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PREFACE AND ACKNOWLEDGMENTS 
 
     The idea for the International Immune-Mediated Diseases: From Theory to Therapy 
(IMD) Congress was born in 2003 as a result of our discussions about the uneven 
development of immunological ideas and rate of progress in immunology research in 
different countries during the last century. Consequently, the First International 
meeting was held in Moscow, Russia, in October 2005 with the goal to bring the best 
world immunologists and clinicians to Moscow to participate in plenary sessions, 
symposia, and educational workshops designed to expose basic and clinical 
immunologists as well as practicing clinicians to the newest developments in the field. 
First IMD Congress consisted of 8 Plenary Sessions, 40 Symposia, and 25 Workshops. 
The meeting attracted almost 2000 participants and speakers from 15 countries. After 
this great success of the First IMD Congress, the Organizing Committee decided to 
convene the meeting every other year, and the Second International IMD Congress was 
planned for September 2007. Special attention will be given to innovative therapeutic 
modalities, allergy and asthma, immunodeficiency, tumor and transplant immunology, 
immunotherapy and vaccines, HIV and infectious diseases, autoimmune diseases, 
inflammation, immunomonitoring and immunodiagnostics.  

LOGY,” which can be achieved by: (i) promoting basic and clinical research 
in immunology, (ii) integrating the immunological research and educational activities, 
(iii) disseminating information and encouraging international collaborations, (iv) 
identifying ways to improve the quality of immunological research and clinical care, 
(v) encouraging and providing training and continuous medical and biomedical 

      The slogan of the IMD Congress is “BETTER LIVING THROUGH IMMUNO-



education, and (vi) promoting novel immune-based preventive, diagnostic, and 
therapeutic modalities and good patient care.  
      This volume includes contributions from the speakers of the Second IMD 
Congress (September 10–15, 2007; Moscow, Russia), who are eager to share some 
of the academic and clinical enthusiasm that defines the IMD meetings. 
Unfortunately, due to the publication deadline, only a limited number of 
contributions are presented in this volume. We apologize for not being able to 
accommodate all the outstanding talks and lectures that will make the IMD Congress 
2007 such an attractive, interesting, and unique scientific event. 

We express our appreciation to Dr. Anatoli Malyguine (NIH, NCI, Bethesda, 
MD, USA), Dr. Svetlana Bykovskaia (Institute for Rheumatology, Moscow, Russia), 
and Lori Perez (University of Pittsburgh, Pittsburgh, PA, USA) for their exceptional 
and generous help in organizing the IMD Congress 2007 and for the preparation of 
this book. It is a great gift to have friends as colleagues and colleagues as friends! 
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1 
Immune-Mediated Diseases: Where Do We Stand? 

Michael R. Shurin1 and Yuri S. Smolkin2 
1 Departments of Pathology and Immunology, University of Pittsburgh Medical Center,

Pittsburgh, Pennsylvania, USA,  shurinmr@upmc.edu 
2 Research and Clinical Center for Allergy and Clinical Immunology, Moscow, Russia 

Abstract. The progress in basic immunology during the past 50–60 years has been associated 
with the emergence of clinical immunology as a new discipline in the 1970s. It was defined as 
the application of basic immunology principles to the diagnosis and treatment of patients with 
diseases in which immune-mediated mechanisms play an etiological role. Immune-mediated 
diseases such as autoimmune diseases, allergic diseases, and asthma are important health 
challenges in the United States and worldwide. For instance, autoimmune diseases afflict 5–8% of 
the US population; asthma and allergic diseases combined represent the sixth leading cause of 
chronic illness and disability in the United States and the leading cause among children. As 
shocking as these numbers and other data in this chapter are, they cannot adequately reflect the 
physical and emotional devastation to individuals, families, and communities coping with 
hundreds of immune-mediated disorders nor do they capture the enormous deleterious impact 
of these diseases on the economies of countries, nations, and indeed entire planet. 

1. Immune-Mediated Diseases: Diversity 

The marvelous progress in basic immunology during the past 50–60 years has been 
associated with a synchronous application of new knowledge and techniques to the 
diagnosis and treatment of human diseases. As a result, clinical immunology was 
born as a new discipline in the 1970s. It was defined as the application of the princi-
ples of basic immunology to the clinical detection, diagnosis, and treatment of pa-
tients with immunologically mediated diseases. It became clear that the immune 
system plays a central role not only in fighting infections but also in many other 
diseases and medical conditions including cancer, AIDS, and organ transplantation. 
In addition, the immune system is a key player in the etiology and pathogenesis of 
various hypersensitive illnesses, such as asthma, certain dermatitis, and other 
allergies, as well as systemic and organ-specific autoimmune disorders, such as 
multiple sclerosis, lupus, rheumatoid arthritis, and diabetes. 

Involvement of the immune system in certain diseases or groups of diseases was 
not seen as obvious and apparent as it is now. For instance, for 50 years, the theory on 
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autoimmunity was paralyzed due to the Nobel Prize winner, Paul Ehrlich, who  
received the prize for creating antisyphilis therapy and the development of the concept 
of autoimmunity (Shoenfeld and Zandman-Goddard 2003). He believed it was not 
possible that autoantibodies could exist in the body and that such conditions should be 
associated with immediate death. At that time, no one dared further to investigate the 
feasibility of autoimmune diseases. However, as the years passed, understanding of 
autoimmune disorders was developed, and Nobel Prizes were awarded to those who 
discovered the mechanisms of autoimmune diseases (Shoenfeld and Zandman-
Goddard 2003). Today, autoimmune diseases include about 80 different disorders and 
while some autoimmune diseases are rare—affecting fewer than 200,000 individuals in 
the United States—collectively these diseases afflict millions of people, an estimated 
4% of the population or 12 million people in the United States and approximately 
90,000,000 worldwide. Other reports suggest that these numbers should be doubled 
and estimate that autoimmune diseases afflict 5–8% of the US population. These 
chronic and disabling diseases include insulin-dependent diabetes mellitus (type 1 
diabetes), multiple sclerosis, systemic lupus erythematosus (SLE), rheumatoid arthritis, 
inflammatory bowel disease (IBD), psoriasis, uveitis, autoimmune thyroid disease, and 
other disorders. Autoimmune diseases are among the leading causes of death among 
young and middle-aged women in the United States. Incidence rates vary amongst the 
autoimmune diseases, with estimates ranging from less than one newly diagnosed case 
of systemic sclerosis to more than 20 cases of adult-onset rheumatoid arthritis per 
100,000 person/year. Prevalence rates range from less than 5 per 100,000 (e.g., chronic 
active hepatitis, and uveitis) to more than 500 per 100,000 (e.g., Graves’ disease, 
rheumatoid arthritis, and thyroiditis). From the incidence data, it is estimated that about 
250,000– 400,000 Americans develop an autoimmune disease annually. The social and 
financial burden of these chronic, debilitating diseases is immense and includes poor 
quality of life, high health care costs, and substantial loss of productivity. These disor-
ders result in direct and indirect annual costs of more than $100 billion in the United 
States alone.  

Rheumatoid arthritis accounts for greater than 2 million cases in the United 
States, including 30,000–50,000 children. On an annual basis, it results in 25,000 
hospitalizations and 2.1 million lost workdays. Rheumatoid arthritis accounts for 
22% of all deaths from arthritis and other rheumatic conditions. Rheumatic diseases 
are the leading cause of disability among adults aged 65 and older. Type 1 diabetes is 
described in about 0.5–0.8 million cases in the United States, including approxi-
mately 150,000 younger than 20 years of age. Recently compiled data show that 
approximately 15 million people have type I diabetes mellitus worldwide and that 
this number may well double by the year 2025. Prevalence of multiple sclerosis is 
250,000–500,000 cases in the United States, resulting in 30,000 hospitalizations per 
year. In Europe, prevalence of multiple sclerosis is approximately 1 million cases 
and it may be greater than 200,000 in Russia. Multiple sclerosis is potentially the 
most common cause of neurological disability in young adults. SLE affects approxi-
mately 1.5 million Americans and may be more than 3 million in Europe. Its preva-
lence in Russia may be estimated as greater than 700,000 cases. More than 800,000 
patients suffer from IBD in the United States: more than two-thirds due to ulcerative 
colitis and approximately one-third due to Crohn’s disease. IBD is associated with 
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2.3 million outpatient visits per year and more than 31,000 restricted-activity days 
annually (Jacobson et al. 1997; Lawrence et al. 1998; Cooper and Stroehla 2003; 
Sacks et al. 2004; Hirtz et al. 2007) 

2. Immune-Mediated Diseases: Statistics 

According to the modern and common point of view, immune-mediated diseases are 
represented by a big group of the immune system diseases and even a large group of 
the diseases directly or indirectly associated with the immune system. The diseases 
of the immune system include (i) immunodeficiencies (primary or inherited and 
secondary or acquired) and (ii) immunoproliferative disorders, such as malignancies 
of the immune system (i.e., multiple myeloma, lymphomas, and leukemias), auto-
immune diseases, and immune hypersensitivities (i.e., allergies). The disorders 
where the immune system is not the primary cause of a disease, although plays an 
obvious role in the pathogenesis, include, for instance, cancer and infectious diseases 
(Figure 1). 

Primary immunodeficiency diseases were once thought to be rare, mostly be-
cause only the more severe forms were recognized. Today, we realize that primary 
immunodeficiencies are not uncommon, may be relatively mild, and can occur in 
teenagers and adults as often as in infants and children (Fleisher 2006). Although 
very serious inherited immunodeficiencies become apparent almost as soon as after a 
baby is born, there are some inherited immune deficiencies that never produce symp-
toms. The exact number of persons with primary immunodeficiencies is not known. 
It is estimated that each year about 400 children are born in the United States with a 
serious primary immunodeficiency. The number of Americans now living with a 
primary immunodeficiency is estimated to be between 25,000 and 50,000. World-
wide, the estimate is 1 million or more (not including selective IgA deficiency), most 
of whom will die prematurely, without ever having a diagnosis made. Approximately 
one out of 600 individuals has the most common primary immunodeficiency — 
selective IgA deficiency, or almost 500,000 people in the United States. Among those 
with this disease, people of European ancestry greatly outnumber those of other 
ethnic groups. Importantly, as new laboratory tests become more widely available, 
more cases of primary immunodeficiencies, are being recognized. At the same time, 
new types of these disorders are being discovered and described. Currently, the 
World Health Organization lists over 70 primary immunodeficiencies, and the num-
bers are increasing (Ochs and Notarangelo 2004; Shearer et al. 2004). 

Allergic diseases or immune hypersensitivity-related conditions are one of the 
biggest groups of the immune system diseases. It is roughly estimated that 300 mil-
lion people of all ages and all ethnic backgrounds suffer from asthma. More than 60 
million people in America have asthma or allergies, costing the US economy over 
$20 billion each year in health care costs, such as hospitalizations, medical services, 
lost productivity at work or school, and more. A recent nationwide survey found that 
more than half (54.6%) of all US citizens test positive to one or more allergens, and 
allergies are the sixth leading cause of chronic disease. Asthma accounts for nearly 
500,000 hospitalizations, 2 million emergency department visits, and 5000 deaths in 

5 



Michael R. Shurin and Yuri S. Smolkin 
 

the United States each year. It affects an estimated 5 million children (under age 18) 
out of an estimated 70 million children. Atopic dermatitis is a common inflammatory 
skin condition that affects up to 20% of children and up to 3% of adults in Western 
countries, developing in almost 60% of patients during the first year of life and in an 
additional 25% between the ages of 1 and 5 years. At least 36 million people in the 
United States have seasonal allergic rhinitis accounting for approximately 17 million 
office visits and totaled $6 billion/year. Furthermore, sinusitis develops in approxi-
mately 35 million Americans each year and overall health care expenditures attribut-
able to sinusitis in the United States were estimated to be over $6 billion (Hartert and 
Peebles 2000; Chandra 2002; Bloom et al. 2006; Enriquez et al. 2007). 

Infectious and malignant diseases represent immune-mediated diseases with not 
only the highest level of incidence, but, probably, the highest levels of morbidity and 

FIGURE 1. Schematic presentation and classification of immune-mediated diseases, their  
research, diagnosis, and therapy. Left column combines diseases of the immune system, such 
as primary immunodeficiencies, autoimmune diseases (rheumatoid arthritis, multiple sclerosis, 
etc.), allergies (asthma, food allergy, etc.), and immunological malignancies (myltiple mye-
loma, lymphomas, leukemias, etc.). Right column represents diseases where the immune sys-
tem is involved in the pathogenesis of the disease, such as infectious diseases, cancer, and 
conditions related to organ or cell transplantation. Additional groups of related diseases in-
clude certain inflammatory disorders (brain trauma, Alzheimer’s disease, etc.) and conditions 
associated with the immunosenescence of the elderly.    
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mortality. Incidence rate of flu infection reaches up to 1 in 3 or 36.00% or greater 
than 100 million people in the United States annually. Flu-associated illnesses are 
responsible for an average of 20,000 to 40,000 deaths per year in the United States. 
In Africa, infectious and parasitic diseases account for about 5,625,000 deaths annu-
ally. Approximately 40 million people worldwide are living with HIV/AIDS. In 2004 
alone, an estimated 5 million people worldwide were newly infected with HIV—about 
14,000 each day, or approximately 600 per hour, or approximately 10 per minute. 
Tuberculosis is a leading cause of death among people who are HIV-positive. It 
accounts for about 13% of AIDS deaths worldwide. Someone in the world is newly 
infected with tuberculosis bacilli every second. Overall, one-third of the world’s 
population is currently infected with the tuberculosis bacillus. Every year, 300–500 
million people are affected by malaria, and between 1 and 3 million die. Tuberculo-
sis, malaria and HIV/AIDS together account for nearly 18 % of the disease burden in 
the poorest countries. Cancer accounts for 7 million deaths per year worldwide. 
About 1,300,000 new cases of cancer are diagnosed yearly in the United States and 
every year about 560,000 Americans are expected to die of cancer; more than 1500 
people a day (Dunavan 2005; Johnson and Decker 2006; Zielonka 2006). 

3. Immune-Mediated Diseases: Correlations 

Immune-mediated inflammatory diseases, or IMIDs, is another term, which is used 
to describe immune-mediated diseases associated with inflammatory pathogenesis 
mechanisms. IMIDs are characterized by immune dysregulation that results in acute 
or chronic inflammation, causing organ or tissue damage. One causal manifestation 
of immune deregulation is the inappropriate expression of proinflammatory cyto-
kines, such as IL-1, IL-6 and TNF-α as well as Th1/Th2 cytokine disbalance leading 
to pathological consequences. This is in agreement with the “cytokine theory of 
disease,” which states that an overproduction of cytokines can cause the clinical 
manifestations of disease (Nathan 2002; Frieri 2003; Elenkov et al. 2005; Tracey 
2005). For instance, Th1-associated IMIDs include rheumatoid arthritis, Crohn’s 
disease, multiple sclerosis, SLE, type I diabetes mellitus, psoriasis, sarcoidosis, an-
kylosing spondylitis, uveitis, and pathologic conditions associated with lung trans-
plantation. Th2-associated disorders are asthma and allergies, pulmonary fibrosis, 
and ulcerative colitis. Diseases related to inappropriate expression of inflammatory 
cytokine are represented by osteoarthritis, chronic obstructive pulmonary disease 
(COPD), traumatic brain and spinal cord, and Alzheimer’s disease. Furthermore, 
autoinflammatory diseases can be specified as inborn errors of the innate immune 
system. The main component of autoinflammatory diseases is the group of hereditary 
periodic fevers that are characterized by intermittent bouts of clinical inflammation 
with focal organ involvement mainly: abdomen, musculoskeletal system, and skin 
(Grateau 2006). Finally, new diseases are constantly added to the IMID group. For 
instance, recent data suggest that many risk factors leading to the development of 
osteoporosis, a major cause of morbidity in older people, could exert their effects 
through immunologically mediated modulation of bone remodeling. “Inflamm-
ageing” plays a role in bone remodeling through proinflammatory cytokines, which 
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are known to influence osteoclasts and osteoblasts (De Martinis et al. 2006). Thus, 
immune-mediated inflammation may play an important role in determining bone 
resorption and support the appearance of new discipline, osteoimmunology (Walsh  
et al. 2006). 

Interestingly, an excessive Th1-type proinflammatory response is believed to be a 
common base for autoimmune disorders, whereas excessive Th2-type cytokine pro-
duction (IL-4, IL-5, and IL-13) is associated with supporting of IgE and eosinophilic 
responses and is believed to be the cause of allergic disorders (Singh et al. 1999). An 
increasing number of scientific publications provide proof for the concept that an 
impairment of immune-tolerance mechanisms might be causally related to the devel-
opment of unwanted Th2-driven, allergen-induced airway diseases. Impaired expan-
sion of natural and/or adaptive Tregs is hypothesized to lead to the development of 
allergy and asthma (Umetsu and DeKruyff 2006). However, the results of the rela-
tionship between Th2-related atopic disorders and Th1-related autoimmune diseases 
are conflicting. Some epidemiologic studies concluded that Th2-weighted imbalance 
that favors allergic response, might be protective against Th1-related autoimmune 
disorders. Indeed, atopic eczema was shown to be associated with a lower risk for 
type 1 diabetes mellitus in children (Stene and Joner 2004). Similarly, another report 
demonstrated reduced frequency of allergic symptoms in children with type 1 diabe-
tes (Caffarelli et al. 2004). In contrary, increased incidence of asthma in patients with 
type 1 diabetes, rheumatoid arthritis, and IBD was also reported (Kero et al. 2001; 
Simpson, Anderson et al. 2002). These and other findings suggest that the signifi-
cance and the role of Th1/Th2 paradigm in supporting different immune-mediated 
diseases might be oversimplified and should be further investigated (Sheikh et al. 
2003). 

The link between other major groups of immune-mediated diseases, particularly 
cancer and allergies, has been discussed for years with a variety of supporting and 
disproving evidence. Theoretically, two contradictory hypotheses may be advanced: 
either tumor immunosurveillance may operate more efficiently in those individuals 
who have allergies or the alterations of the immunologic system can enhance 
inflammatory response and favor the tumor onset (Carrozzi and Viegi 2005). Many 
studies suggest that the association between allergy and cancer is complex and de-
pends on the specific allergy and the specific organ site under consideration. For 
instance, following the cohort of patients for 6 years, Mills et al. reported that pros-
tate and breast cancer risk were elevated in persons who reported any type of allergic 
history, as was risk of lymphatic or hematopoietic cancers and sarcoma. For each of 
these types of cancer, risk increased with increasing numbers of allergies. However, 
ovarian cancer risk was decreased in persons with any allergic history, and increas-
ing numbers of allergies was associated with decreasing risk of this form of cancer 
(Mills et al. 1992). Similarly, evaluating the associations among certain allergic 
disorders, atopy upon skin-prick testing, and specific cancers in a prospective study, 
Talbot-Smith et al. reported that having a skin reaction to house dust mites nearly 

tripled the risk of prostate cancer: however, history of asthma and hay fever was 
associated with a trend toward a reduced risk of colorectal cancer and increased risk 
of leukemia, but no association was found between breast and lung cancers and aller-
gic disorders or atopy (Talbot-Smith et al. 2003).  
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Analyzing available published reports, Wang and Diepgen concluded that despite 
the mixed results, the emerging picture from most of the currently available epide-
miological data indicates that atopic disease is associated with a reduced risk for 
cancer (Wang and Diepgen 2005). On the other hand, there seems to be a clear 
association of lung cancer with asthma, and thus,  asthmatic subjects have to be 
considered “at risk” for lung cancer (Carrozzi and Viegi 2005). But, the result of 
another examination reveals that there is significant lower frequency of allergic dis-
eases in patients with lung cancer in comparison with frequency of allergic diseases 
in control adult population (Tolak et al. 2006). Another study demonstrated a re-
duced risk of primary malignant brain tumors in people reporting asthma, hay fever, 
and other allergic conditions (Schwartzbaum et al. 2005). In contrast to most 
previous studies, Soderberg et al. (2004) study suggests that allergic conditions 
might increase the risk of some hematological malignancies. The study showed that 
people with hives and asthma were about twice as likely to develop leukemia and 
those who had eczema are under an increased risk of non-Hodgkin’s lymphoma. At 
the same time, a possible connection between allergy and cancer has been suspected, 
but allergy-related conditions or atopy have been inconsistently associated with 
reduced risks of non-Hodgkin lymphoma, suggesting that allergy may not be caus-
ally associated with the risk of non-Hodgkin lymphoma (Melbye et al. 2007). Thus, 
the problem of whether allergy is a “risk” or a “protective” factor for cancer is far to 
be solved. 

