IgA, cases in which IgE antibodies could be identified as
the reason for the reaction have been rare. Most patients with anaphylactoid reactions
to IVIg are unable to produce antibodies of any class or specificity, and numerous
patients who had IgA antibodies did not show reaction to IVIg products containing IgA.
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CURRENT STATUS AND ONGOING DEVELOPMENTS

IVIg treatment is the most commonly applied mode of Ig replacement therapy for pa-
tients with antibody deficiency syndromes and the only mode of Ig treatment for all
other indications. Intravenous immunoglobulin products available in the United States
can be seen in Table 3.

Home treatment with immunoglobulin for subcutaneous application

Already at the beginning of Ig treatment in the early 1950s, Janeway preferred the sub-
cutaneous application of Ig. In 1979, Berger and colleagues described Ig replacement
therapy by slow subcutaneous infusion using small, battery-operated pumps and
found that the “subcutaneous infusions were tolerated remarkably well with minimal
local reaction and no evidence of adverse systemic effects.” Later, subcutaneously
applicable Ig preparations without mercury-containing preservatives were made avail-
able for clinical studies. During these trials, it became evident that Ig given subcutane-
ously is well tolerated.?’"212 The most common side effects are local reactions lasting
12 to 24 hours after infusion. Systemic reactions seem to occur less frequently. The
dose is usually 100 mg/kg/wk but might be modified slightly according to the situation
of the patient. Several papers reported that this way of treatment also makes IgA-
deficient individuals tolerant to IgA, so they do not show anaphylactoid reactions
even if treated intravenously afterwards.?°® Several licensed products for subcutane-
ous application are available in the United States and Europe. This mode of Ig replace-
ment opens the way for home treatment. Some patients have a clear preference for IV
therapy once or twice a month, whereas others prefer the subcutaneous way of treat-
ment. These latter patients can choose the time at their own convenience and regard
the independence gained by this procedure as a major improvement in their quality
of life.

Monoclonal antibodies
In the mid-1970s, the epoch-making discovery by Jerne, Kéhler, and Milstein (Nobel
Prize for Medicine or Physiology, 1984) opened the way for the production of

Table 3

IVlg products currently available in the United States

Manufacturer Name of Product Indications
Talecris Gamunex2 Immune globulin intravenous PID; ITP

(human), 10% caprylate/
chromatography purified

Baxter Gammagard liquid immune globulin  PID associated with defects
intravenous (human) 10%(KIOVIG) in humoral immunity
Baxter Gammagard/S/D immune globulin PID, ITP, CLL, Kawasaki syndrome

intravenous (human)

ZLB Behring Carimune NF nanofiltered immune Immunodeficiency, ITP
globulin intravenous (human)

Grifols Flebogamma 5% immune globulin PID
intravenous (human)

Octapharma Octagam immune globulin PID
intravenous (human) 5%

Data from Sorensen R. Expert opinion regarding clinical and other outcome considerations in the
formulary review of immune globulin. J Manag Care Pharm 2007;13(3):278-83.
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monoclonal antibodies in virtually unlimited quantities. The hope that these antibodies
would be used extensively in the prevention and treatment of infectious disease was
widely expressed. Over several decades we learned that monoclonal antibodies with
a single specificity recognizing a single epitope on the target antigen cannot substitute
for polyclonal antibodies in prophylaxis and treatment of infectious disease. The task of
humanization to arrive at products that are not recognized as antigens in the recipient
became challenging. Monoclonal antibodies are widely used in the treatment of cancer
and thromboembolic disease; however, their use in infectious disease is limited and
they still have no place in Ig replacement therapy for antibody-deficient patients.

Increasing understanding in the expression of Fc receptors, ligand binding, and sig-
naling led to new hypotheses to explain the numerous immunomodulating properties
of IVIg.213214 Most hematopoietic cells, including phagocytes, express high-affinity Fc
receptors that transduce positive signals and low affinity Fc receptors, which down-
modulate cell activation to keep the balance. B cells only express the inhibitory Fc
receptor. This FcR has been shown to regulate positive signals coming from the
B-cell antigen receptor, which could explain the true immunosuppressive effect
observed in the clinic where IVIg had a long-term effect in patients with autoimmune
diseases because of autoantibodies. One is tempted to speculate that this could have
been the mechanism in one of the first observations by Barandun®® while treating
a patient who had antibody deficiency and hemolytic anemia. The patient turned
Coombs-negative during Ig treatment.