Another recent report suggests that autoimmunity and malignancy frequently co-
exist and they may share etiological and pathological mechanisms (Toubi and 
Shoenfeld 2007). For instance, natural protective autoantibodies against tumor-
antigens were isolated from patients and healthy donors reflecting the development 
of naturally occurring B cell responses during the process of cancer evolvement. 
They fulfill the definition of autoantibodies since they are self-reactive, and they also 
bind altered self-antigens such as tumor cells. In this regard, various autoantibodies 
such as anti-dsDNA and anti-Fas autoantibodies were found to be significantly 
higher in patients with various carcinomas, thus playing a role for their improved 
survival. Finally, clinical use of a number of biologic response modifiers including 
cytokines, antibodies, and other immunomodulators might be associated with an 
increased risk of malignancy during the treatment of allergic or autoimmune diseases 
and vice versa (Kong et al. 2006). 

In spite of the controversy of positive and negative relationships between inci-
dences of certain immune-mediated diseases, it is clear that there are both etiopatho-
genetic and clinical consequence links between many of these disorders. For in-
stance, certain immune-mediated diseases, such as type 1 diabetes or arthritis, are not 
just very common but result in more than 19,000 organ-transplant recipients each 
year in the United States. Even though the first reference to the concept of organ 
transplantation and replacement for therapeutic purposes may be dated to approxi-
mately 200 AD, when Hua-To in China replaced diseased organs with healthy ones, 
only in 1954, the kidney was the first human organ to be transplanted successfully. 
Liver, heart, and pancreas transplants were successfully performed by the late 1960s, 
while lung and intestinal organ-transplant procedures were begun in the 1980s. In-
creasing numbers of transplants in patients with immune-mediated diseases, such as 
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autoimmune and malignant diseases, was responsible for a new group of immune-
mediated diseases, that is, diseases associated with organ, tissue, or cell transplanta-
tion, for example, graft-versus-host disease or graft rejection. On the other hand, 
transplantation is the leading form of treatment for many forms of end-stage organ 
failure and has saved and enhanced the lives of more than 300,000 people in the 
United States. With this success, however, has come increasing demand for donated 
organs. Today, approximately 85,000 people are awaiting transplants nationwide 
with almost 50,000 people awaiting kidney transplant. Sadly, approximately 17 
patients die every day while waiting for organ for transplantation, that is, one person 
every 85 min. More than 10,000 people are on the Eurotransplant waiting list in a 
similar situation. 

4. Concluding Remarks 

Thus, immune-mediated diseases represent an enormous medical, social, and  
economical problem and require serious and instant attention of clinicians, scientists, 
pharmacists, biotech professionals, and politicians as well. The study of the immune 
system has led to significant findings in many fields of medicine and biology and 
resulted in the discovery of novel and powerful tools and reagents that are now used 
for diagnosis and therapy of a variety of diseases. The development of prophylactic 
and therapeutic vaccines against many infectious agents, as well as innovative im-
munotherapeutic and immune gene engineering approaches for patients with cancer, 
allergy, and immunodeficiency, has substantially decreased mortality and morbidity 
and improved the life style, life expectancy, and well being of the millions of pa-
tients with immune-mediated and immune-associated diseases. With a strong re-
search background and the availability of powerful modern research tools, we can 
anticipate that our basic and applied research and clinical programs will further 
strengthen our fight against allergic, malignant, infectious, and autoimmune diseases 
and improve our defenses against potential bioterroristic attacks. Thus, the field of 
immune-mediated diseases is one of continuously escalating significance, as well as 
scientifically, economically, and socially important. 
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Abstract. Other than the physiologic hypogammaglobulinemia of infancy, 80% of the con-
firmed immunodeficiencies consist of four syndromes: transient hypogammaglobulinemia of 
infancy (THI), IgG subclass deficiency, partial antibody deficiency with impaired polysaccha-
ride responsiveness (IPR), and selective IgA deficiency IgAD. None are life threatening, all 
can be readily managed, and many recover spontaneously. An exact incidence of these disor-
ders is not known. A summary of immunodeficiency registries in four countries listed IgAD in 
27.5% of the patients, IgG subclass deficiency in 4.8%, and THI in 2.3%. The 1999 US survey 
of primary immunodeficiencies conducted by the Immune Deficiency Foundation found that 
17.5% of these patients had IgAD and 24% had IgG subclass deficiency, while THI and IPR 
were not listed. The Jeffrey Modell Foundation (2005) survey of their global centers in 2004 
reported IgAD in 15.5%, subclass deficiencies in 8%, and THI in 2% of their patients.  

1. Transient Hypogammaglobulinemia of Infancy 

1.1. Definition and History 

This disorder was first described in 1956 (Gitlin and Janeway 1956). It is classically 
considered a prolongation of physiologic hypogammaglobulinemia that occurs from 
age 3 to 6 months as a result of disappearance of maternal transplacental IgG and 
slow increase of the infants’ own IgG levels (Roifman 2004; Dalal and Roifman 
2006). Despite their low IgG levels, most infants are able to respond to vaccine anti-
gens during the first 6 months of life. 
 Although some use low levels of either IgG, IgM, or IgA below 2 SD from the 
mean as diagnostic criteria, transient hypogammaglobulinemia of infancy (THI) is 
best defined as low levels of IgG with or without depression of IgA and/or IgM in an 
infant beyond 6 months of age in which other primary immunodeficiencies have 
been excluded. The condition can persist up to the age of 5 years (Roifman 2004; 
Dalal and Roifman 2006). This definition will include many infants who have no 
increased susceptibility to infection and have normal antibody responses to vaccine 
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antigens. Such infants rarely come to the attention of the immunologist. Thus, a 
clinically significant THI occurs in that subgroup of THI infants with frequent infec-
tions and/or poor antibody responses to one or more vaccine antigens.  

1.2. Etiology 

Various causes of this disorder have been proposed. An early study suggested that 
IgG genetic allotypes (Gm types) of the fetal IgG induced anti-Gm antibodies in 
the mother that crossed the placenta and suppressed fetal immunoglobulin produc-
tion (Fudenberg and Fudenberg 1964). This was not confirmed in another study 
(Nathenson 1971). A genetic cause was suggested that THI represented heterozy-
gosity for genetic hypogammaglobulinemia based on family studies (Nathenson 
1971). Another suggested that a T-helper deficiency caused THI (Siegel et al. 
1981). A final study suggested cytokine imbalance (Kowalczyk et al. 1997). An-
other cause is seen among infants, usually premature, who have had prolonged 
stays in the neonatal ICU for a variety of illnesses. Their IgG is often low because 
of stress, loss of plasma into the GI or respiratory tract, steroid use, and frequent 
blood draws. Finally, many of these children may simply be at the low end of the 
normal range for IgG and/or at the low end of the normal progression of immune 
maturation as reflected by IgG levels, thus have no immunodeficiency, and are like 
the asymptomatic patients with low CD4 cells who are designated as idiopathic 
CD4 lymphopenia.  

1.3. Clinical Features 

THI is more common in males, who usually are identified at an earlier age than 
females (Whelan et al. 2006). About 25% of the symptomatic patients are identi-
fied before the age of 6 months, another 50 % from ages 6 to 12 months, and the 
rest after age 12 months.  
 Two groups of THI patients are recognized. The first group of infants are as-
ymptomatic who have immunoglobulins done routinely or because a family mem-
ber has an immunodeficiency. Most of these infants remain asymptomatic, have 
normal responses to vaccine antigen, and grow out of their hypogammaglobuline-
mia after several years. The second group is infants identified because of recurrent 
or severe infection often starting in the first weeks of life. The majority of their 
infections are respiratory-otitis, sinusitis, and bronchitis. Other children have re-
current diarrhea, or prolonged oral candidacies.  
 We recently identified seven infants with severe eczema with low levels of IgG 
(Lin, Roberts, and Stiehm, unpublished observations), possibly associated with 
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protein loss through the skin. Positive skin or Radioallergosorbent tests (RAST) 
and elevated IgE levels are often seen in these patients. Hematological abnormali-
ties are often present, such as mild neutropenia and less commonly thrombocyto-
penia. Tonsils and lymph nodes are present but may be small.  
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1.4. Laboratory Features   

In addition to decreased levels of IgG, low levels of IgM and IgA are noted in over 
half of the patients (Whelan et al. 2006). There is no molecular test for THI.  
Antibody titers to tetanus, diphtheria, hepatitis A and B, Hemophilus influenza, and 
pneumococcal vaccine antigens are variable. About 15% of the patients have non-
protective antibody titers to one or more of these antigens, most commonly 1 or more 
of the serotypes present in the conjugated pneumococcal vaccine. Under these cir-
cumstances, a booster immunization is recommended followed by repeat titers after 
one month. Lymphocyte subsets (CD3, CD4, and CD8 T cells), CD19 (B cells), and 
CD16/CD56 (NK cells) are usually normal. Very low numbers of B cells suggest X-
linked agammaglobulinemia. As noted, allergy tests including IgE levels may be 
abnormal. Repeated respiratory infections may be associated with chronic sinusitis as 
identified by sinus film or limited CT scan.  

1.5. Management and Prognosis 

Infants in group 1 require no treatment. In symptomatic patients, a conservative 
approach is initially warranted, such as removing the infant from day care, prompt 
treatment of respiratory infections, and occasionally prophylactic antibiotic therapy. 
In the rare THI patient who has severe infections or very poor antibody responses to 

2. IgG Subclass Immunodeficiency 

2.1. Definition and History 

Schur et al. in 1970 first described IgG subclass deficiencies in three adult patients 
(Schur et al. 1970). Since then, numerous publications have identified subclass defi-
ciencies in many patients, particularly children. Indeed, it is perhaps the most com-
mon immunodeficiency described, and certainly the one for which IVIG is most 
often used and misused.  
 The definition of an IgG subclass deficiency is the finding that one or more IgG 
subclasses are <2 SD below the mean for age with normal or near normal total IgG 
levels (Stiehm et al. 2004; Lemmon and Knutsen 2006). Up to 20% of the population 
will thus have an IgG subclass deficiency of one or more IgG subclasses. Since most 
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vaccine antigens, Intravenous immunoglobulin (IVIG) substitution at a dose of 
400–500 mg/kg q3 or 4 weeks is used, usually for a 6–12 month period. IVIG is 
then stopped, and immunoglobulin levels and antibody responses are retested 
3 months later. 
 By definition, all of these patients eventually recover. Most patients recover by age 
2, but in some patients low IgG levels may persist until age 5. Patients with a combined 
IgG and IgA deficiency (IgGD and IgAD, respectively) may develop selective IgAD. 
Other patients will develop an IgG subclass deficiency, while others with poor anti-
body responses may normalize their IgG levels but have persistent impaired polysac-
charide responsiveness (IPR). There was a striking difference in immune maturation, 
with females having persistently slower recovery (Whelan et al. 2006).  
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of these subjects are asymptomatic, the previously mentioned definition only defines 
a clinical laboratory finding, not a disease. A clinically significant IgG subclass 
immunodeficiency is associated with recurrent infection and a significant defect in 
antibody responsiveness. Many such patients present with recurrent respiratory  
infections. Others, often with more serious infections, may have a subclass defi-
ciency in association with another primary immunodeficiency (e.g., selective IgAD 
and DiGeorge syndrome), or with a secondary immunodeficiency (e.g., HIV infec-
tion and cirrhosis), or with an autoimmune disease, for example, immune thrombo-
cytopenia and lupus (Stiehm et al. 2004). 

2.2. Etiology 

The four IgG subclasses are defined by unique structures of the constant region of 
their heavy chains. They make up about 70%, 20%, 7%, and 3% of the total IgG 
levels. Each has unique structural, antigenic, and biologic characteristics (Stiehm et 
al. 2004). The most significant biologic difference is that IgG2 contains the prepon-
derance of antibodies to polysaccharide antigens. Other differences include activa-
tion of the classical complement pathway by IgG1 and IgG3, a shorter half-life for 
IgG3, and less placental passage for IgG2. Other antibodies are not evenly distrib-
uted, and mostly in the IgG4 subclass. 
 Since each subclass is encoded by a different heavy chain segment, gene dele-
tions may be responsible for some subclass deficiencies, particularly those associated 
with a complete absence of a subclass (Lefranc et al.1983; Migone et al. 1984). 
Other abnormalities may include transcriptional defects or genetic association with 
certain genetic IgG allotypes (Gm types). The most common subclass deficiencies 
among patients presenting with recurrent infections are IgG4 deficiency (40%), IgG2 
deficiency (28%), IgG3 deficiency (17%), and IgG1 deficiency (14%). Isolated IgG1 
deficiency is rare. Combinations of one subclass deficiency with another IgG sub-
class or an IgAD are common, notably IgG2 and IgG4, IgG4 and IgA, IgG3 and IgA, 
IgG2 and IgG4 and IgA, and IgG2 and IgA combinations in that order of frequency 
(Stiehm et al. 2004).  

2.3. Clinical Features   

Subclass deficiencies are heterogeneous and rarely familial. IgG4 subclass defi-
ciency may occur in as many as 20% of both adults and children, depending on the 
sensitivity of the assay and thus is of rare clinical significance. In adults, IgG3 defi-
ciency is the second most common deficiency, and females are more likely to be 
affected. Adults with IgG subclass deficiency generally have more severe infections, 
and some of them may be developing common variable immunodeficiency (CVID).   
 In children, males make up 75% of the cases, and IgG2 is the second most com-
mon deficiency. Children under the age of 6 years may be recovering from transient 
hypogamma-globulinemia, so it is difficult to diagnose an IgGD deficiency in children 
before age 4. 
 Selective IgG1 may be associated with more severe infections and is more  
common in adults. Selective IgG2 deficiency is the most common subclass disorder 
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associated with recurrent infection and may be accompanied by IgA and/or IgG4 
deficiencies. Many of these patients have IPR as discussed in Impaired Polysaccha-
ride Responsiveness. IgG2 deficiency may resolve with time. Most symptomatic 
IgG3- deficient subjects have an associated deficiency of another class. Familial 
IgG3 deficiency has been recorded. As noted, isolated IgG4 is common and not 
usually of clinical significance. However, recurrent pneumonia has been described, 
suggesting that it is a marker for these illnesses rather than the cause of them.  

2.4. Laboratory Features 

IgG subclass determinations are indicated for patients with documented antibody 
defects, in patients with IgA deficiencies, and in patients in which early CVID is 
suspected. Levels must be compared with age-matched controls, especially in the 
first 2 years of age. For children aged 4–10 years, an IgG1 level less than 250 mg/dl, 
an IgG2 level less than 50 mg/dl, an IgG3 level less than 15 mg/dl, and an IgG4 level 
less than 1 mg/dl are abnormal. For subjects older than age 10, an IgG1 level less 
than 300 mg/dl, an IgG2 level less than 75 mg/dl, an IgG3 level less than 25, and an 
IgG4 level less than 1 mg/dl are abnormal.   
 A clinically significant IgG subclass deficiency must be established by measuring 
the antibody response to a vaccine antigen, particularly pneumococcal polysaccha-
ride vaccine. A deficient response is defined as non-protective titers to a majority of 
the 12 serotypes tested or failure to exhibit a twofold rise in titer to serotypes for 
which there were non-protective titers. Tests for cellular immunity, complement 
activity, and phagocytic function should be done as necessary.  

2.5. Management and Prognosis 

Many patients do well with prompt medical management of each infectious episode, 
and the use of antibiotics early in the course of respiratory exacerbation is of value. 
Some patients with recurrent infections or chronic infections do well on prophylactic 
antibiotics. Vaccines should be kept current unless there is complete absence of 
antibody responses. A failure of prolonged antibiotics, severe symptoms, and persis-
tent radiographic abnormalities may occasionally require IVIG therapy (Buckley 
2002). The presence of a subclass deficiency alone is not an indication for IVIG. 
Nevertheless, it is a common practice to give IVIG under such circumstances, which 
is a costly misuse of a scarce and potentially harmful form of therapy and labels the 
patients as chronically ill and uninsurable. Its use in young children has the potential 
of inhibiting normal immune maturation.   
 Most patients do well on conservative therapy outlined above, but treatment may 
be prolonged and in some lifelong. Children under 10 may recover from a subclass 
deficiency spontaneously, particularly if there is not a complete absence of a sub-
class. By contrast, symptomatic adults may progress to CVID. 
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3. Impaired Polysaccharide Responsiveness  

3.1. Definition and History 

IPR is characterized by recurrent bacterial respiratory infection, an absent or sub-
normal response to a majority of polysaccharide antigens, normal or elevated immu-
noglobulins and IgG subclasses, and intact antibody responses to protein antigens in 
subjects over age 2 (Stiehm et al. 2004; Sorensen and Paris 2006).  
 As early as 1968, patients were described who had normal immunoglobulin lev-
els, but had profound deficiencies of antibodies to both protein and polysaccharide 
antigens (Blecher et al. 1968; Saxon et al. 1980). This entity, antibody deficiency 
with normal immunoglobulins, should not be confused with IPR since such patients 
are considerably more susceptible to infections and more akin to CVID in their prog-
nosis.  
 IPR was identified in the late 1980s following the introduction of unconjugated 
H. influenza type B polysaccharide vaccines (Granoff et al. 1986b). This large col-
laborative study identified children greater than 2 years of age that had a poor re-
sponse to this vaccine despite normal responses to other vaccines. Subsequent stud-
ies indicated that sometimes this deficiency was familial and occurred more 
frequently among certain ethnic groups such as Apache Native Americans and  
Alaskan Eskimos (Stiehm et al. 2004). Adults with IPR were first described in 1987 
(Ambrosino et al. 1987). Since unconjugated H.  influenza vaccine has been replaced 
by a protein-conjugated vaccine that is immunogenic in infants, IPR is usually identi-
fied by a deficient response to the pneumococcal polysaccharide vaccine (Pneu-
movax) in children greater than 2 years of age and adults. Sorenson and Paris have 
identified this disorder as the most common immunodeficiency among children 
presenting with increased susceptibility to infection (Sorensen and Paris 2006).  

3.2. Etiology  

IPR is a heterogeneous illness with several postulated causes.  In younger children 
aged 2–6, it may be an exaggeration of the physiologic non-responsiveness to poly-
saccharide vaccines of infants less than 2 years of age; these children recover spon-
taneously with time. Some of these youngsters have had THI with poor antibody 
responses. Most polysaccharide antibodies are in the IgG2 subclass, so that selective 
IgG2 subclass deficiency with or without selective IgAD must be sought. IPR may 
be part of another primary immunodeficiency such as Wiskott–Aldrich syndrome, 
DiGeorge syndrome, and mucocutaneous candidiasis, secondary deficiencies associ-
ated with aging, HIV disease, immunosuppressive drugs, genetic syndromes, chronic 
lung disease, and absence or deficiency of the spleen (Stiehm et al. 2004). IPR may 
be genetic in some families and linked to certain Gm and Km IgG allotypes (Granoff 
1986a). A defect in the B cell repertoire, similar to certain mice strains, has been 
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postulated (Ambrosino et al. 1987) and Ambrosino et al. have suggested a splenic 
defect in the marginal zone where dendritic cells interact with B cells. One adult IPR 
male with few circulating B cells had a BTK mutation associated with X-linked 
agammaglobulinemia (Wood et al. 2001). 
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3.3. Clinical Features 

IPR is more common in males and may be more common in certain ethnic groups. 
Most of the patients are children aged 2–7, and most of these patients recover com-
pletely from their illness. Clinically, IPR patients resemble patients with IgG sub-
class and selective IgA deficiencies. They usually have recurrent bacterial respiratory 
infections such as sinusitis, otitis, and bronchitis: less common are systemic infec-
tions including pneumonia, sepsis, or meningitis. Many patients have asthma or 
wheezing with infections, often because of chronic sinusitis. Many have had ear 
tubes placed, tonsillectomy, a history of decreased hearing, and multiple courses of 
antibiotics. The physical examination often suggests chronic respiratory allergy, with 
circles under the eyes, pallor, gaping mouth, post-nasal drip, purulent nasal dis-
charge, and moderate cervical adenopathy.   

3.4. Laboratory Features 

IPR patients by definition have normal IgG, IgM, and IgA levels and IgG subclass 
levels, as well as normal responses to protein antigens such as tetanus, diphtheria, 
and H. influenza type B-conjugated vaccines.  Thus, the diagnosis rests on their 
antibody response to pneumococcal polysaccharide vaccine. Pre-immunization titers 
are recommended followed by retesting 1 month following vaccination. A normal 
response is development of protective titers (>1.3 μg/ml) to a majority of the sub-
types tested. Sorenson and Paris (2006) suggested that a normal response for children 
under 6 consists of a majority of responses to be protective and for older individuals 
at least 70% of the serotypes should be protective. Three types of responses are 
noted. In the severe form, there is essentially no response to any or just one or two of 
the serotypes, and then the titers are low but protective. In the mild/moderate form, 
there is some but less than expected responses. Some of these patients, as well as 
some patients with an adequate response initially proceed to the third form associ-
ated with poor immunologic memory. These patients, upon retesting in 6–12 months, 
have lost some or most of their previously protective titers and continue to have 
recurrent infections.  
 All of these patients should be tested for T cell, phagocyte, and complement 
deficiencies. In young children, repeat antibody testing is recommended at yearly 
intervals, because spontaneous recovery often ensues.  Symptomatic adults should be 
followed periodically to look for progression to CVID.  

3.5. Treatment and Prognosis 

Many of these patients do well with prompt and vigorous treatment of each respira-
tory infection. Ancillary treatment with inhaled steroids, bronchodilators, and decon-
gestants are often of value. Vaccines, particularly influenza vaccine, should be up-
dated. We often give these patients two doses of the pediatric-conjugated 
pneumococcal vaccine to boost their immunity to the serotypes in this vaccine. If 
these measures are ineffective, a course of prophylactic antibiotics is tried, usually 
for at least 6 months. If there is persistent infection, a trial of IVIG should be  
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considered in full therapeutic doses. Only an occasional patient requires such  
therapy, but a good response has been documented in some series (Herrod 1993). 
 Children with partial responses usually recover with time.  Patients with the se-
vere form of disease usually have lifelong problems. Some of these patients may 
develop IgG subclass deficiency or CVID. 

4. Selective IgAD Deficiency 

4.1. Definition and History 

Selective IgAD is defined as the absence or very low levels (<7 mg/dl) of serum IgA with 
normal levels of total IgG and IgM and no other major immune defects. This definition 
excludes young infants since they have low levels of IgA physiologically and do not 
obtain adult levels until 3 years of age. IgAD is the most common primary immunodefi-
ciency, and in many individuals, it is unassociated with any illness including an increased 
susceptibility to infection. IgAD was first described in ataxia-telangiectasia, then in pa-
tients with frequent infections (West et al. 1962) and in normal subjects (Rockey et al. 
1964). Low or absent IgA is a variable component of many other primary immunodefi-
ciencies, notably all forms of agammaglobulinemia, ataxia-telangiectasia, mucocutaneous 
candidiasis (Kalfa et al. 2003) and IgG2 subclass deficiency (Oxelius et al. 1981). The 
frequency of IgAD varies in different ethnic groups, and is as high as 1:142 in Arabs (al-
Attas and Rahi 1998) and  as low as 1:15,000 in Japanese (Kanoh et al. 1986). Among 
Europeans and Americans, the frequency is about 1:500 (Hostoffer 2006). 

4.2. Etiology 

IgA is the second most abundant immunoglobulin synthesized; it appears not only in the 
serum but also in the secretions, including colostrums and breast milk. Much of the se-
rum and all of the secretory IgA are synthesized in plasma cells of glandular tissues. 
Locally produced monomer IgA combines with an epithelial cell-synthesized secretory 
component and a joining chain and is secreted as a dimer (secretory IgA) into the lumen 
of the gland. Serum IgA does not get into the secretions; most of the serum IgA is synthe-
sized locally and enters the blood stream in the monomeric form.  
 Selective IgAD deficiency is occasionally familial (Koistinen 1976), and in some 
families, there is a shared propensity of relatives of IgAD patients to have CVID. Genetic 

22 

defects of a tumor necrosis factor receptor family member termed Transmembrane acti-
vator and calcium-modulator and cyclophilin-ligand interactor (TACI) have been identi-
fied in a few patients with IgAD and CVID, possibly causing defects in isotype switching 
(Castigli et al. 2005). There is an association of IgAD deficiency with certain HLA types, 
suggesting a linkage to the major histocompatibility complex (Lakhanpal et al. 1988). 
Genetic defects involving deletions of chromosome 14 and abnormalities of chromosome 
18 and chromosome 4 are also associated with IgAD (Hostoffer 2006).  
 Certain drugs, notably penicillamine, gold, fenclofenac, and valporate, may cause 
depression of serum IgA levels, which sometimes are permanent. Congenital rubella and 
Epstein–Barr virus infections have been implicated in a few cases of acquired IgAD.  
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4.3. Clinical Features 

Up to 90% of IgAD patients are asymptomatic. Indeed a few patients, particularly 
children under age 5, with low but measurable IgA levels outgrow the illness; this is 
most unusual in adults and in patients without detectable IgA (Blum et al. 1982). 
 Most symptomatic IgAD patients have frequent respiratory infections similar to 
patients with IgG subclass deficiencies or IPR. Many of these patients have a con-
comitant IgG2 deficiency and/or IPR. The most common infections are otitis, sinusi-
tis, or bronchitis. A few develop recurrent pneumonia, obstructive lung disease, or 
bronchiectasis or other chronic lung diseases.  
 Atopic patients have a high incidence of IgAD. This includes patients with 
asthma, rhinitis, hives, and eczema. A search for chronic sinusitis should be done in 
those with IgAD and asthma. Food intolerance, particularly milk allergy, is common 
in infants with IgAD; some of these patients have high titers of milk antibodies. 
Other causes of gastrointestinal symptoms in patient with IgAD include celiac dis-
ease, inflammatory bowel disease, nodular lymphoid hyperplasia, hepatitis, and 
others. Autoimmune disease is common among IgAD patients, notably rheumatoid 
arthritis, lupus erythematosus, and thyroiditis. At least 16 other autoimmune disor-
ders have been identified in patients with IgAD, involving all organ systems such as 
the skin, central nervous system (mental retardation), and the hematopoietic system, 
(immune thrombocytopenic purpura and autoimmune hemolytic anemia). One theory 
is that absence of IgA in the serum permits cross-reactive antigens to enter the circu-
lation and initiate autoimmune reactions. A very rare IgAD patient may have an 
anaphylactic reaction to a blood product containing IgA. Such patients have devel-
oped anti-IgA antibodies to a previous infusion and recognize IgA as a neo-antigen. 
Thus, blood products should be avoided in IgAD patients, and they should wear a 
Medic Alert badge to this effect. If IVIG is needed, a product low in IgA should be 
used, with caution and pre-medication (Cunningham-Rundles 2004).  

4.4. Laboratory Features 

Immunoglobulin and IgG subclass levels are the primary diagnostic tests. If IgAD is 
present, its absence should be confirmed by repeat sampling. Next, antibody titers to 
vaccine antigens should be done to determine whether there is a concomitant functional 
antibody deficiency. Assays for cellular immunity, phagocyte function, and complement 

4.5. Treatment and Prognosis 

Treatment of infections consists of prolonged or even prophylactic antibiotics. Vac-
cination status should be kept updated. A Medic-Alert badge is recommended for 
some patients to warn about administration of IVIG or blood products. A rare patient 
with refractory infection may require IVIG.  
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ment are usually normal. The presence of autoimmune antibodies such as antinuclear 
antibodies (ANA) and antithyroid antibodies are common. Allergy tests are often posi-
tive. Milk antibodies and celiac antibodies should be done if there is evidence of food 
intolerance or malabsorption. Anti-IgA antibodies can be assessed but do not correlate 
well with intolerance to IVIG.  
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 Prognosis is largely dependent on the presence of antibody deficiency, allergy, or 
autoimmune disease. IgAD is usually lifelong but not associated with life-threatening 
infections. Rare instances of spontaneous recovery have been recorded, particularly 
in young patients with measurable IgA. If the patient has been on a medication 
known to cause IgAD, its discontinuance may lead to recovery.  

The four most common immunodeficiencies in pediatric patients are THI, IgG sub-
class deficiency, IPR, and selective IgAD. All four illnesses are characterized by 
recurrent bacterial respiratory infections such as purulent rhinitis, sinusitis, otitis, and 
bronchitis. Except for some IgA-deficient patients, the molecular basis for these 
illnesses is not known, and indeed each syndrome is heterogeneous, with multiple 
causes. The chronic respiratory infections present are rarely life threatening but often 
require prolonged antibiotics. Only a few of these cases require the use of IVIG, and 
the outlook for long life is excellent.  

References 

al-Attas, R.A. and Rahi, A.H. (1998) Primary antibody deficiency in Arabs: first report from 
eastern Saudi Arabia. J. Clin. Immunol. 18, 368–371. 

Ambrosino, D.M., Siber, G.R., Chilmonczyk, B.A., Jernberg, J.B. and Finberg, R.W. (1987) 
An immunodeficiency characterized by impaired antibody responses to polysaccharides. 
N. Engl. J. Med. 316, 790–793. 

Blecher, T.E., Soothill, J.F., Voyce, M.A. and Walker, W.H. (1968) Antibody deficiency 
syndrome: a case with normal immunoglobulin levels. Clin. Exp. Immunol. 3, 47–56. 

Blum, P.M., Hong, R. and Stiehm, E.R. (1982) Spontaneous recovery of selective IgA defi-
ciency. Additional case reports and a review. Clin. Pediatr. 21, 77–80. 

Buckley, R.H. (2002) Immunoglobulin G subclass deficiency: fact or fancy? Curr. Allergy 
Asthma Rep. 2, 356–360. 

Castigli, E., Wilson, S.A., Garibyan, L., Rachid, R., Bonilla, F., Schneider, L. and Geha, R.S. 
(2005) TACI is mutant in common variable immunodeficiency and IgA deficiency. Nat. 
Genet. 37, 829–834. 

Cunningham-Rundles, S. (2004) The effect of aging on mucosal host defense. J. Nutr. Health 
Aging 8, 20–25. 

Dalal, I. and Roifman, C.H. (2006). Transient hypogammaglobulinemia of infancy, UpTo-
Date. Available at www.uptodate.com. 

Fudenberg, H.H. and Fudenberg, B.R. (1964) Antibody to hereditary human gamma-globulin 
(Gm) factor resulting from maternal-fetal incompatibility. Science 145, 170–171. 

Gitlin, D. and Janeway, C.A. (1956) Agammaglobulinemia, congenital, acquired and transient 
forms. Prog. Hematol. 1, 318–329. 

Granoff, D.M., Shackelford, P.G., Pandey, J.P. and Boies, E.G. (1986a) Antibody responses to 
Haemophilus influenzae type b polysaccharide vaccine in relation to Km(1) and G2m(23) 
immunoglobulin allotypes. J. Infect. Dis. 154, 257–264. 

Granoff, D.M., Shackelford, P.G., Suarez, B.K., Nahm, M.H., Cates, K.L., Murphy, T.V., 
Karasic, R., Osterholm, M.T., Pandey, J.P. and Daum, R.S. (1986b) Hemophilus influen-

24 

5. Conclusions 



2. Common Pediatric Immunodeficiencies 
 

zae type B disease in children vaccinated with type B polysaccharide vaccine. N. Engl. J. 
Med. 315, 1584–1590. 

Herrod, H.G. (1993) Management of the patient with IgG subclass deficiency and/or selective 
antibody deficiency. Ann. Allergy 70, 3–8. 

Hostoffer, R. (2006). IgA deficiency, UpToDate. Available at www.uptodate.com. 
Kalfa, V.C., Roberts, R.L. and Stiehm, E.R. (2003) The syndrome of chronic mucocutaneous 

candidiasis with selective antibody deficiency. Ann. Allergy Asthma Immunol. 90, 259–264. 
Kanoh, T., Mizumoto, T., Yasuda, N., Koya, M., Ohno, Y., Uchino, H., Yoshimura, K., 

Ohkubo, Y. and Yamaguchi, H. (1986) Selective IgA deficiency in Japanese blood donors: 
frequency and statistical analysis. Vox Sang. 50, 81–86. 

Koistinen, J. (1976) Familial clustering of selective IgA deficiency. Vox. Sang 30, 181–190. 
Kowalczyk, D., Mytar, B. and Zembala, M. (1997) Cytokine production in transient hypo-

gammaglobulinemia and isolated IgA deficiency. J. Allergy Clin. Immunol. 100, 556–562. 
Lakhanpal, S., O’Duffy, J.D., Homburger, H.A. and Moore, S.B. (1988) Evidence for linkage of 

IgA deficiency with the major histocompatibility complex. Mayo Clin. Proc. 63, 461–465. 
Lefranc, G., Chaabani, H., Van Loghem, E., Lefranc, M.P., De Lange, G. and Helal, A.N. 

(1983) Simultaneous absence of the human IgG1, IgG2, IgG4 and IgA1 subclasses: im-
munological and immunogenetical considerations. Eur. J. Immunol. 13, 240–244. 

Lemmon, J.K. and Knutsen, A.P. (2006). Clinical manifestations, diagnosis and treatment of 
IgG subclass deficiency, UpToDate. Available at www.uptodate.com. 

Migone, N., Oliviero, S., de Lange, G., Delacroix, D.L., Boschis, D., Altruda, F., Silengo, L., 
DeMarchi, M. and Carbonara, A.O. (1984) Multiple gene deletions within the human im-
munoglobulin heavy-chain cluster. Proc. Natl. Acad. Sci. U.S.A. 81, 5811–5815. 

Nathenson, G. (1971) Development of Gm antibodies following injection of anti-Rh gamma 
globulin. Transfusion 11, 302–306. 

Oxelius, V.A., Laurell, A.B., Lindquist, B., Golebiowska, H., Axelsson, U., Bjorkander, J. and 
Hanson, L.A. (1981) IgG subclasses in selective IgA deficiency: importance of IgG2-IgA 
deficiency. N. Engl. J. Med. 304, 1476–1477. 

Rockey, J.H., Hanson, L.A., Heremans, J.F. and Kunkel, H.G. (1964) Beta-2a Aglobulinemia 
in two healthy men. J. Lab. Clin. Med. 63, 205–212. 

Roifman, C.M. (2004). Immunodeficiency disorders: general considerations. In: E.R. Stiehm, 
H.D. Ochs and J.A. Winkelstein (Eds), Immunologic Disorders in Infants and Children. 
Philadelphia, Elsevier: 391–393. 

Saxon, A., Kobayashi, R.H., Stevens, R.H., Singer, A.D., Stiehm, E.R. and Siegel, S.C. (1980) 
In vitro analysis of humoral immunity in antibody deficiency with normal immunoglobu-
lins. Clin. Immunol. Immunopathol. 17, 235–244. 

Schur, P.H., Borel, H., Gelfand, E.W., Alper, C.A. and Rosen, F.S. (1970) Selective gamma-g 
globulin deficiencies in patients with recurrent pyogenic infections. N. Engl. J. Med. 283, 
631–634. 

Siegel, R.L., Issekutz, T., Schwaber, J., Rosen, F.S. and Geha, R.S. (1981) Deficiency of T helper 
cells in transient hypogammaglobulinemia of infancy. N. Engl. J. Med. 305, 1307–1313. 

Sorensen, R.U. and Paris, K. (2006). Selective antibody deficiency with normal immu-
noglobulins (polysaccharide non-responses), UpToDate. Available at www.uptodate.com. 

Stiehm, E.R., Ochs, H.D. and Winkelstein, J.A. (2004a). IgG subclass deficiencies. In:  
E.R. Stiehm, H.D. Ochs and J.A. Winkelstein (Eds), Immunologic Disorders in Infants 
and Children. Philadelphia, Elsevier: 393–398. 

Stiehm, E.R., Ochs, H.D. and Winkelstein, J.A. (Eds)(2004b). Immunodeficiency disorders: 
general considerations. In Immunologic Disorders in Infants and Children. Philadelphia, 
Elsevier: 289–355. 

25 



Richard E. Stiehm 
 
Stiehm, E.R., Ochs, H.D. and Winkelstein, J.A. (Eds)(2004). Impaired polysacchride respon-

siveness (selective antibody deficiency). In Immunologic Disorders in Infants and Chil-
dren. Philadelphia, Elsevier: 398–401. 

West, C.D., Hong, R. and Holland, N.H. (1962) Immunoglobulin levels from the newborn period 
to adulthood and in immunoglobulin deficiency states. J. Clin. Invest. 41, 2054–2064. 

Whelan, M.A., Hwan, W.H., Beausoleil, J., Hauck, W.W. and McGeady, S.J. (2006) Infants 
presenting with recurrent infections and low immunoglobulins: characteristics and analysis 
of normalization. J. Clin. Immunol. 26, 7–11. 

Wood, P.M., Mayne, A., Joyce, H., Smith, C.I., Granoff, D.M. and Kumararatne, D.S. (2001) 
A mutation in Bruton’s tyrosine kinase as a cause of selective anti-polysaccharide anti-
body deficiency. J. Pediatr. 139, 148–151. 

 
 

26 



3 
Immune Dysregulation, Polyendocrinopathy, 
Enteropathy, X-Linked Inheritance: Model  
for Autoaggression 

Hans D. Ochs and Troy R. Torgerson 

University of Washington and Children’s Hospital and Regional Medical Center 
Division of Immunology, Seattle, WA, USA, allgau@u.washington.edu 

Abstract. Patients with the rare X-linked syndrome, immune dysregulation, polyendocrinopathy, 
enteropathy (IPEX) may present early in life with type I diabetes, hyperthyroidism, chronic 
enteropathy, villous atrophy, dermatitis, autoimmune hemolytic anemia, and antibody- induced 
neutropenia and thrombocytopenia. Of the reported families with IPEX, most affected boys died 
before the age of 3 years of malabsorbtion, failure to thrive, infections, or other complications. 
Characteristic findings at autopsy include lymphocytic infiltrates affecting the lungs, endocrine 
organs, such as pancreas and thyroid and skin, and increased lymphoid elements in lymph nodes 
and spleen. Although symptomatic therapy with immunosuppressive drugs provides some bene-
ficial effects, the only curative treatment is hematopoietic stem cell transplantation. 

1. Introduction 

More than 20 years before, the initial description of immune dysregulation, polyendo-
crinopathy, enteropathy (IPEX), a spontaneously occurring mutant mouse strain called 
scurfy, was identified that affected newborn male mice. Scurfy has many phenotypic 
similarities to IPEX, including X-lined inheritance, polyendocrinopathy, enteropathy 
resulting in failure to thrive, and dermatitis. Death occurs invariably during the first  
3–4 weeks of life. Using positional cloning, the gene responsible for the scurfy syn-
drome was identified and found to be a transcription factor, Foxp3, belonging to the 
forkhead-winged helix family. The human ortholog, FOXP3, was subsequently recog-
nized as the causative gene for IPEX. The DNA- binding protein, FOXP3, plays an 
essential role in generating CD4+ CD25+ regulatory T (Treg) cells in the thymus. Natu-
rally occurring mutations of FOXP3 result in the absence of Treg cells and the genera-
tion of autoaggressive lymphocyte clones that are directly responsible for IPEX in 
humans and scurfy in mice. Experiments in knock-in mice have clearly demonstrated 
the importance of Treg cells in preventing autoimmune disease throughout the life of a 
mouse. Thus, the study of IPEX and Scurfy has provided important insight into the 
mechanisms of immunosuppression, autoimmunity, and tolerance. 
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2. Clinical and Pathologic Manifestations of IPEX 

The first description of IPEX was provided in 1982 when a large family with multiple 
affected males in a five-generation pedigree was reported with early onset of polyen-
docrinopathy, enteropathy, dermatitis/eczema, and premature death (Powell et al. 
1982). Following the discovery of the genetic defect in IPEX (Bennett et al. 2001b; 
Wildin et al. 2001), more than 60 unrelated families with FOXP3 mutations have been 
identified. In addition to patients with the classic triad of severe diarrhea and failure to 
thrive, dermatitis/eczema, and early onset diabetes, patients with milder phenotypes 
were observed, often with delayed onset, which were not readily recognized as IPEX. 
The oldest patient in our series was 24 years of age when the diagnosis of IPEX was 
considered and subsequently confirmed by mutation analysis. The clinical findings and 
laboratory abnormalities observed in a cohort of 50 IPEX patients with identified 
FOXP3 mutations are summarized in Table 1. 