Recently, Ravetch provided experimental evidence that the suppression of inflamma-
tion is mediated by sialylation of a defined position in the Ig structure.?'52"7 He
suggested that a product containing the Fc part of the IgG with the proper
sialylation might be 30-fold more effective than an IVIg product and could be pro-
duced by recombinant technology. Limited experimental evidence indicates that
such a preparation could be developed into a clinical product, but history teaches
that the time course of developments in this area from the first experimental
evidence to successful treatment might span decades. The following list details
the chronologic events leading up to the currently available treatment.

1890
Serum of rabbits immunized with tetanus toxin protected normal animals
against tetanus
1901
Von Behring won the first Nobel Prize in Physiology or Medicine “for his work on
serum therapy, especially its application against diphtheria, by which he has
opened a new road in the domain of medical science and thereby placed in
the hands of the physician a victorious weapon against illness and deaths”
1890-1910
Curative (animal sera) prepared and applied against diseases caused by toxins,
bacterial disease, allergic disease and cancer
1907
Convalescent sera in the prevention of measles
1910-1930
Human (convalescent) sera preferred to animal sera in prevention and treatment
Initiation of pepsin treatment of animal sera for reduced reactogenicity
1933-1938
Prevention of measles with gammaglobulin (placenta)
1940
Cold ethanol fractionation
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1949 until vaccination
Prevention and treatment of poliomyelitis, measles, mumps, pertussis, and hep-
atitis A by Ig
1952
Treatment of PID with Ig
1960
Pepsin-treated IVIg
1970
Other chemically, enzymatically modified and unmodified (treated) IVIg products
1979
Consensus meeting on IVIg indicated for procurement of antibodies
IVIg has to be safe with unimpaired function
1984
César Milstein, with Georges Kohler and Niels K. Jerne, received the Nobel Prize
for Physiology or Medicine for “theories concerning the specificity in devel-
opment and control of the immune system and the discovery of the principle
for production of monoclonal antibodies”
1990
Consensus meeting on [Vilg indicated for the provision of antibodies and
immunomodulation.
Interference with Fc receptor binding (targets of autoantibodies) ITP
Anti-inflammatory effect: Kawasaki disease
Immunosuppression
Guillain-Barré syndrome
Chronic inflammatory demyelinating polyneuropathy
1995-2001
Consensus meeting
Basically identical indications to 1990
Extensive off-label use
Present
FDA licensed indications
Basically similar to Consensus 1995-2001
Numerous further indications for off-label use based on clinical studies with
clear (CL1-2) evidence

SUMMARY

Soon after the first report by von Behring on toxin neutralization by serum proteins,
clinical scientists took the opportunity to apply this principle to a wide range of infec-
tious diseases. After important discoveries in the field of biochemistry, it became clear
that antibodies are in the gammaglobulin fraction of serum, that serum can be fraction-
ated to obtain gammaglobulins, and that some patients’ serum lacks gammaglobu-
lins. The principle: the provision of antibodies with Ig for intramuscular use and later
IVIg to prevent and treat infection, especially in patients with agammaglobulinemia
(ie, antibody deficiency, PID), was the governing principle for IVIg use until the
1980s, as can be seen in the consensus of 1979. The possibility of modulation of
inflammation, immunomodulation, and immunosuppression with Ig first emerged in
the early 1960s and has expanded since the 1980s. The consensus of 1990 demon-
strated examples of clinical use based on immunomodulation. In the last 20 years,
the off-label use of Ig exploded mainly for inflammatory and hematologic, neurologic,
medical, and dermatologic autoimmune diseases, often based on solid clinical
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evidence. The dose is generally 400 mg/kg/mo for the provision of antibodies, up to
2 g in single or multiple doses for immunomodulation.

Concerns regarding adverse effects changed during the decades of experience.
The early problems of inflammatory reactions are manageable; viral transmission
has been eliminated by prompt and effective action. Serious adverse events, such
as thromboembolic and renal complications, are rare; however, when they appear,
especially in polymorbid patients, they are worrisome. Old and new practical develop-
ments move toward home treatment for patients who prefer this mode of therapy. The
question of shortage of Ig in the course of extended use and high costs urge us to crit-
ically assess available evidence for application of this precious material in treatment.
New scientific developments help us to understand the immunomodulatory function of
Ig on the cellular and molecular level and may open the way for a different Ig product
for immunomodulation. More than 100 years after initiation of antibody treatment and
more than 50 years after treatment of patients with PID became state-of-the-art, the
provision of antibodies/treatment with Ig (IV or subcutaneous) to patients who have
PID remains the life-saving, classic, and first indication for IVIg, and all Ig products
currently available are licensed for it.
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