2.1. Gastrointestinal Symptoms and Failure to Thrive 

Severe diarrhea associated with villous atrophy and extensive lymphocytic infiltrates of 
the small bowel mucosa is the most prominent clinical finding in patients with the 
IPEX phenotype. With one exception, all patients in our series presented with gastroin-
testinal symptoms of watery or mucoid-bloody diarrhea with poor response to dietary 

TABLE 1. Clinical and laboratory abnormalities in IPEX patients with FOXP3 mutations 
 

Clinical features (n = 51) No. affected Percent 

Enteropathy 
Skin pathology 
Endocrinopathy 
Diabetes (type 1) 
Thyroid disease 
Cytopenia 
(RBC, neutrophils, and platelets) 
Nephropathy 
Hepatitis 
Neurological diseases 
Serious infections 
Lymphadenopathy 
Arthritis/vasculitis 
 
Laboratory features 
  Elevated IgE (n = 27) 
  Elevated IgA (n = 30) 
 
Outcome 
  Alive 
  BMTransplantation 

49 
47 
37 
27 
16 
24 
 

15 
11 
11 
31 
4 
4 
 
 

25 
20 
 
 

28 
12 

 

98 
94 
74 
54 
32 
48 
 

30 
22 
22 
62 
8 
8 
 
 

93 
67 
 
 

56 
24 
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Treatment with immunosuppressive drugs may improve gastrointestinal symptoms in 
some patients (Bindl et al. 2005).  

2.2. Autoimmune Endocrinopathy 

The second most common complication of IPEX is autoimmune endocrinopathy. Early 
onset (sometimes present at birth) insulin-dependent type I diabetes is almost a pathog-
nomonic finding originally reported by Powell et al. (1982). The diabetes is difficult to 
control, and affected males often have anti-islet cell autoantibodies. At autopsy, the 
pancreas shows chronic interstitial inflammation with lymphocytic infiltrates and ab-
sence of islet cells (Wildin et al. 2002). Thyroid disease, initially presenting as either 
hypo- or hyper-thyroidism, is a common complication (Powell et al. 1982; Nieves 
et al. 2004), and may be associated with elevated thyroid stimulation hormone levels 
or anti-thyroid microsomal antibodies (Wildin et al. 2002). 

2.3. Autoimmune Hematologic Disorders 

Coombs-positive hemolytic anemia, autoimmune thrombocytopenia, or neutropenia 
with early or late onset are frequently observed complications (Powell et al. 1982; 
Wildin et al. 2002; Nieves et al. 2004); anti-red blood cell, anti-platelet, and anti-
neutrophil autoantibodies can be frequently demonstrated. 

2.4. Dermatologic Abnormalities 

Lesions of the skin are common clinical findings (Powell et al. 1982; Nieves et al. 
2004). During infancy, the lesions may be erythematous involving the entire body. 
Older patients often develop chronic eczema or localized psoriasiform dermatitis. His-
tologically, the psoriasiform lesions show irregular hyperplasia of the epidermis with 
overlying parakeratosis and lymphocytic infiltrates (Nieves et al. 2004). Alopecia 
universalis has been observed in several patients. Treatment with steroid ointment 
often improves the skin lesions. 

2.5. Infections 

The increased susceptibility to infections may be a direct function of the genetic 
defect, as was postulated by Powell et al. (1982), or it may be secondary to the de-
creased barrier function of the skin and gut or iatrogenic due to prolonged immuno-
suppressive therapy. In our series of over 100 patients with the IPEX phenotype, 
approximately one half had serious infections including sepsis, meningitis, pneumo-
nia, and osteomyelitis. These infections were observed in many cases prior to the 
initiation of immunosuppressive therapy. Sepsis as a direct result of line infections is 
a common complication. Neutropenia, if present, may contribute to susceptibility to 
bacterial infections. The most common pathogens identified in our series of IPEX 
patients were Enterococcus and Staphylococcus species, cytomegalovirus, and Can-
dida (Gambineri et al. 2003). 

manipulation. Total parenteral nutrition (TPN) is frequently a life-saving intervention. 
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2.6. Other Clinical Manifestations 

Renal disease, often described as glomerulonephropathy or interstitial nephritis, has 
been reported (Powell et al. 1982). In our own series of IPEX patients, more than 50% 
with demonstrated FOXP3 mutations had renal abnormalities. In some instance, renal 
disease might be directly caused or worsened by treatment with cyclosprin A or 
FK506. Renal disease, however, has been described in IPEX patients not receiving 
immunosuppressive drugs. Splenomegaly and lymphadenopathy due to extensive 
lymphocytic infiltrates have been reported in patients at autopsy (Wildin et al. 2002). 
Unexpectedly, almost half of the IPEX patients in our own series had neurologic prob-
lems including seizures and mental retardation. 

2.7. Laboratory Findings and Histopathology 

The immunologic evaluation of IPEX patients is unremarkable except for elevated 
serum levels of IgE and IgA and marked eosinophilia. Functional analysis of the 
immune system is difficult, since most patients are on systemic immunosuppressive 
therapy at the time of testing.  The presence of autoantibodies is a hallmark of the 
syndrome. Most patients with insulin-dependent diabetes have autoantibodies against 
pancreatic islet cells (Baud et al. 2001; Wildin et al. 2002). Circulating autoantibod-
ies against human intestinal enterocytes and an autoantibody specific for a 75-kDa 
gut and kidney-specific antigen (AIE-75) have been observed (Kobayashi et al. 
1998). Circulating lymphocytes expressing CD4 and CD25 markers are present in 
IPEX patients with FOXP3 mutations, but none of these cells express the FOXP3 
protein. 
 The intestinal tract abnormalities are characterized by a loss of villi in the small 
bowel associated with mucosal erosions and lymphocytic infiltrates in the lamina 
propria and submucosa. Lymphocytic infiltrates may also be present in the colon. 
The pancreas of infants with insulin-dependant diabetes shows lymphocytic infil-
trates and loss of Langerhans cells. The thyroid, if affected, demonstrates extensive 
lymphocytic infiltrates (Wildin et al. 2002). Microscopic evaluations of skin biopsies 
are consistent with eczema; some lesions resemble psoriasiform dermatitis, showing 
hyperplasia of the epidermis and parakeratosis. The dermis may contain large num-
bers of infiltrating lymphocytes that consist predominantly of CD4+ and CD8+ T 
cells (Nieves et al. 2004). Spleen, liver, and lymph nodes often show lymphocytic 
infiltrates (Wildin et al. 2002). A hypotrophic thymus, often observed at autopsy, 
may be the result of chronic illness or prolonged immunosuppressive therapy. Renal 
abnormalities include interstitial nephritis, focal tubular atrophy, membranous 
glomerulopathy, and lymphocytic infiltrates. 

3. Molecular Basis of IPEX 

Based on family studies, the gene responsible for IPEX was mapped to Xp11.23–
Xq13.3. Following the discovery that mutation of a forkhead/winged-helix DNA- 
binding protein (Foxp3) resulted in a lymphoproliferative syndrome in mice similar to 
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the IPEX syndrome in humans (Brunkow et al. 2001), it was recognized that sympto-
matic males from IPEX families had mutations in the FOXP3 gene (Bennett et al. 
2001; Wildin et al. 2001). The human FOXP3 gene is located at the short arm of the X 
chromosome and consists of 11 translated exons that encode a protein of 431 amino 
acids. The gene is expressed predominantly in lymphoid tissue, particularly in CD4+, 
CD25  T cells. The forkhead protein FOXP3 is a member of the P subfamily of Fox 
transcription factors which are characterized by the presence of a highly conserved 
winged-helix/forkhead DNA-binding domain. Proteins bearing a forkhead DNA-
binding motif comprise a large family of related molecules that play an important role 
in embryonic patterning, development, and metabolism (Carlsson and Mahlapuu 
2002). Only a small subset of these transcription factor family members are crucial for 
the development and maintenance of normal immune responses and thymic develop-
ment (Foxn1), for lineage commitment (Foxp3), and for the function of lymphocytes 
(Foxj1 and Foxo3). The FOXP3 protein consists of a proline-rich domain at the N-
terminus, a C2H2 zinc finger and a leucine zipper in the central portion thought to be 
involved in protein/protein interaction, and a forkhead DNA-binding domain at the  
C-terminus.  

4. Function of FOXP3 

Transcription factors have two essential functions: nuclear import and direct binding 
to DNA. If the forkhead domain is deleted or mutated, nuclear import and DNA 
binding are completely abolished (Lopes et al. 2006). To be functionally active, 
FOXP3 has to be in the homodimer formation, which depends on the intact leucine 
zipper sequence.  Mutations occurring in this region interfere with homodimeriza-
tion. A novel functional domain within the N-terminal region is required for FOXP3- 
mediated repression of NFAT-controlled gene transcription (Lopes et al. 2006). 
Based on in vivo and in vitro experiments, FOXP3 is considered a transcriptional 
repressor of cytokine promoters by functioning as a specific repressor for the two 
pivotal transcription factors, NF-κB and NFAT which play a key role in the expres-
sion of multiple cytokine genes (Schubert et al. 2001; Bettelli et al. 2005; Lopes 
et al. 2006; Wu et al. 2006). Transgenic mice expressing multiple copies of the 
Foxp3 gene have a dramatic suppression of immune responses characterized by 
markedly decreased numbers of CD4+ T cells in the peripheral blood and decreased 
cellularity in lymph nodes and spleen. These mice were hyporesponsive to stimula-
tion both in vitro and in vivo.  In this model, Foxp3 functions as a rheostat of the 
immune system, with activation responses being inversely proportional to the 
amount of the Foxp3 protein being expressed by CD4+ T cells. Taken together, 
FOXP3 has an important function in the regulation of peripheral CD4+ T cells as 
well as in the generation of Treg cells in the thymus. 

bright
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5. Foxp3 and Treg Cells 

A small subset of CD4+ T cells expressing the low-affinity IL-2 receptor α-chain 
(CD25) has been shown to be anergic. Upon activation, these cells suppress prolif-
eration and IL-2 production of naïve and memory effector T cells through a contact-
dependent cytokine-independent mechanism (Itoh et al. 1999; Bacchetta et al. 2005). 
Although the precise molecular events that lead to the production of Treg cells are 
unknown, it was recently shown that in mice, Foxp3 plays a crucial role in the gen-
eration of Tregs (Fontenot et al. 2003). It is presently unknown how this population 
of CD4+ CD25+ Treg cells exerts its potent suppressive effect on the immune re-
sponse and how Treg cells themselves are generated and modulated. There is, how-
ever, no question that Tregs play a critical role in establishing and maintaining self-
tolerance and immune homeostasis (Fontenot and Rudensky 2005). Treg cells have 
been recognized as leading factors in the control of chronic human disease. They 
play a major role in transplantation tolerance (Wood and Sakaguchi 2003) and seem 
to be low in numbers (and expression of FOXP3) in patients with chronic graft ver-
sus host disease following bone marrow transplantation (Zorn et al. 2005). The lack 
of Treg cells has been associated with autoimmune diseases in both humans and 
mice, and as expected, treatment strategies to increase Treg function have improved 
transplantation tolerance and autoimmune symptoms (Loser et al. 2005; Randolph 
and Fathman 2006). Experiments in mice have demonstrated that CD4+ CD25+ Treg 
cells are required for induction of oral tolerance (Dubois et al. 2003) and that  
administration of oral antigen dramatically induces the number and function of  
antigen-specific CD4+ CD25+ Tregs (Zhang et al. 2001). Increased numbers and 
activities of Tregs have been associated with tumor progression (Ormandy, Hillemann, 
Wedemeyer, Manns, Greten, and Korangy 2005), and new anti-tumor therapies are 
being explored to reduce Treg activity. 

6. Fox Mutation Analysis in Patients with the IPEX Phenotype 

In an effort to define the clinical and immunologic phenotype of IPEX and to explore 
a possible phenotype–genotype correlation, we have evaluated more than 100 pa-
tients from over 60 families who presented with the clinical phenotype of IPEX for 
mutations in FOXP3. To date, we have identified over 30 novel mutations, including 
missense mutations in the proline-rich domain, the leucine zipper, and the forkhead 
domain in addition to deletions and splice-site mutations. In one family with multiple 
affected members, we found a large deletion upstream of exon 1 resulting in failure 
to initiate normal splicing.  Two families were found to have a point mutation affect-
ing the first canonical polyadenylation region (Bennett et al. 2001). In our experi-
ence, only 60% of patients presenting with the IPEX phenotype have identifiable 
mutation of FOXP3. 
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7. Diagnoses and Treatment of IPEX 

The diagnoses of IPEX should be considered in any young male patient presenting 
with intractable diarrhea, villous atrophy, and failure to thrive. The presence of an 
erythematous rash, eczema, or psoriasiform dermatitis strongly supports this diagnosis. 
Early onset of type 1 diabetes in a male patient with gastrointestinal symptoms and 

cells and is confirmed by mutation analysis of the FOXP3 gene. If the mutation in a 
given family is known, carrier females can be identified and prenatal diagnosis per-
formed in a male fetus by sequence analysis of FOXP3 using DNA extracted from 
chorionic villous biopsies or cultured amniocytes.   
 It is important to initiate early aggressive therapy including TPN. Red blood cell 
and platelet transfusions may be necessary. Long-term immunosuppression has 
proven effective in some patients, but usually only partially and for a limited period.  
Cyclosporin A or tacrolimus often in combination with steroids has been used with 
some success. Some patients respond to sirolimus (rapamycin), which seems to be 
less nephrotoxic. Other immunosuppressive medications, including infliximab and 
retuximab, have been tried alone or in combination but with limited success. Chronic 
immunosuppressive therapy may facilitate opportunistic infections and cause secon-
dary renal damage. Hematopoietic stem cell transplantation is currently the only 
effective cure for IPEX. Some patients have achieved complete remission of symp-
toms following bone marrow transplantation (Baud et al. 2001; Mazzolari et al. 
2005; Rao et al. 2007). Both full and reduced intensity conditioning have been re-
ported to be successful. Generally, the prognosis for patients with IPEX is poor, and 
if untreated, most die at an early age. 

8. Animal Models 

The original scurfy (sf) mutation, a fatal X-linked condition, has occurred spontane-
ously in a partially inbred strain of mice (Russell et al. 1959). Shortly after birth, af-
fected male mice present with a scaly skin rash and severe runting secondary to chronic 
diarrhea and malabsorption. Characteristically, the mice exhibited lymphadenopathy, 
splenomegaly, massive lymphocytic infiltrates of the skin, liver, and lungs and devel-
oped hemolytic anemia associated with a positive Coombs test, suggesting that the sf 
mutation causes a generalized autoimmune-like syndrome. The gene responsible for 
the sf mutation was identified and designated as Foxp3 (Brunkow et al. 2001) consist-
ing of a two-base-pair insertion in exon 8, resulting in a frame shift that leads to a trun-
cated protein product lacking the carboxy-terminal fork-head domain. This sf mouse 
model was instrumental in the discovery of Treg cells (Fontenot et al. 2003). Using 
Foxp3-negative gene-targeted mice and a GFP-Foxp3 fusion-protein-reporter knock-in 
allele, it could be shown that expression of Foxp3 was highly restricted to αβ CD4+  
T cells and irrespective of CD25 expression correlated with suppressor activity 
(Fontenot et al. 2005). Acute in vivo ablation of Treg cells demonstrated that Treg 
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eczema is highly suspicious of IPEX. Autoimmune hemolytic anemia, thrombocyto-
penia, or neutropenia are not always present or may occur at a later age.  The diagnoses 
of IPEX is highly suspect by demonstrating the absence of CD4+ CD25+ FOXP3+ Treg 
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cells play vital function in neonatal and adult mice suggesting that self-reactive T cells 
are continuously suppressed by Treg cells. When this suppression is relieved, self-
reactive T cells become activated and facilitate accelerated maturation of dendritic cells 
and events that lead to catastrophic autoimmunity for the lifespan of the mice (Kim  
et al. 2007). 

9. Conclusions 

Foxp3 is the key mediator of Treg development in the thymus. Naturally occurring 
mutations of FOXP3 interfere with this process, resulting in the generation of 
autoaggressive T lymphocyte clones that are directly responsible for the IPEX syn-
drome in humans and scurfy in mice; both are lethal diseases. Hematopoietic stem 
cell transplantation is the only cure for patients with IPEX. It is anticipated that ex-
ploitation of the scurfy mouse model and further evaluation of patients with IPEX 
will lead to a better understanding of the function of FOXP3 as a transcription factor, 
and will facilitate the identification of genes that are regulated by FOXP3. Investiga-
tions along these lines will provide important insight into the mechanisms of immu-
nosuppression, autoimmunity, and tolerance and may lead to novel strategies to treat 
patients with autoimmune diseases, graft versus host disease, and cancer. 
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Abstract. Chromosome 22q11.2 deletion (CH22qD) syndrome is also known as DiGeorge 
syndrome or velocardiofacial syndrome. This deletion syndrome is extremely common with 
nearly one in 4000 children being affected. Recent advances and a holistic approach to pa-
tients have improved the care and well-being of these patients. This review will summarize 
advances in understanding the health needs and immune system of patients with CH22qD 
syndrome.  Patients will most often need interventions directed at maximizing function for 
many organ systems but can ultimately have a high level of functioning. 

1. Nomenclature 

Chromosome 22q11.2 deletion (CH22qD) syndrome is an umbrella term referring to 
a number of syndromes, which have in common a hemizygous deletion of chromo-
some 22. Approximately 90% of patients carrying the clinical diagnosis of DiGeorge 
syndrome and 80% of patients carrying the clinical diagnosis of velocardiofacial 
syndrome carry the hemizygous deletion. Additional patients with CHARGE and 
conotruncal anomaly face syndrome have been demonstrated to carry the deletion. 
Importantly, not all patients with DiGeorge syndrome have the deletion, and it is 
important to recognize those patients as well as the more common patients who have 
the deletion but have features which are not consistent with DiGeorge syndrome. The 
term CH22qD will be utilized when referencing data related to patients known to 
have the deletion and specific syndromic nomenclature utilized when the resource 
data relied on clinical features in this review. 
 Most patients with the deletion have a conotruncal cardiac anomaly and a mild 
to moderate immune deficiency. Developmental delay, palatal dysfunction, and 
feeding problems are also seen in a majority of infants.  Beyond these few relatively 
consistent features, the remaining clinical features are seen in fewer than 50% of 
patients (Table 1).  The diversity of clinical features requires that the term CH22qD 
be used when the deletion is present and the syndromic terms be used only when the 
genetic basis is not known. 



 
TABLE 1. Clinical findings in patients with chromosome 22q11.2 deletion syndrome 

Cardiac anomalies 49–83% 
 Tetralogy of fallot 17–22% 
 Interrupted aortic arch 14–15% 
 Ventriculoseptal defect 13–14% 
 Truncus arteriosus 7–9% 
Hypocalcemia 17–60% 
Growth hormone deficiency 4% 
Palatal anomalies 69–100% 
 Cleft palate 9–11% 
 Submucous cleft palate 5–16% 
 Velopharyngeal insufficiency 27–92% 
 Bifid uvula 5% 
Renal anomalies 36–37% 
 Absent/dysplastic 17% 
 Obstruction 10% 
 Reflux 4% 
Ophthalmologic abnormalities 7–70% 
 Tortuous retinal vessels 58% 
 Posterior embryotoxon (anterior segment dysgenesis) 69% 
Neurologic 8% 
 Cerebral atrophy 1% 
 Cerebellar hypoplasia 0.4% 
Dental: delayed eruption and enamel hypoplasia 2.5% 
Skeletal abnormalities 17–19% 
 Cervical spine anomalies 40–50% 
 Vertebral anomalies 19% 
 Lower extremity anomalies 15% 
Speech delay 79–84% 
Developmental delay in infancy 75% 
Developmental delay in childhood 45% 
Behavior/psychiatric problems 9–50% 
 Attention deficit hyperactivity disorder 25% 
 Schizophrenia 6–30% 
 
 Taken from Gerdes et al. 1999; McDonald-McGinn et al. 1999; Moss et al. 1999; Motzkin et al. 
1993; Ryan et al. 1997; Shprintzen et al. 1992; Swillen et al. 1997; Vantrappen et al. 1999; 
Wang et al. 2000; Yan et al. 1998. 

2. Genetics 

CH22qD is felt to occur in approximately 1:4000 births (Botto et al. 2003; Wilson  
et al. 1993). The frequency may be increasing as patients who had life-saving cardiac 
surgery in the 1980s are now reaching reproductive age, but the spontaneous deletion 
rate is quite high. The deletion event is mediated by low copy number repeats 
(LCRs) (Dunham et al. 1999). Four blocks of LCRs are found in this region (Figure 1), 
and each block consists of a number of modules of repeats, which are found in various 
lengths and orientations within a block (Shaikh et al. 2000). The LCRs on chromosome 
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22q11.2 are larger, more complex, and have higher homology than any of the other 
LCRs in the genome associated with human chromosomal deletion syndromes, per-
haps explaining why this syndrome is so common. 
 Within the commonly deleted region of chromosome 22q11.2, there are over 35 
genes. LoxP Cre deletions in mice were constructed, which mimicked the deletions in 
humans and defined TBX1 as the most likely gene contributing to the cardiac pheno-
type (Lindsay et al. 1999). A TBX1 knockout mouse confirmed the importance of this 
gene in cardiac development.  Initially, the deletion mice were felt to have an isolated 
cardiac phenotype. When the deletion was bred onto other strains, the parathyroid and 
thymic phenotypes were revealed. Studies of humans also suggest that genetic back-
ground may subtly alter the phenotype (Jiang et al. 2005; Munoz et al. 2001). 
 In mice, TBX1 is expressed in the pharyngeal mesenchyme and endodermal 
pouches. These segmentation structures ultimately develop into the thorax and facial 
structures. Haplosufficiency for TBX1 leads to smaller third and fourth 
pouches/arches due to decreased proliferation of endoderm cells in the branchial 
arches (Xu et al. 2005; Zhang et al. 2005). These small arches subsequently lead to 
compromised development of the facial structures, parathyroid, and thymus. TBX1 is 
also expressed in the secondary heart field. Cells of the secondary heart field are 
derived from the pharyngeal mesoderm and give rise to the right ventricle and the 
outflow tract. These are the regions primarily affected in CH22qD.  
 Patients with Ch22qD syndrome have a variety of malformations which cannot be 
attributed to the effects on the branchial arches. Behavioral, cognitive, and psychiatric 
disturbances are extremely common, and distal skeletal anomalies, vertebral anomalies, 
and renal anomalies are seen in a minority of patients. TBX1 is expressed in the early 
brain mesoderm under the influence of the protein sonic hedgehog and in the sclerotome 
which gives rise to structures in the spinal column (Mahadevan et al. 2004). It is felt that 
haplosufficiency for TBX1 impairs appropriate development in these regions as well. 
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FIGURE 1. The genes within the commonly deleted region of chromosome 22.  The light gray 
boxes represent the genes.  The darker gray boxes below the schematic chromosome represent 
the low copy number repeats (LCRs).  The most common deletion, which is 3Mb, occurs 
between the two most distant LCRs.  Eight percent of the patients have a slightly smaller 1.5 
Mb deletion, and the remainder of patients have a variety of deletions with one breakpoint in 
an LCR. 
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 There is substantial interest in identifying the specific functions of TBX1 in the 
hope that an intervention could be developed to ameliorate the effects of haplosuffi-
ciency for TBX1. One potential step in that direction arises from investigation of a 
different syndrome. Fetal isotretinoin exposure causes a syndrome with remarkable 
similarity to CH22qD (Cipollone et al. 2006). Retinoic acid is a repressor of TBX1 
expression and therefore exerts its effects via the same pathway (Roberts et al. 2005). 
Manipulation of this pathway could normalize levels of TBX1 if detected early 
enough in affected infants.  Identification of modifier genes could also provide a 
framework for developing meaningful interventions (Lawrence et al. 2003; Stalmans 
et al. 2003). 

3. Management 

The diagnosis of CH22qD is simple and widely available. The fluorescent in situ 
hybridization (FISH) method is used currently. Efforts to develop a rapid PCR-based 
method are underway and may yield a rapid commercial test soon (Chen et al. 2006; 
Fernandez et al. 2005; Vorstman et al. 2006). The issue of diagnosis is more difficult 
when a patient with classic features has no evidence of a deletion by FISH. There are 
several potential explanations: a point mutation in TBX1, which has been described 
in a very small number of patients (Yagi et al. 2003), a deletion which is smaller than 
normal and not detected by standard FISH, or a non-chromosome 22 explanation. 
Deletions of chromosome 10, mutations in CHD7, and patients with prenatal expo-
sure to isotretinoin or elevated glucose can be associated with a phenotype similar to 
that seen in CH22qD (Coberly et al. 1996; Digilio et al. 1995; Novak and Robinson 
1994; Theodoropoulos 2003; Van Esch et al. 1999). There are also patients with 
velocardiofacial syndrome (VCFS) or DiGeorge syndrome and no known etiology. 
This is a significant clinical issue because the recurrence risk in these kindred is 
not known. 
 There are limited data and fewer recommendations regarding appropriate 
use of the FISH test. Not all cardiac anomalies are equally associated with 
CH22qD, and other clinical features have varying predictive values (Table 2). 
In infants with a congenital heart defect and no syndromic features, the inci-
dence of CH22qD is reported to be very low (0–1%) (Frohn-Mulder et al. 
1999). Thus, it is the combination of an appropriate cardiac anomaly and any 
other consistent feature, which is most strongly predictive of the deletion. The 
population most difficult to identify consists of patients with only developmen-
tal delay or speech delay. One study has shown that physicians trained to recog-
nize the subtle facial features are more likely to identify patients correctly; 
however, most primary care clinicians have only one or two patients under their 
care (Becker et al. 2004). 
 The management of patients with CH22qD is completely dependent on age 
and phenotype (Figure 2). Patients with CH22qD may present at any age al-
though the majority of patients are identified shortly after birth due to the pres-
ence of a cardiac anomaly.  In newborns, a physical examination, laboratory 
studies, and radiographic studies should target problems that are likely to  
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require immediate intervention such as cardiac anomalies, hypocalcemia, severe 
immunodeficiency, or intestinal malrotation. Feeding problems are most often 
seen early in life and can be extremely distressing to parents (Rommel et al. 
1999). Ages 2–4 years require attention to development and speech while the 
school age years require additional attention to cognitive development and 
growth.  Behavioral and psychiatric disorders are seen in teenagers and adults. 
Each of these organ systems will in turn be reviewed. 
 Cardiac anomalies are seen in approximately 75% of all patients with 
CH22qD and are the major cause of death. The range of cardiovascular anoma-
lies is enormous although conotruncal defects predominate.  Most, but not all, 
patients with a cardiac defect will require surgery, and the surgical risk is 
probably comparable to that of other children. The two issues, which require 
attention prior to surgery, are monitoring of serum calcium levels and identifi-
cation of a serious immunodeficiency. Low T cell numbers are seen in 75–80% 
of infants with Ch22qD although few patients have a severe immune deficiency 
(Ryan et al. 1997). These patients are rare but do require protection from infection, 
live viral vaccines, and blood products. 

 

 It is not uncommon for patients to require cardiac surgery prior to an immu-
nologic evaluation. Several strategies may limit risk to the patient.  Many large cen-
ters in the United States simply irradiate all blood products provided to infants less 
than 1 year of age. Another strategy is to stratify risk according to the absolute lym-
phocyte count from a complete blood count although this is not very accurate.   
 Individuals with Ch22qD frequently have a small hypoplastic thymus. The size 
of the thymus does not predict circulating T cell counts partly due to microscopic 
rests of thymic epithelial cells (Bale and Sotelo-Avila 1993). Early laboratory 
evaluations of T cell counts and T cell function are typically recommended to stratify 
the risk of infection. Patients with severely impaired immunologic function are sus-
ceptible to the same types of infections and complications as patients with severe 

TABLE 2. The frequency of the chromosome 22q11.2 deletion in various patient 
populations 

Phenotypic feature Frequency of deletion (%) 
Any cardiac lesion 1.1 
Conotruncal cardiac anomaly 7–50 
Interrupted aortic arch 50–60 
Pulmonary atresia 33–45 
Aberrant subclavian 25 
Tetralogy of Fallot 11–17 
Velopharyngeal insufficiency 64 
Velopharyngeal insufficiency post-adenoidectomy 37 
Neonatal hypocalcemia 74 
Schizophrenia 0.3–6.4 
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combined immunodeficiency. For example, graft-versus-host disease, severe adeno-

 Most patients have a mild to moderate decrease in the mean number of CD3+ T 
cells and CD4+ T-helper cells compared to age-matched controls (Chinen et al. 
2003; Jawad et al. 2001; Junker and Driscoll 1995; Kanaya et al. 2006; Kornfeld 
et al. 2000; Sediva et al. 2005; Sullivan et al. 1999). T cell proliferation is normal in 
the majority of patients and when decreased is simply reflecting the low frequency of 
responder cells (Bastian et al. 1989; Chinen et al. 2003; Junker et al. 1995; Kornfeld 
et al. 2000; Sullivan et al. 1999). The majority of patients with the deletion are mod-
estly immunocompromised and do not develop opportunistic infections. Viral infec-
tions can be prolonged and abnormal palatal anatomy may lead to compromised 
drainage and an increased susceptibility to upper airway bacterial infections.   
 To gain further insight into the T cell defect in patients with CH22qD, studies 
have been performed to evaluate subtle functional defects, which might contribute to 
the recurrent infection pattern seen in many patients. Cytokine production appears to 
be normal (Kanaya et al. 2006); however, proliferation deteriorates with age, and the 
decreased proliferative ability may relate to shortened telomeres (Piliero et al. 2004). 
Telomere critical length is seen in patients with CH22qD in middle age and may 

FIGURE 2. The dynamic nature of health concerns in patients with chromosome 22q11.2 deletion 
(CH22qD).  The level of concern is indicated schematically across the top, and age is indicated 
on the y-axis.  The relative levels of concern are roughly indicated to emphasize how the needs of 
patients change with age. 

Birth
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Low                                   High
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Infection Behavior Cognitive
Infection Behavior Cognitive
Infection Psychiatric Employment

prevent full proliferative potential.  This compromise in proliferation is associated 
with mild defects in repertoire diversity. 
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viral disease, disseminated cytomegalovirus (CMV), disseminated parainfluenza, 
extraintestinal or prolonged rotaviral infections, and B cell lymphomas have been 
described. These patients require thymic tissue transplantation or fully matched sib-
ling hematopoietic stem cell  transplantation for survival (Markert et al. 1999; Mark-
ert et al. 2003; Markert et al. 1995). Even with appropriate treatment, mortality rates 
are high when the T cell defect is severe. 
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 Serum IgG and IgM levels, as well as specific IgG to diphtheria and tetanus, are 
usually normal, although there is a high rate of IgA deficiency (Chinen et al. 2003; 
Finocchi et al. 2006; Gennery et. al. 2002; Junker et al. 1995; Smith et al. 1998). 
Given the modest laboratory defects found in the majority of patients with CH22qD, 
it is germane to ask whether there are any health consequences. With the exception 
of very compromised children, live viral vaccines may be safely given. No special 
precautions need to be taken to prevent graft versus host disease or opportunistic 
infections except in those patients with very severe immunocompromise. Having 
said that, the more typical patients are not immunologically normal. Adults and chil-
dren over the age of 9 years have significant infections. Only 40% of patients with 
the deletion over the age of nine were thought to be as healthy as others their age. 
Approximately one-quarter to one-third of the patients had either recurrent sinusitis 
or otitis media and 4–7% had recurrent lower airway infections (Jawad et al. 2001). 
These patients also have a high rate of autoimmune disease as a consequence of their 
dysregulated immune system. The autoimmune diseases do not correlate with severe 
T cell dysfunction and include a range of pediatric autoimmune diseases. Autoim-
mune thrombocytopenia and juvenile rheumatoid arthritis appear to be the most 
common and may occur 20–100 times more frequently than in the general population 
(DePiero et al. 1997; Gennery et al. 2002; Levy et al. 1997; Pinchas-Hamiel et al. 
1994; Rasmussen et al. 1996). The juvenile rheumatoid arthritis is often polyarticular 
and may be difficult to manage (Davies et al. 2001). Autoimmune thyroid disease 
and other autoimmune processes have also been described, and it is likely that the T 
cell defect acts synergistically with other predisposing factors to cause autoimmune 
disease. Diminished CD4/CD25 regulatory T cells have been described and may also 
contribute to autoimmunity (Sullivan, McDonald-McGinn, and Zackai 2002).  
 Speech, hearing, and vision issues are typically addressed in early childhood.  
Hearing is important for language development, and approximately 10% of patients 

Expressive language and speech skills are typically delayed, while receptive skills 
are near normal. Management of speech delay in this syndrome is very controversial. 
Proponents of sign language feel that the ability to communicate is of paramount 
importance, and signing allows the child to communicate (Solot et al. 2001, 2000). 
Proponents of natural speech feel that signing delays acquisition of speech (Golding-
Kushner et al. 1985). There have been no direct comparisons. Ultimately, the vast 
majority of patients learn to speak and communicate effectively.   
 The degree of developmental delay also varies widely. The mean full scale IQ is 
approximately 70, with a range from normal to moderately disabled (Gerdes et al. 
1999; Moss et al. 1999; Swillen et al. 1997, 1999). Most patients have reasonable 
skills with comprehension and social rules. Motor skills are intermediate, and  
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with the deletion will have a sensorineural hearing loss and 45% of patients have a 
conductive loss (Digilio et al. 1999). Speech is one of the most troubling aspects of 
CH22qD for most parents.  Phonation can be aberrant due to anatomical issues in-
cluding laryngeal webs, velopharyngeal insufficiency, or vocal cord paralysis. 
Hoarseness and hypernasality respond to surgical intervention, but phonation re-
mains somewhat abnormal in many cases (Losken et al. 2003; Losken et al. 2006). 



Kathleen E. Sullivan 
 
visuo-perceptual abilities and planning tend to be the weakest areas (Gerdes et al. 
2001; Moss et al. 1999). School-based interventions have been successfully devel-
oped for children with non-verbal learning disabilities, which are thought to be ap-
propriate for children with CH22qD although no studies have attempted to define the 
optimal learning strategy.   
 Nearly half of patients have microcephaly with the parietal lobe most often 
involved (Barnea-Goraly et al. 2005; Campbell et al. 2006). A small vermis is de-
tected in patients with CH22qD similar to that seen in autistic spectrum disorder 
(Bish et al. 2006). The posterior vermis appears to control social drive, and this may 
explain some of the social awkwardness seen in certain patients with CH22qD. Func-
tional MRI studies have shown that the patterns of brain use during mathematical 
tasks are different in patients with CH22qD compared to controls (Barnea-Goraly  
et al. 2005; Simon et al. 2005a,b). Other functional studies may shed light on the 
pathophysiology of some cognitive features seen in patients with CH22qD.   
 The behavioral aspects of CH22qD include attention-deficit hyperactivity disor-
der, poor social interaction skills, and impulsivity (Antshel et al. 2006; Lajiness-
O’Neill et al. 2006; Niklasson et al. 2005; Parissis and Milonas 2005). Bipolar disor-
der, autistic spectrum disorder, and schizophrenia/schizo-affective disorder are found 
in 10–30% of older patients, which is clearly above the frequency seen in other syn-
dromes associated with developmental delay. Thus far, patients with behavioral 
problems and frank psychiatric disturbances have been treated with conventional 
modalities. 

Patients with Ch22qD require a multidisciplinary approach to management.  Most 
patients will require care from a variety of subspecialists. The immunologist is often 
the coordinator of care and plays an important role in guiding the family and other 
subspecialists. The immune system often requires no specific intervention; however, 
immunomonitoring and vigilance for autoimmune disease are critical. 
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Abstract. Leukocyte trafficking from bloodstream to tissue is important for the continuous 
surveillance for foreign antigens, as well as for rapid leukocyte accumulation at sites of in-
flammatory response or tissue injury. Leukocyte interaction with vascular endothelial cells is a 
pivotal event in the inflammatory response and is mediated by several families of adhesion 
molecules. The crucial role of the β2-integrin subfamily in leukocyte emigration was estab-
lished after leukocyte adhesion deficiency (LAD) I was discovered. Patients with this disorder 
suffer from life-threatening bacterial infections, and in its severe form, death usually occurs in 
early childhood unless bone marrow transplantation is performed. The LAD II disorder clari-
fies the role of the selectin receptors and their fucosylated ligands. Clinically, patients with 
LAD II suffer from a less severe form of disease, resembling the moderate phenotype of LAD I. 
LAD III emphasizes the importance of the integrin activation phase in the adhesion cascade. 
Although the primary defect is still unknown, it is clear that all hematopoietic integrin activa-
tion processes are defective, which lead to severe infection as observed in LAD I and to 
marked increase tendency for bleeding problems. 

1. Introduction 

Migration of leukocytes from the bloodstream to the tissue occurs in several distinct 
steps (Hogg et al. 1999; Luster et al. 2005). Leukocytes in the circulation must resist 
shear forces in order to arrest along the vascular endothelium. Under normal condi-
tions, leukocytes move rapidly in the laminar flow stream of blood and do not adhere 
to the endothelium. However, with activation of the endothelium due to local trauma 
or inflammation, leukocytes immediately begin to roll along the venular wall. The 
endothelial selectins will bind to the leukocytes through their carbohydrate ligands 
and thus, cause the leukocytes to roll on the endothelium. This first transient and 
reversible step is a prerequisite for the next stage, the activation of leukocytes. Bind-
ing to the selectins tethers the leukocytes, exposing them to stimuli in the local mi-
croenvironment mainly chemokines, which will activate the integrins. This process 
will increase their affinity (through conformational changes) and avidity (through 
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clastering) (Kinashi 2005). Integrin activation is followed by firm adhesion, that is, 
sticking which is an extremely rapid phase, after which transmigration occurs 
(Shamri et al. 2005). Each of these steps involves different adhesion molecules and 
can be differentially regulated. Several years after reporting the structure of the leu-
kocyte integrin molecule, a genetic defect in the subunit of the molecule (ITGB2) 
was discovered. This syndrome, now called leukocyte adhesion deficiency (LAD) I 
(OMIM 116920), has been described in more than 300 children and is characterized 
by delayed separation of the umbilical cord, recurrent soft tissue infections, chronic 
periodontitis, marked leukocytosis, and a high mortality rate at early age. 

Ten years later, in 1992, a second defect, LAD II (OMIM 266265), was discov-
ered and was found to be due to the defect in the synthesis of selectin ligands. The 
clinical course with respect to infectious complications is a milder one than LAD I. 
However, LAD II patients present other abnormal features, such as growth and men-
tal retardation. The primary defect is mutation in the specific fucose transporter to 
the Golgi apparatus (FUCT1).  

Recently, a third rare LAD syndrome has been described. Patients with LAD III 
suffer from severe recurrent infections, similar to LAD I, and a severe bleeding ten-
dency. Although integrin structure is intact, a defect in integrins activation is the 
primary abnormality in LAD III (Table 1).  

2. Leukocyte Adhesion Deficiency I 

LAD I is an autosomal recessive disorder caused by mutations in the common chain 
(CD18) of the β2 integrin family. Up to now, several hundreds of patients have been 
reported worldwide. The prominent clinical feature of these patients is recurrent 
bacterial infections, primarily localized to skin and mucosal surfaces. Sites of  

TABLE 1.  Leukocyte adhesion deficiency syndromes 
   LAD I   LAD II  LAD III 

Clinical manifestation  
   Recurrent  severe  infections  +++ + +++ 
   Periodontitis ++ ++ ? 
   Skin infection ++ + ++ 
   Delayed separation of the umbilical  cord +++ No +++ 
   Developmental abnormalities No +++ No 
   Bleeding tendency No No +++ 

Laboratory findings  
   Neutrophilia  +++ +++ +++ 
   CD18  expression  ↓ or no N N 
   SLeX   expression  N No N 
   Neutrophil  rolling  N ↓ ↓ 
   Neutrophil  adherence  ↓ ↓ ↓ 
   Platelet  aggregation  N N ↓ 

Primary genetic defect +ITGB2 +FUCT1 ? 
 

LAD, leukocyte adhesion deficiency; N, normal; No, absent; ?, unknown. 
 

52 



5. Leukocyte Adhesion Deficiencies
 
infection often progressively enlarge, and they may lead to systemic spread of the 
bacteria. Infections are usually apparent from birth onward, and a common present-
ing infection is omphalitis with delayed separation of the umbilical cord. The most 
frequently encountered bacteria are Staphylococcus aureus and gram-negative en-
teric organisms, but fungal infections are also common. The absence of pus forma-
tion at the sites of infection is one of the hallmarks of LAD I. Severe gingivitis and 
periodontitis are major features among all patients who survive infancy. Impaired 
healing of traumatic or surgical wounds is also characteristic of this syndrome 
(Anderson and Smith 2001). 

The recurrent infections observed in affected patients result from a profound 
impairment of leukocyte mobilization into extravascular site of inflammation. Skin 
windows yield few, if any, leukocytes, and biopsies of infected tissues demonstrate 
inflammation totally devoid of neutrophils. These findings are particularly striking 
considering that marked peripheral blood leukocytosis (5 to 20 times normal values) 
is consistently observed during infections. In contrast to their difficulties in defense 
against bacterial and fungal microorganisms, LAD I patients do not exhibit a marked 
increase in susceptibility to viral infections (Etzioni 1996). 

The severity of clinical infectious complications among patients with LAD I ap-
pear to be directly related to the degree of CD18 deficiency. Two phenotypes, desig-
nated severe deficiency and moderate deficiency, have been defined (Fischer  
et al. 1988). Patients with less than 1% of the normal surface expression exhibited a 
severe form of disease with earlier, frequent, and serious episodes of infection, often 
leading to death in infancy, whereas patients with some surface expression of CD18 
(2.5–10%) manifested a moderate to mild phenotype with fewer serious infectious 
episodes and survival into adulthood. 

The defective migration of neutrophils from patients with LAD I was observed 
in studies in vivo as well as in vitro. Neutrophils failed to mobilize to skin sites in the 
in vivo Rebuck skin-window test. In vitro studies demonstrated a marked defect in 
random migration as well as chemotaxis to various chemoattractant substances. Ad-
hesion and transmigration through endothelial cells were found to be severely im-
paired. With the use of an intravital microscopy assay, it was found that fluorescein-
labeled neutrophils from a LAD I boy rolled normally on inflamed rabbit venules, 
suggesting that they were capable of initiating adhesive interactions with inflamed 
endothelial cells (von Andrian et al. 1993). However, these cells failed to perform 
activation-dependent, β2-integrin-mediated adhesion steps and did not stick or emi-
grate when challenged with a chemotactic stimulus. 

Patients with LAD I exhibit neutrophilia in the absence of overt infection with 
marked granulocytosis with neutrophils in peripheral blood reaching levels of up to 
100,000/μl during acute infections. Early studies showed that patients with this dis-
order were uniformly deficient in the expression of all three leukocyte integrins 
(Mac-1, LFA-1, p150, and 95), suggesting that the primary defect was in the com-
mon β2-subunit, which is encoded by a gene located at the tip of the long arm of 
chromosome 21q22.3. Subsequently, several LAD I variants were reported in which 
there was a defect in β2-integrin adhesive functions despite normal surface expres-
sion of CD18. A child with classical LAD I features with normal surface expression 
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of CD18 was reported (Hogg et al. 1999), in whom a mutation in CD18 was found to 
lead to a non-functional molecule. 

The molecular basis for CD18 deficiency varies (Roos et al. 2002). In some 
cases, it is due to the lack or diminished expression of CD18 mRNA. In other cases, 
there is expression of mRNA or protein precursors of aberrant size with both larger 
and smaller CD18 subunits. Analysis at the gene level has revealed a degree of het-
erogeneity, which reflects this diversity. A number of point mutations have been 
reported, some of which lead to the biosynthesis of defective proteins with single 
amino acid substitutions, while others lead to splicing defects, resulting in the pro-
duction of truncated and unstable proteins.  

Notably, a high percentage of CD18 mutations identified in LAD I is contained 
in the extracellular domain of the CD18 (on exon 9), which is a highly conserved 
region. Domains within this segment are presumably required for association and 
biosynthesis of precursors and may represent critical contact sites between the α-
subunit and β-subunit precursors. Thus, LAD I can be caused by a number of distinct 
mutational events, all resulting in the failure to produce a functional leukocyte β2-
subunit. Recently, a case of somatic mosaicism due to in vivo reversion of the mu-
tant CD18 was reported (Tone et al. 2007). 

In any infant male or female with recurrent soft tissue infection and a very high 
leukocyte count, the diagnosis of LAD I should be considered. The diagnosis is even 
more suggestive if a history of delayed separation of the umbilical cord is present. To 
confirm the diagnosis, absence of the α- and β-subunits of the β2-integrin complex 
must be demonstrated. This can be accomplished with the use of the appropriate 
CD11 and CD18 monoclonal antibodies by flow cytometry. Sequence genetic analy-
sis to define the exact molecular defect in the β2-subunit is a further option.  

As leukocytes express CD18 on their surface at 20 weeks of gestation, cordo-
centesis performed at this age can establish a prenatal diagnosis. In families in whom 
the exact molecular defect has been previously identified, an earlier prenatal diagno-
sis is possible by chorionic biopsy and mutation analysis. Furthermore, recently, pre 
implantation diagnosis was also performed (Lorusso et al. 2006). Patients with the 
moderate LAD I phenotype usually respond to conservative therapy and the prompt 
use of antibiotics during acute infectious episodes. Prophylactic antibiotics may 
reduce the risk of infections. Although granulocyte transfusions may be life saving, 
their use is limited because of difficulties in supply of daily donors and immune 
reactions to the allogeneic leukocytes. 

At present, the only corrective treatment that should be offered to all cases with 
the severe phenotype is bone marrow transplantation (Thomas et al. 1995). The ab-
sence of host LFA-1 may be advantageous in these transplants because graft rejec-
tion appears to be in part dependent upon the CD18 complex. The introduction of a 
normal β2-subunit gene (ITGB2) into hematopoietic stem cells has the potential to 
cure children with LAD I (Bauer and Hickstein 2000). Recently, successful gene 
therapy has been reported in canine model of LAD I (Bauer et al. 2006), applying 
this procedure may be beneficial also in humans.   
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3. Leukocyte Adhesion Deficiency II 

LAD II syndrome results from a general defect in fucose metabolism, causing the  
absence of SLeX and other fucosylated ligands for the selectins. LAD II was first  
described in two unrelated Arab consanguineous parents (Etzioni et al. 1992). This is an 
extremely rare condition with only six patients reported (Yakubenia and Wild 2006). 

Affected children were born after uneventful pregnancies with normal height 
and weight. No delay in the separation of the umbilical cord was observed. They 
have severe mental retardation, short stature, a distinctive facial appearance, and the 
rare Bombay (hh) blood phenotype. From early life, they have suffered from recur-
rent episodes of bacterial infections, mainly pneumonia, periodontitis, otitis media, 
and localized cellulitis. During times of infections, the neutrophil count increases up 
to 150,000/μl. Several mild to moderate skin infections, without obvious pus have 
also been observed (Wild et al. 2002). The infections have not been life-threatening 
events and are usually treated in the outpatient clinic. Interestingly, after the age of 3 
years, the frequency of infections has decreased and the children no longer need 
prophylactic antibiotics. At older age, their main infectious problem is severe perio-
dontitis as is also observed in patients with LAD I (Etzioni et al. 1998).  

Overall, the infections in LAD II appear to be comparable to the moderate rather 
than the severe phenotype of LAD I. It is possible that the ability of LAD II neutro-
phils to adhere and transmigrate via β2-integrin under conditions of reduced shear 
forces (von Andrian et al. 1993) may permit some neutrophils to emigrate at sites of 
severe inflammation, where flow may be impaired, thereby allowing some level of 
neutrophil defense against bacterial infections. Rolling, the first step in neutrophil 
recruitment to site of inflammation, is mediated primarily by the binding of the se-
lectins to their fucosylated glycoconjugate ligands. Using intravital microscopy, it 
was observed that the rolling fraction of normal donor neutrophils in this assay was 
around 30%, and LAD I neutrophils behaved similarly. In contrast, LAD II neutro-
phils rolled poorly (only 5%) and failed to emigrate (von Andrian et al. 1993).  

Since the first two LAD II patients identified were the offspring of first-degree 
relatives and since the parents were clinically unaffected, autosomal recessive inheri-
tance was assumed. In addition to the Bombay phenotype (absence of the H antigen), 
the cells of LAD II patients were also found to be Lewis A- and B-negative, and the 
patients were non-secretors. The three blood phenotypes (Bombay, Lewis A, and B) 
have in common a lack of fucosylation of glycoconjugates. These facts suggested 
that the primary defect in LAD II must instead be a general defect in fucose produc-
tion. After the observation that the defect in the Arab patients may be localized in the 
de novo GDP-1-fucose biosynthesis pathway (Karsan et al. 1998), the two enzymes 
involved with this pathway, GMD and FX protein, were measured and were found to 
be normal with no mutation in cDNA isolated from LAD II patients. Another child, 
from a Turkish origin, was also described with LAD II in whom decreased GDP-1-
fucose transport into the Golgi vesicles was detected (Lubke et al. 1999).  

Using the complementation cloning technique, the human gene encoding the 
fucose transporter was found to be located on chromosome 11. The Turkish child 
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mutation in amino acid 308 in which threonine is changed to arginine (Lubke et al. 
2001). Both mutations are located in highly conserved transmembrane domains 
through evolution. LAD II is thus one of the group of congenital disorders of glyco-
sylation (CDG) and is classified as CDG-IIc. In some cases, the mutated (non-
functional) transporter is correctly located in the Golgi apparatus, while in two pa-
tients, the truncated transporter was unable to localize to the Golgi complex (Helmus 
et al. 2006). Although only four mutations were described, some genotype-
phenotype correlation can be observed. 

From the biochemical aspect, once the primary defect was found, several studies 
were carried out to clarify the defect. As growth and mental retardation are prominent 
features of LAD II, and Notch protein which are important in normal development 
contain fucose, Sturla et al. (2003) looked at the fucosylation process in LAD II. Frac-
tionation and analysis of the different classes of glycans indicated that the decrease in 
fucose incorporation is not generalized and is mainly confined to terminal fucosylation 
of N-linked oligosaccharides. In contrast, the total levels of protein O-fucosylation, 
including that observed in Notch protein, were unaffected. Indeed, it was recently 
observed that the O-fucosylation process take place in the endoplasmatic compartment 
and not in the Golgi apparatus (Luo and Haltiwanger 2005). Thus, it is still unclear 
what leads to the severe developmental delay observed in LAD II.  

LAD II is a very rare syndrome described so far only in six children. As the 
clinical phenotype is very striking, the diagnosis can be made based on the presence 
of recurrent, albeit mild infections, marked leukocytosis, and the Bombay blood 
group, in association with mental and growth retardation. An analysis of peripheral 
blood leukocytes by flow cytometry using a CD15s monoclonal antibody should be 
performed to determine SLeX expression. To confirm the diagnosis, sequence analy-
sis of the gene encoding the GDP-fucose transporter should be performed.  

Each of the patients described so far with LAD II suffered from several episodes 
of infections, which responded well to antibiotics. No serious consequences were 
observed, and prophylactic antibiotic is not needed. The patients’ main chronic prob-
lem has been periodontitis, a condition that is especially difficult to treat in children 
with severe mental retardation (Etzioni et al. 1998). The oldest LAD II patient is now 
19 years and has a severe psychomotor retardation with mild infectious problems. 

Because of the proposed defect in fucose production, supplemental administra-
tion of fucose to the patients has been suggested. Indeed, fucose supplementation 
caused a dramatic improvement in the condition of the Turkish child (Marquardt et al. 
1999). A marked decrease in leukocyte count with improved neutrophil adhesion was 
noted. Unfortunately, while using exactly the same protocol, no improvement in 
laboratory data or clinical features was seen in the two Arab children (Etzioni and 
Tonetti 2000). This difference may be due to the fact that the genetic defect in the 
Turkish child leads to a decreased affinity of the transporter for fucose, and thus an 
increase in the cytosolic concentration of fucose would be expected to overcome, at 
least in part, the defect in fucose transport.  

was found to be homozygous for a mutation at amino acid 147 in which arginine is 
changed to cysteine, while the two Arab patients examined were found to have a 
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4. Leukocyte Adhesion Deficiency III 

Recently, a rare autosomal recessive LAD syndrome that is distinct from LAD I has 
been reported (Alon et al. 2003). Although leukocyte integrin expression and intrin-
sic adhesive activities to endothelial integrin ligands were normal, in situ activation 
of all major leukocyte integrins, including LFA-1, Mac -1 and VLA-4, by endothe-
lial-displayed chemokines or chemoattractants was severely impaired in patient-
derived lymphocytes and neutrophils. Although LAD leukocytes rolling on endothelial 
surfaces was normal, they failed to arrest on endothelial integrin ligands in response 
to endothelial-displayed chemokines. G-protein-coupled receptor signaling on these 
cells appeared to be normal, and the ability of leukocyte to migrate toward a chemo-
tactic gradient was not impaired. The key defect in this syndrome was attributed to a 

In all of the LAD III cases, defects in receptor-mediated integrin activation are 
also accompanied by variable defect in non-receptor-mediated inside-out activation 
of leukocyte integrins. A growing body of evidence implicates the Ras-related 
GTPase, Rap-1, as a key regulator of integrin activation by these and other inside-out 
stimuli. Rap-1 was also implicated in the activation of platelet and megakaryocyte 
GpIIbIIIa, which is defective in LAD III. It is thus highly attractive that one or more 
of the new LAD III cases involve either direct or indirect defect in Rap-1 activation 
of leukocyte and platelet integrins. Although lymphocytes from two cases expressed 
normal level of Rap-1, in one case studied, an aberrant activation pattern was ob-
served (Kinashi et al. 2004). However, the ubiquitous expression of Rap-1 in most 
tissues and its highly diverse functions in non-hematopoietic cells (Bos et al. 2001) 
make it unlikely that Rap-1 is structurally mutated in any of the new LAD III cases. 
It is possible that specific hematopoietic effector of Rap-1 activity is defective in 
LAD III cases. Indeed, a mouse model in which this activator was knockout resem-
bled the bleeding tendency seen in LAD III (Crittenden et al. 2004). 

 These patients need prophylactic antibiotics as well as repeated blood transfu-
sion. The only curative treatment is bone marrow transplantation, which should be 
performed as early as possible. 
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genetic loss of integrin activation by rapid chemoattractant-stimulated G-protein-
coupled receptor (GPCR) signals (Alon and Etzioni 2003). This novel LAD shows 
significant similarities to three previous cases commonly referred to as LAD I variants 
(Kuijpers et al. 1997; Harris et al. 2001; McDowall et al. 2003). All four cases had 
similar clinical symptoms, characterized by severe recurrent infections, bleeding ten-
dency, and marked leukocytosis. In all cases, integrin expression and structure were 
intact with a defect in integrin activation by physiological inside-out stimuli. As these 
events cannot take place in LAD I leukocyte, it was proposed to designate this group of 
integrin activation disorders as LAD III (Alon and Etzioni 2003). The term LAD I 
variant, which has been ascribed to these syndromes, is inaccurate because these syn-
dromes do not evolve from structural defects in leukocyte or platelet integrins. 
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Leukocyte trafficking from bloodstream to tissue is important for the continuous 
surveillance for foreign antigens, as well as for rapid leukocyte accumulation at sites 
of inflammatory response or tissue injury. Leukocyte emigration to sites of inflam-
mation is a dynamic process, involving multiple steps in an adhesion cascade. These 
steps must be precisely orchestrated to ensure a rapid response with only minimal 
damage to healthy tissue (Springer 1994; von Andrian and Mackay 2000). Leukocyte 
interaction with vascular endothelial cells is a pivotal event in the inflammatory 
response and is mediated by several families of adhesion molecules.  

The crucial role of the β2-integrin subfamily in leukocyte emigration was estab-
lished after LAD I was discovered. Patients with this disorder suffer from life-
threatening bacterial infections (Anderson and Smith 2001). In its severe form, death 
usually occurs in early childhood unless bone marrow transplantation is performed. 

The LAD II disorder clarifies the role of the selectin receptors and their fucosy-
lated ligands such as SLeX. In vitro as well as in vivo studies establish that this fam-
ily of adhesion molecules is essential for neutrophil rolling, the first step in neutro-
phil emigration through the blood vessel (Etzioni et al. 1992). Clinically, patients 
with LAD II suffer from a less severe form of disease, resembling the moderate 
phenotype of LAD I. This may be due in part to the ability of LAD II neutrophils to 
emigrate when blood flow rate is reduced and to the observed normal T and B
lymphocyte function in LAD II as opposed to LAD I. 

LAD III emphasizes the importance of the integrin activation phase in the adhe-
sion cascade. Although the primary defect is still unknown, it is clear that all hema-
topoietic integrin molecules activation processes are defective leading to severe 
infection as observed in LAD I and to marked increase tendency for bleeding prob-
lems (Alon and Etzioni 2003). 
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Abstract. Nijmegen breakage syndrome (NBS) is a rare autosomal recessive disease, charac-
terized by microcephaly, growth retardation, immunodeficiency, chromosome instability, 
radiation sensitivity, and a strong predisposition to lymphoid malignancy. The gene responsi-
ble for the development of this syndrome (NBS1) was mapped on chromosome 8q21. The 
product of this gene—nibrin—is a protein with 95 kDa molecular weight (p95). The same 
mutation in the NBS1 gene (deletion 657del5) was detected in most of the evaluated patients. 
In this chapter, we describe the analysis of the literature and our results on clinical and immu-
nological features and genetic evaluation of 21 NBS patients. 

1. Introduction 

Nijmegen breakage syndrome (NBS, OMIM #251260) is a rare hereditary disease, 
characterized by immune deficiency, microcephaly, and an extremely high incidence 
of lymphoid tissue malignancies. Other clinical signs are low birth weight, growth 
retardation, and face skeletal abnormalities (Weemaes et al. 1993; The International 
Nijmegen Breakage Syndrome Study Group 2000). NBS, as a separate disease form, 
was first described by Weemaes in 1981 (Weemaes et al. 1981).  

The gene mutated in NBS, NBS1, was mapped to 8q21 chromosome in 1997 
(Matsuura et al 1997). The product of this gene is the protein with molecular weight 
of 95 kDa termed nibrin. It was found that nibrin in a complex with hRAD50 and 
hMre11 is responsible for the double-strained DNA break reparation (Carney et al. 
1998; Featherstone and Jackson 1998). ATM protein (the product of the ATM gene, 
mutated in Ataxia-Teleangiectasia) is also involved in the regulation of this complex 
(Savitsky et al. 1995; Gatei et al. 2000). Mutations in NBS1 and consequent nibrin 
abnormalities lead to impaired control of DNA reparation during the cell cycle. This, 
in turn, causes one of the main features of NBS—chromosomal instability and in-
creased sensitivity to radiation. 
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The disease is severe in many cases with a fatal prognosis. In most cases, the rea-
sons of patients’ death relate to malignancies or infectious complications of immu-
nodeficiency (Chrzanowska et al. 1995).  

To date, more then 100 patients are included in the NBS register; many of them 
are of Western Slavonic origin (Czech, Polish, and Ukrainian), and most, if not all, 
Slavonic patients have a similar mutation—657del5 deletion leading to a synthesis of 
a nonfunctional truncated protein (The International Nijmegen Breakage Syndrome 
Study Group 2000; Resnick et al. 2002, 2003). 

This chapter includes the review of current literature and describes 21 cases of 
NBS observed in our clinical center.  

2. Genetic Basis for NBS 

NBS is an autosomal recessive condition. NBS1 is the only gene known to be associ-
ated with NBS and encodes a protein nibrin (Cerosaletti et al. 1998; Featherstone and 
Jackson 1998). Cells from NBS patients are sensitive to radiation and radiomimetic 
compounds (Taalman et al. 1983). For instance, peripheral blood lymphocytes dis-
play spontaneous and radiation-induced chromosomal instability that frequently in-
volves the immunoglobulin and T cell receptor loci on chromosomes 7 and 14 
(Weemaes et al. 1981; Taalman et al. 1989).  

DNA damage triggers specific cellular responses that ensure the maintenance of 
genomic integrity. The induction of DNA strand breakage by ionizing radiation (IR) 
results in activation of signaling pathways that lead either to elimination of damaged 
cells by programmed cell death or arrest of cell-cycle progression and repair of the 
DNA breaks (Elledge 1996; Zhou and Elledge 2000). Among the various proteins 
that contribute to DNA damage response, (ATM (serine–threonine kinase) protein 
plays a prominent role. Cells from individuals with ataxia telangiectasia exhibit de-
fects in cell-cycle checkpoints operative in G1, S, and G2 phases, as well as radiation 
hypersensitivity and an increased frequency of chromosome breakage (Kastan and 
Lim 2000; Kastan et al. 2000). Activated ATM, in turn, triggers the activation of 
cell-cycle checkpoints and DNA repair through the phosphorylation of various pro-
teins, including nibrin (Petrini 1999; Lim et al. 2000; Wu et al. 2000; D’Amours and 
Jackson 2002). Mutations in the NBS1 gene encoding nibrin are responsible for mo-
lecular and clinical features of NBS (Varon et al. 1998). IR induces the formation of 
nuclear foci that contain a complex of NBS1 with MRE11 and RAD50 proteins, and 
these foci may represent sites of ongoing repair of DNA double-strand breaks 
(Mirzoeva and Petrini 2001; Howlett et al. 2006).  

Genetic studies have provided evidence for a common haplotype of markers pre-
sent in the families of Eastern European origins, suggesting a common original effect 

with regard to mutations causing the disorder. After identification of the gene, muta-
tion detection has revealed a truncating 5 bp deletion, 657-661delACAAA, which 
was proven to be responsible for the disease. However, a few additional truncating 
mutations were identified in patients with other distinct haplotypes (2000). 
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3. Clinical Presentation and Therapy 

The first NBS patient was described with microcephaly, early growth retardation, 
specific craniopharyngeal abnormalities, and aberrations of 7 and 14 chromosomes 
(Weemaes et al. 1981). In 2000, The International Nijmegen Breakage Syndrome 
Study Group published the analysis of clinical and laboratory data from 55 NBS 
patients, and at present, the NBS registry includes more then 130 patients.  

NBS is characterized by short stature, progressive microcephaly with loss of 
cognitive skills, premature ovarian failure in females, recurrent sinopulmonary infec-
tions, and an increased risk for cancer, particularly lymphoma (van der Burgt et al. 
1996; Resnick et al. 2002). There is no sex difference in expansion of NBS. Mental 

development is normal in 40% of patients, while 50% of patients have the border-
line-to-mild retardation and 10% of patients are moderately retarded. No correlation 
was found between head circumference at birth and mental development (Green et al. 
1995). All NBS patients also have a typical distinctive facial appearance, character-
ized by a receding forehead, prominent mid face with long nose and long philtrum, 
receding mandible, upward slanting palpebral fissures usually accompanied by epi-
canthic folds, freckles on the cheeks and nose, large ears with dysplastic helices, and 
sparse hair (Digweed and Sperling 2004).  

Cutaneous manifestations include “Café au lait” spots, vitiligo, sun sensitivity of 
the eyelids, and pigment deposits in the fundus of the eye. The most common mal-
formations are clinodactyly and/or syndactyly, less common are anal atresia/stenosis, 
ovarian dysgenesis, hydronephrosis, and hip dysplasia. Other malformations reported 
are hypoplastic trachea, cavernous angioma, agenesis of phalanges, hypospadias, 
renal hypoplasia, single kidney, and corpus collosum hypoplasia (Chrzanowska et al. 
2002). Infections are common, most frequently of the respiratory tract followed by 
urinary tract infections. Gastrointestinal infections are reported relatively infre-
quently. The infections are typically community acquired rather than opportunistic 
(Chrzanowska 1996). Among the rare clinical features, aplastic anemia, rheumatoid 
arthritis, and vasculitis were also described (Rosenzweig et al. 2001; New et al. 
2005). 

Malignancies are developed in approximately 35–40% of NBS patients 
(Weemaes et al. 1994). Most common are lymphomas and leukemia. Several chil-
dren have developed solid tumors, such as medulloblastomas, glioma, and rhabdo-
myosarcoma (Pasic 2002; Niehues et al. 2003; Meyer et al. 2004; Steffen et al. 
2006). 

Immunodeficiency in NBS patients involves both the humoral and cellular sys-
tem. The most common defects of humoral immunity are agammaglobulinemia and 
IgA deficiency, which have been found in 35 and 20% of affected individuals, re-
spectively. Deficiencies in IgG2 and IgG4 are also frequent even when the IgG con-
centration in serum is normal. The most commonly reported defects in cellular im-
munity are reduced percentages of total CD3+ and CD4+ T cells. An increased 
frequency of T cells with a memory phenotype (CD45RO+), a concomitant decrease 
in naive T cells (CD45RA), and low mitogen responsiveness are also the typical 
features of NBS patients (Weemaes et al. 1984; Michalkiewicz et al. 2003).  
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The treatment of NBS includes intravenous immunoglobulin (IVIG) replacement 
for antibody deficiency, antibiotics, and antifungal and antiviral agents in cases of 
infections. Although malignancies are treated with common protocols, doses of 
methotrexate are reduced (20–50%), while alkylating drugs and epipodophyllotoxins 
were omitted or also  reduced by 20–50% according to some authors (Seidemann  
et al. 2000). 

4. Data from Russian Clinical Children’s Hospital 

We have tested and treated 21 unrelated patients from 21 families (7 males and 14 
females). Diagnosis of NBS was suspected in all cases because of coincidence of 
primary immune deficiency, microcephaly, and chromosomal instability. Nineteen 
patients were homozygous for 657del5 mutation and one case was heterozygote for 

who also had microcephalia, died from pneumonia in early age.  
No pregnancy complications were observed. There were no consanguinity rela-

tionships in the families also. All patients are of Slavic origin. Family history was 
positive in three cases. All NBS patients had microcephalia and nine of them had 
mild or moderate mental retardation. Dysmorphic symptoms, such as receding fore-
head, prominent midface, receding mandible, and upward slant of palpebral fissures 
were found in all 21 children in different combinations. Nobody demonstrated ataxia 
symptoms, and only one patient had cerebral abnormalities: cerebellum agenesia and 
corpus collosum hypoplasia without ataxia symptoms. Renal dystopia was only seen 
in one patient, as well as anal atresia. Cafe-au-lait-spots were found in nine children, 
and one boy had a giant nevus. Growth retardation was identified in 19 NBS pa-
tients.  

Fifteen and eight patients had infections of respiratory tract and gastrointestinal 
tract, respectively. Herpes simplex infections with frequent relapses were observed 
in seven patients while candidiasis superficialis in 12 patients (five of which were 
after chemotherapy). Lymphoid tissue hypoplasia was observed in one child and 
hyperplasia of lymph nodes with hepatosplenomegaly was detected in 13 patients; 
seven of them had lymphoid tissue malignancies. Different cytopenias were identi-
fied in 10, bone marrow aplasia in 2, vasculitis in 2, and vasсulitis + arthritis in 1 
patient. Different malignancies developed in eight cases: embrional rhabdomyosar-
coma (1), acute myeloid leukemia (2), Hodgkin disease (1), and B cell leukemia or B 
lymphoma (4 cases).  

Concentrations of serum IgG were <200 mg/dl in eight patients and between 300 
and 700 mg/dl in 13 patients. IgM levels were <40 mg/dl in 5 patients, normal in 10, 
and raised up to 1600–3000 mg/dl in 6 patients. IgA levels were <5 mg/dl in 16 
cases, normal in 4 cases, and raised up to 3000 md/dl in 1 patient. Abnormalities in  
T lymphocyte subset counts including decreased number of CD3+ or CD5+ lympho-
cytes or inversed CD4/CD8 ratio due to decreased number of CD4+ cells were found 
in 13 of 13 tested patients; five patients had low or undetectable B cell numbers.  

All patients with NBS after verification of diagnosis received the replacement 
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657del5 and 681delT mutations. No specimens were from this patient, but her sister 

therapy and prophylaxis with trimethoprim/sulfamethoxazole (TMP/SMX): in severe 
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Abstract. The killing of microorganisms by neutrophils causes degranulation of azurophilic, 
specific, and gelatinase granules into the formed phagolysosomes. During the degranulation 
process, increased surface expression of CD63 (localized in the azurophilic granules of resting 
neutrophils) and CD66b/CD67 (from specific granules) can be detected. This results from the 
fusion of the granule membrane, containing these markers, with a plasma membrane. Release 
of granule content into the phagolysosomes or the extracellular environment occurs not only 
upon proper cell activation but also upon tissue injury. We compared expression of degranula-
tion markers on neutrophils from chronic granulomatous disease (CGD) patients and healthy 
volunteers. Surface expression of CD63 in non-stimulated and phorbol 12-myristate 13-acetate 
(PMA)-stimulated neutrophils, bactericidal activity of serum, and alpha-defensins level (HNP 
1–3) in plasma of CGD patients were significantly higher in comparison with healthy volun-
teers. At the same time, the levels of intracellular HNP 1–3 in CGD neutrophils were lower 
than in normal neutrophils. Thus, our data revealed augmented degranulation of azurophilic 
neutrophil granules in CGD, which might play a role in tissue destruction observed in this 
disease. 

1. Introduction 

Chronic granulomatous disease (CGD) is an uncommon inherited disorder in which 
phagocytic cells fail to produce antimicrobial oxidants. The disease is characterized 
by recurrent life-threatening infections with catalase-positive microorganisms and 
excessive inflammatory reactions with granuloma formation (Orkin 1989).  
 Although the respiratory burst and its deficiency in CGD have been extensively 
studied, the process of neutrophil degranulation received much less attention. Differ-
ent stimuli can activate degranulation, and one of them is triggered by binding of the 
chemotactic peptide formyl-methionyl-leucyl-phenylalanine (FMLP) to its receptor 
on cell surface. Phorbol 12-myristate 13-acetate (PMA) activates protein kinase C 
(PKC) and subsequent phosphorylation of components of the oxidase complex. Treat-
ment of phagocytes with cytochalasin B (CB) and subsequent stimulation with FMLP 
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 Here, in order to characterize neutrophil degranulation in CGD, we examined 
expression of degranulation markers CD63 and CD66b before and after stimulation 
with FMLP and PMA, as well as intracellular defensins in different blood leukocyte 
populations. We also examined the levels of defensins in plasma and in supernatants 
of non-stimulated and stimulated neutrophils and bactericidal activity of serum from 
CGD patients and healthy volunteers.  

2. Experimental Procedures 

Blood was obtained from eight CGD patients and healthy volunteers. Specimens 
were collected on 3.8% citrate, centrifuged at 300 g 20 min at room temperature, and 
sedimented in 3% gelatine for 30 min. Cells in the supernatants were treated by red 
blood cell lysing solution and washed in phosphate-buffered saline (PBS). For the 
isolation of neutrophils, cells were centrifuged on the Ficoll–Hypaque gradient, 

 Chemiluminescence assay was done as described by Porter (Porter et al. 1992). 
Briefly, 106 cells were washed in PBS and resuspended in 1 ml prewarmed PBS 
(pH 7.0) containing either 170 μM lucigenin or 13 μM luminol. Chemiluminescence 
was monitored using LKB-Wallac 1251 luminometer with sample maintained at 
37˚C and 1-min reading intervals. Cells were monitored for 5 min prior to the addi-
tion of 10 μ1 of 20 μg/ml PMA. 
 For the dichlorofluorescin (DCFH) oxidation assay, 5 × 106 neutrophils/ml in 
PBS were preincubated with 5 mM DCFH-DA for 15 min and then stimulated with 
PMA (100 ng/ml) for 45 min. The samples were analyzed by flow cytometer  
FACSCalibur and the CELLQuest software. 
 Expression of degranulation markers was assessed as described (Nieissen and 
Verhoeven 1992). Briefly, neutrophils (107 cells/ml) in RPMI-1640 with 1% FCS 
were first stimulated with PMA (100 ng/ml) for 5 min. Then samples were pretreated 
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induce neutrophil degranulation. This process occurs by activation of phospholipase 
D (PLD) (Mullmann et al. 1993). Another degranulation-promoting agent is PMA, 
which induces “respiratory burst” and subsequent degranulation through the activa-
tion of PLD. Both PMA and FMLP stimulate “respiratory burst” and subsequent 
degranulation, but FMLP-induced degranulation does not depend on the PKC activa-
tion. Degranulation of phagocytes results in increased surface expression of degranu-
lation markers of azurophilic (CD63) and specific (CD66b) granules. Apparently, 
the release of granule content into the environment may lead to injury of healthy 
tissue. In fact, biologic fluids from CGD patients possess the high bactericidal 
activity. Another component of azurophilic granules of neutrophils is α-defensins, 
and their intracellular content can be used as a marker of degranulation as well. 
Defensins have multiple host defense functions with the capacity to kill a wide 
variety of gram-positive and gram-negative bacteria and fungi (Murphy 1994; 
Gallin 1985; Mullmann et al. 1993; Selvatici et al.2006). 

washed, and resuspended in RPMI-1640 with 1% fetal calf serum (FCS) (107/ml). 
This procedure yielded 92–98% of neutrophils.  
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human CD63 PE-labeled antibody (Caltag) and mouse anti-human CD66b FITC-
labeled antibody (BD PharMingen). Expression of the markers was assessed as the 
mean fluorescence intensities (MFIs) in 5000 events. 
 Intracellular defensins were also detected by FACScan. Leukocytes were 
fixed/permeabilized with 2% paraformaldehyde/0.1% saponin solution in PBS for 20 
min at 4 degree C, washed, and stained with monoclonal mouse anti-human HNP 
antibodies (10 μg/ml, 20 min, 4 degree C). The antibodies were kindly provided by 
Dr. Voitenok (Institute of Hematology and Transfusiology, Minsk, Belorussia). Sec-
ondary antibodies were goat anti-mouse PE-labeled IgG1. Cells were analyzed using 
FACSCalibur. 
 Levels of defensins in plasma were determined by ELISA (HyCult Biotech) ac-
cording to the manufacturer’s protocol. 
 Killing of bacteria was evaluated by FITC-conjugated Staphylococcus aureus (S. 
aureus). Serum (90 μl) and S. aureus (106/ml, 90 μl) were incubated for 3 h at 37 
degree C. The bacteria were then sedimented at 1000 g for 10 min and resuspended 
in 200 μl of PBS with 2.5 μg/ml propidium iodide (PI) (Sigma). After 10 min, the 
samples were analyzed by flow cytometry. The percentage of double positive bacte-
ria (FITC+PI+) among all FITC-labeled bacteria (FITC+) was determined. 

3. Results  

3.1. Analysis of Oxidative Burst in GCD 

The oxidative metabolic burst of stimulated human polymorphonuclear leukocytes 
(PMNs) has been evaluated by chemiluminescence analysis of oxygen radicals  
(O2–, H2O2, OH–). PMNs from patients with CGD are known to lack functional 
NADPH oxidase and oxygen radical generation. However, using flow cytometry and 
DCFH oxidation by H2O2, non-significant DCFH oxidation by PMA-stimulated 
PMNs from CGD was observed. The chemiluminescence test confirmed lost produc-
tion of oxidative radicals in cells with or without stimulation with PMA (Table 1). 
Together with the clinical presentation, these data confirmed the diagnosis of CGD. 
 
 

 
 TABLE 1. Leukocytes from chronic granulomatous disease patients and healthy volunteers 

with CB for 3 min, subsequently stimulated with FMLP (1 μM) for 5 min, and fixed 
with 1% paraformaldehyde. Next, cells were washed and stained with mouse anti-

Chemiluminescence mV/min 
Luminol Lucigenin  

Control PMA control PMA 
CGD patients (М ± SD) 0.9 5.0 0.9 3.0 
Volunteers (М ± SD) 12 ± 3 200 ± 46 15 ± 3 252 ± 26 
p-value 
 

<0.001 <0.001 <0.001 <0.001 
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3.2. Expression of Degranulation Markers in CGD 

We next evaluated expression of granular markers with CD63 reflecting azurophilic 
granules and CD66b/CD67 reflecting specific granule membrane. The expression of  

TABLE 2. The up-regulation of CD63 and CD66b on stimulated neutrophils 

 
3.3. Intracellular and plasma α-defensins in CGD  

We revealed that the intracellular level of α-defensins in leukocytes from CGD pa-
tients was lower than that in leukocytes from healthy volunteers. However, the level 
of α-defensins in plasma samples obtained from CGD patients was higher than that 
from healthy donors (Table 3). Interestingly, both PMA and FMLP induced the re-
lease of α-defensins from neutrophils isolated from CGD patients, while cells from 
healthy volunteers  produce the similar levels of α-defensins independently of the 
stimulation with PMA or FMLP. We also examined the killing of FITC-labeled S. 
aureus by serum received from CGD patients and healthy volunteers. The results 
revealed that serum from CGD patients possesses stronger bactericidal activity than 
serum from healthy volunteers. At the same time, defensin levels in plasma from 
CGD patients were higher than in healthy volunteers (Tables 4 and 5). 

these markers was measured after stimulation of neutrophils from patients with CGD 
and healthy individuals. The results revealed significant differences between the 
surface expression of CD63 in non-stimulated PMN cells from CGD patients and 
control donors as MFI equal to 97 ± 50 versus 41 ± 29, as well as for PMA-
stimulated cells as MFI equal to 199 ± 78 versus.100 ± 46 (Table 2).  

CD63 CD66b 
 

Control FMLP PMA Control FMLP PMA 
CGD patients 
(М ± SD ) 97 ± 50 508 ± 348 199 ± 78 107 ± 63 311 ± 135 384 ± 247 

Volunteers 
(М ± SD) 41 ± 29 312 ± 215 100 ± 46 92 ± 43 276 ± 153 247 ± 139 
p -value 0.0004 0.3 0.002 0.9 0.9 0.6 

PMA, phorbal 12-myristate 13-acetate. 

TABLE 3. Intracellular defensins in human neutrophils and monocytes 

MFI 
Neutrophils Monocytes 

CGD patients 458 ± 251 150 ± 45 
Volunteers 880 ± 371 191 ± 134 
p-value  <0.001 <0.001 

MFI, mean fluorescence intensity. 
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4. Discussion 

Human neutrophils circulate in the bloodstream ready to be recruited to the site of 
infection or inflammation where they are expected to protect the host against micro-
organisms. The neutrophil host defense mechanism includes phagocytosis and killing 
of microorganisms by the generation of cytotoxic mediators. Human neutrophils 
could also lyse mammalian targets via oxygen-independent mechanisms (Lehrer et al. 
1993). The authors revealed that purified human defensins killed various human and 
murine target cells in a concentration and time-dependent manner. Defensins are 
more abundant than myeloperoxidase in the primary granules of human neutrophils 
(Rice et al. 1987). Considering that human neutrophils contain large amounts of 
potently cytocidal defensins that can be released externally by various stimuli (Ganz 
1987), the participation of defensins in extracellular cell lysis or injury mediated by 
human neutrophils also seems likely. In fact, cytolysis occurred when extracts from 
defensin-containing granules or purified defensins (but not elastase and cathepsin-G) 
were combined with sublytic concentrations of hydrogen peroxide (Lichtenstein 
1991).  
 We hypothesized that defensins may have a leading role in tissue destruction in 
CGD patients. Our experiments show that CGD patients’ plasma/serum contains 
high levels of α-defensins and displays high level of bactericidal activity in contrast 
to the values obtained from healthy volunteers. Initial adverse effect of defensins on 

TABLE 4. HNP1-3 levels in plasma and in cell-free medium harvested from non-
stimulated and stimulated neutrophils from CGD patients and healthy volunteers 

 
HNP1-3 contents in plasma, intact and stimulated neutrophils supernatants 

(ng/ml) 
Supernatants Plasma No stimulation PMA FMLP 

CGD 481 ± 38 16 ± 16 41 ± 16 101 ± 34 
Volunteers  7 ± 3 70 ± 17 81 ± 15 98 ± 64 
p-value <0.001 <0.05 <0.01 >0.05 

CGD, chronic granulomatous disease; PMA, phorbol 12-myristate 13-acetate. 

TABLE 5. Killing FITC-labeled staphylococus aureus by serum received from 
CGD patients and healthy volunteers 

  St.aureus (FITC+PI+), (%) 

CGD patients (Mean ± SD) (n = 8) 31 ± 6 

Volunteers (Mean ± SD) (n = 30) 12 ± 5 
p-value <0.001 

CGD, chronic granulomatous disease. 
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 Our data suggest that excess of degranulation process in CGD causes accumula-
tion of high level of defensins in plasma and diminished contents of intracellular 
defensins in CGD patients. This process may provoke not only host defense against 
microorganisms but may also result in tissue injury.  
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mammalian cells occurs on cell membrane. It is possible that the second phase of 
injury is mediated intracellularly by defensins that has been internalized through this 
leaky membrane (Lichtenstein 1991).  
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Abstract. Primary immunodeficiencies (PID) are a diverse group of hereditary diseases lead-
ing to the impaired immune response that creates high susceptibility to mycobacterium infec-
tion. High susceptibility to mycobacterial infections of patients suffering from defects of 
phagocytosis and combined immunodeficiencies can be explained by predominant participa-
tion of macrophages and T lymphocytes in the specific immune response. Mycobacterium 
tuberculosis, Bacille Calmette-Guerin, and non-tuberculosis mycobacterium (NTM) may 
cause a severe disease in patients with PIDs. We report here our results of the clinical features 
of mycobacterium infection presentations in 36 patients with various PIDs. 

1. Introduction 

Primary immunodeficiencies (PIDs) represent a diverse group of hereditary diseases 
leading to the impaired cell and/or humoral immune response, phagocyte deficiency 
that causes high susceptibility to infections in particular to mycobacterium. World-
wide, its atypical forms and therapy resistance are reported. While in Russia the 
growth of tuberculosis is significant because of social instability and population 
migrations, it is evident that tuberculosis growth influences patients with impaired 
immunity. For the past 30 years, more than 160 varieties of non-tuberculosis myco-
bacterium (NTM) were detected, which are poorly virulent and present low risk for 
immunocompetent people (Rastogi et al. 2001).   
 Regardless of a high susceptibility, humans are remarkably resistant to disease 
development. In most scenarios, only 10–20% of exposed individuals develop my-
cobacterium infection. However, the disease is especially prevalent in crowded urban 
areas and among patients with AIDS, PIDs, interferon-γ deficiency, and in certain 
urban groups (American Indians and Eskimos) who have a high genetic susceptibil-
ity to mycobacterium infection. Of those infected, only 5–15% developed primary 
tuberculosis, including children and immunocompromised or malnourished adults. 
However, the majority of infected individuals develop primary tuberculosis complex 
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(Ghon complex), which can later be reactivated upon suppression of the immune 
system (e.g., cancer, and AIDS) (Bloom and Small 1998). 
 Because effective killing of intracellular bacteria requires interaction of infected 
macrophages with antigen-specific T cells and natural killer (NK) cells, genetic 
defects affecting T cells, IFN-γ production and phagocytosis might lead to severe 
mycobacterium infections (Stenger et al. 1997). Antibodies are produced in response 
to mycobacterium infection, but they appear to play no beneficial role in host de-
fense (Rolph et al. 2001).  
 While BCG has been widely administered to newborns successfully preventing 
complications such as meningitis and miliary tuberculosis, administration of the 
vaccine has not resulted in a complete control of the disease (Plotkin 1994). BCG 
vaccination plays a particular role in mycobacterium infection development in im-
munocompromised patients causing local infection process dissemination of vaccine 
Mycobacterium bovis strain.  

2. Mycobacterium Infections and Immunodeficiencies 

Mycobacterium tuberculosis, less virulent Bacille Calmette-Guerin, and NTM cause 
severe diseases in patients with primary and acquired immunodeficiencies. Dissemi-
nated infection resulted from BCG vaccination, or contact with NTM is usually asso-
ciated with immunologic defects in a patient (Reichenbach et al. 2001). The inherited 
impairment of anti-tuberculosis immunity results from genetic defects that lead to 
IFN-γ, IL-12, or their receptor deficiency playing crucial roles in the immune re-
sponse to mycobacterium infection. Patients with mycobacterium disease associated 
with immunodeficiency are susceptible to a wide variety of viruses, bacteria, fungi, 
and protozoa. In contrast, patients with the so-called idiopathic BCG and NTM in-
fections do not generally have associated infections, apart from salmonellosis, which 
affects less than half of the cases. Parental consanguinity and familial forms are 
frequently observed, thus, this syndrome was designated as Mendelian susceptibility 
to mycobacterium infection (Casanova and Abel 2002). 
 Numerous cases of severe combined immunodeficiency (SCID) patients who 
developed clinical BCG diseases following vaccination have been described 
(Minegishi et al. 1985; Gonzalez et al. 1989; Heyderman et al. 1991; Hugosson and 
Harfi 1991; Abramowsky et al. 1993; Romanus et al. 1993; Fisch et al. 1999). Dis-
seminated disease is observed in most vaccinated patients, and ultimate death occurs 
unless functions of the immune system can be established by allogeneic BMT or 
gene therapy. Most children present disseminated disease, but localized BCG infec-
tion has also been described (Reichenbach et al. 2001). There are few reports of 
increased susceptibility to mycobacterial infections in patients with hyper-IgM syn-
drome (HIGM). Three of 56 HIGM patients in a European survey were exposed to 
tuberculosis (Levy et al. 1997). In a group of 30 patients with hyper-IgE syndrome 
(HIES), one adult female patient with cavitary lung disease developed pneumonia 
due to Mycobacterium intracellulare (Grimbacher et al. 1999). Disseminated BCG 
infection in infancy, with a clinical course similar to that in SCID patients, was de-
scribed in a girl with HIES who reactivated BCG infection at 7 years (Pasic et al. 
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1998). A common presentation of mycobacterium infection in chronic granuloma-
tous disease (CGD) patients is BCG lymphadenitis, but disseminated infection may 
also occur (Urban et al. 1980; Kobayashi et al. 1984; Gonzalez et al. 1989). In con-
trast to patients with SCID, BCG-infected CGD patients usually succeed in clearing 
infection following antibiotic therapy. Pulmonary Mycobacterium avium infection 
has been reported in an infant with CGD (Ohga et al. 1997). Three adults have been 
described as suffering from disseminated Mycobacterium flavescens infection, My-
cobacterium fortuitum pneumonitis, and osteomyelitis, respectively. Six out of seven 
CGD patients studied in Hong Kong, where tuberculosis is endemic, presented recur-
rent severe infection with M. tuberculosis (Lau et al. 1998). Overall, CGD patients 
appear to be highly vulnerable to mycobacterium including M. tuberculosis in en-
demic areas (Reichenbach et al. 2001). Among patients with ectodermal dysplasia 
with immunodeficiency (EDA-ID), one of the tested patients died of miliary tubercu-
losis at 20 months of age (Doffinger et al. 2001). Other EDA-ID patients with myco-
bacterium infections generally presented in first 3 years of life with disseminated  
M. avium infections. Disseminated skin infection with Mycobacterium chelonae has 
been observed in a 6-months-old patient, with EDA-ID (Brooks et al. 1994). Two 
patients had disseminated fatal NTM infection in the first 2 years of life; Mycobacte-
rium kansasii was isolated from one of these patients, in the other patient, the NTM 
was not cultivated (Dupuis-Girod et al. 2002). Four out of 14 patients analyzed in 
another report developed NTM infection and all died despite aggressive anti-
mycobacterium therapy, including IFN-γ therapy in one child (Reichenbach et al. 
2001). Primary complement and antibody deficiencies do not appear to result in 
increased susceptibility to mycobacterium. Patients with human X-linked agammag-
lobulinemia (XLA), autosomal recessive agammaglobulinemia (ARA), common 
variable immunodeficiency (CVID), autosomal recessive hyper-IgM syndrome 
(ARHIGM), and complement factor deficiencies are highly susceptible to extracellu-
lar bacterial infections but not to mycobacterium disease (Reichenbach et al. 2001). 

3. Results 

We have observed 36 patients (among 347 patients with 12 forms of PID which were 
registered in Russian Children’s Clinical Hospital’s database from 1992 to 2004) 
who developed mycobacterium infection. The diagnosis of PID was confirmed ac-
cording to World Health Organization, European Society of Immunodeficiencies, 
and Pan-American Immunodeficiency group diagnostic criteria. The diagnoses of 
IFN-γ receptor (IFNγR) deficiency and IL-12 receptor (IL-12R) deficiency were 
based on a remarkably severe course of disseminated BCG infection, PID laboratory 
features absence, and high plasma levels of IFN-γ in one patient and IL-12 in a sec-
ond patient. Patient age varied from 6 months to 17 years, with the medium being 3.6 
± 0.7 years. Female to male ratio was as following: 6 girls and 30 boys. The boy 
prevalence is explained by X-linked inheritance of some PIDs: X-linked agammag-
lobulinemia, X-linked HIGM1, SCID, and CGD.  
 The diagnosis of mycobacterium infection in PID patients was based on the fol-
lowing diagnostic criteria: 
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• clinical and family history data (BCG vaccination presence); 
• radiological and ultrasound data; 
• cytological investigation of infected specimens; 
• histological investigation of biopsy material; 
• Mbt DNA detection by PCR with Mbt typing. 

 Incidence of mycobacterium infections in 36 PID patients reached 10.3%, which 
is statistically significant (p < 0.05) in comparison with mycobacteriosis incidence in 
immunological healthy Russian children (0.0186%). The immunodeficiency mani-
festation in all patients was presented by various infections. All 36 patients were 
BCG vaccinated. Twenty-seven kids developed post-vaccination complications, such 
as local or disseminated BCG-osis. Nine patients developed tuberculosis without 
preceded BCG-osis. The probability of mycobacetriosis morbidity resulted from 
BCG vaccination that comprised more than 95% (p < 0.05). 
 The patients with SCID and CGD appeared to be the most susceptible to myco-
bacterium infection. Among eight BCG-vaccinated SCID patients, seven developed 
vaccine-associated infection, while among 22 BCG-vaccinated CGD patients, post-
vaccination complications took place in 18 children. In both groups, statistically 
significant difference (p < 0.05) of BCG-osis morbidity was observed in comparison 
with similar morbidity in other PID groups of patients [X-linked HIGM1, Nijmegen 
breakage syndrome (NBS), and common variable immunodeficiency]. Five of 18 
CGD patients with BCG-osis added tuberculosis and developed mixed infection. The 
probability of mycobacteriosis morbidity, including BCG-osis, among CGD patients 
reached 81.8% (p < 0.001), which makes it evident that BCG vaccination does not 
protect from mycobacterial infections but presents a factor provoking mycobacterio-
sis development.  
 High susceptibility to mycobacterial infections was also observed in patients with 
combined immunodeficiencies HIGM1 and NBS. Among 13 HIGM1 patients, three 
kids developed mycobacteriosis, two kids had tuberculosis, and one had BCG-osis. 
Among 17 NBS patients, two kids developed severe tuberculosis. Two patients out 
of 17 with CVID had mycobacteriosis. Both patients with IFN-γ/IL-12 defects de-
veloped severe disseminated BCG-osis.  
 The manifestations of mycobacterium infections included local and disseminated 
BCG-osis, pulmonary tuberculosis, lymph nodes tuberculosis, disseminated tubercu-
losis, and extra pulmonary (atypical) infection. Fourteen patients had mixed presen-
tations of mycobacteriosis. Among seven SCID patients, post-vaccine complications 
were presented by local BCG-osis in three kids, and disseminated BCG-osis-affected 
lungs, lymph nodes, and skin in four patients. Out of 18 CGD patients, mycobacte-
rium infection manifested with local BCG-osis in 13 patients, and in eight of them, it 
was limited by left axillar calcinate formation without further dissemination of the 
infection. Three patients developed disseminated BCG-osis with further joint of 
tuberculosis and in one case complicated by wild M. Bovis strain-affected spleen.  
 In three HIGM1 patients, mycobacterium infection had a severe course. Myco-
bacteriosis manifested by local BCG-osis with further fatal dissemination of infec-
tion-affected lungs. Second patient developed cervical lymph nodes tuberculosis with 
three relapses of infection in 2, 5, and 7 years. Third patient died of disseminated  
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pulmonary and intestinal tuberculosis. Two NBS patients also died of severe dis-
seminated tuberculosis complications. 
 Among two CVID patients, one developed disseminated tuberculosis-affected 
thoracic, mesenteric lymph nodes and spleen and second child presented pulmonary 
mycobacteriosis influenced by non-tuberculosis M. chelonae. Patients with XLA 
developed sporadic pulmonary tuberculosis with a relapse in 2 years. Both patients 
with defects in IFN-γ/IL-12-dependent immunity developed severe disseminated 
mycobacteriosis-affected bones and vertebra as a result of BCG vaccination.  
 All patients in reported group received two to six specific medications. We used 
the following schemes of treatment: 

• two medications: isoniazid, pyrazinamide; 
• three medications:   isoniazid, pyrazinamide, ethambutol or amikacin; 
• four medications: isoniazid, pyrazinamide, ethambutol, rifampicin or ami-

kacin; 
• five medication: izoniazid, pyrazinamide, ethambutol, rifampicin or Ami-

kacin, Levofloxacin; 
• six medications: isoniazid, pyrazinamide, ethambutol, rifampicin or ami-

kacin, levofloxacin, azithromycin or clarithromycin. 

 Therapy was associated with the confirmation of mycobacterium infection diag-
nosis. The volume and duration of the treatment depended on the course of infection 
and lasted from several months to years. Two patients with CGD and disseminated 
mycobacterium infection received granulocyte transfusions that reduced the severity 
of infection. Three patients with remarkable specific lyphoproliferative process re-
sponded to short-course prednisone administration. A patient with IL-12 receptor 
deficiency was successfully treated by recombinant human IFN-γ administration. 
When the long-term specific therapy was not efficient enough, we used surgical 
approaches to eradicate the most clinically significant site of infection (e.g., lymph 
node, spleen, ribs, and vertebra).  
 Mycobacterium infection and its complication led to the death of seven out of 36 
PID patients. Mortality of mycobacterium infection and its complications comprised 
2.0% from all PID patients registered in our database and 19.4% among PID patients 
with mycobacteriosis. 

4. Conclusions 

Our data suggest that incidence of mycobacterial infections in children with PID is 
reliably higher than in immunologically healthy kids. Patients with combined immu-
nodeficiencies (SCID, HIGM1, NBS, and CVID) and phagocytic defects (CGD) 
appear to be highly susceptible to mycobacterium infection.   
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Abstract. Systemic lupus erythematosus (SLE) is a chronic and complex autoimmune disease 
of unknown etiology, characterized by the presence of widespread immunological abnormali-
ties and multiorgan injury. An important advance over the past decade has been our under-
standing of how different genetic loci (or genes) may dictate specific immune abnormalities in 
lupus. “Genetic dissection” has unveiled some of the mystery enshrouding lupus pathogenesis. 
It appears that there are at least two distinct events leading to disease. The first involves a 
breach in the adaptive immune system and the second involves a dysregulation of innate 
immunity. Co-ordinate dysregulation of both checkpoints is necessary for full-blown lupus to 
ensue. The challenge ahead is to understand how these two checkpoints are regulated in hu-
man SLE, and to devise therapeutic strategies that target both checkpoints. 

1. Introduction 

Systemic lupus erythematosus (SLE) is a chronic and complex autoimmune disease 
of unknown etiology in both humans and animal models, characterized by the pres-
ence of widespread immunological abnormalities and multiorgan injury. It is esti-
mated to affect about 1–4 per 2000 people with a striking 9:1 female gender bias and 
strong ethnic variation. The hallmark of SLE is the production of high titers of 
autoantibodies directed against nuclear antigens such as double-strand DNA and 
chromatin, which results in autoantibody–mediated end-organ damage, as reviewed 
in Wakeland et al. (1999) and Davidson and Aranow (2006). 

The etiology of SLE remains unknown. However, it is now apparent that multiple 
genetic and environmental factors are at play. Over the past decade, several studies 
have helped uncover genetic susceptibility loci in human (Nath et al. 2004) and mur-
ine (Wakeland et al. 2001) lupus. An ample body of evidence also indicates that 
various immunological abnormalities dysregulate the function of B cells, T cells, and 
myeloid cells or their interactions, both in SLE patients and lupus mouse models. An 
important advance over the past decade has been our understanding of how different 
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purpose of this chapter is to summarize our current understanding of gene ↔ func-
tions mapping in lupus.  

2. Genetic Dissection of Murine Lupus 

The NZM2410 mouse strain is a New Zealand Black(NZB)/White(NZW)-derived 
inbred strain that spontaneously develops highly penetrant lupus with nephritis that is 
very similar to human SLE (Rudofsky et al. 1993). By performing a genetic analysis 
(i.e., linkage study) of SLE susceptibility, several different chromosomal intervals, in 
particular Sle1z on chromosome 1, Sle2z on chromosome 4, and Sle3z on chromosome 
7, have been found to confer lupus susceptibility in this mouse model (Morel et al. 
1994). By introgressing these different chromosomal intervals individually onto the 
relatively healthy C57BL/6 (B6) background, congenic strains bearing Slez, Sle2z, 
and Sle3z have been generated for further functional analysis (Morel et al. 1997). 
Hence, for the first time, researchers are able to study “monogenic” models of lupus 
as opposed to studying “polygenic” strains or patients. Thus, genetic simplification 
by “congenic dissection” has transformed the study of a polygenic disease into a 
series of studies of “monogenic” diseases. Over the past decade, these studies have 
clearly demonstrated that each murine lupus susceptibility locus is responsible for 
very different component phenotypes of SLE. 

The B6.Sle1z congenic strain demonstrated a breach of immune tolerance to nu-
clear antigens, resulting in the production of autoantibodies against chromatin and 
H2A/H2B/dsDNA subnucleosomes, autoreactive T cells responding to histone epi-
topes, and an increased expression of cell activation markers on T cells and B cells 
(Morel et al. 1997; Mohan et al.1998a; Sobel et al. 1999). B6.Sle2z mice exhibited B 
cell hyperactivity and elevated B1-cell formation leading to polyclonal or polyreac-
tive hyper-gammaglobulinemia (Mohan et al. 1997,1998b; Xu et al. 2005). B6 mice 
bearing the Sle3z interval mainly showed phenotypes affecting the T cell compart-
ment, as well as modest levels of antinuclear IgG antibodies (Mohan et al. 1999b; 
Sobel et al. 2002). An important point to note is that Sle1z, Sle2z, or Sle3z by itself 
was not sufficient for the development of fatal lupus but only elicited modest sero-
logical autoactivity and cellular features of autoreactivity. In contrast, the epistatic 
interaction of these loci with each other and other loci such as Faslpr and Yaa led to 
highly penetrant fatal glomerulonephritis (Mohan et al. 1999a; Morel et al. 2000; Shi 
et al. 2002; Subramanian et al. 2006).  

The above “congenic dissection” studies illustrate that the development of fatal 
lupus is the end-result of multiple genes and a multitude of pathways acting in con-
cert. These studies have also revealed that both the innate and adaptive immune 
systems have to be dysregulated for full-blown lupus to ensue. This review discusses 
recent evidence indicating that lupus-susceptible genes may impact both arms of the 
immune system. 

genetic loci (or genes) may dictate specific immune abnormalities in lupus. The 
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FIGURE 1. Genetic dissection and genetic reconstitution of murine lupus using congenic 
strains.
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3. Aberrant Adaptive Immunity in Lupus 

Vertebrates acquire adaptive immunity after birth, which is a response to specific 
antigens that involves B and T cells of the immune system and frequently leads to a 
state of immune memory (Iwasaki and Medzhitov 2004). The adaptive immune 
system produces antibodies and T cells that are highly specific for a particular patho-
gen (or antigen). The relative specificity of SLE sera to a selected subset of nuclear 
antigens (as opposed to reacting to the whole universe of antigens) suggests that 
lupus genes must be impacting adaptive immunity at some level. Our recent genetic 
dissection studies have indicated that Sle1z may be one such locus/gene (Figure. 1). 

Note: The strains exhibit varying degrees IgG anti-dsDNA Abs, renal disease, and Lymphoproliferation.
The most severely affected strains are B6Sle1.lpr and B6.Sle1.Sle2.Sle3
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The Sle1z interval, located on distal chromosome 1, is perhaps one of the most ex-
tensively studied chromosomal intervals in murine lupus, since it confers disease sus-
ceptibility in multiple spontaneous lupus models including the BWF1, SNF1, BXSB, 
and NZM2410 mice (Morel and Wakeland 2000). The Sle1z interval is home to three 
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Through a meticulous positional cloning approach, Wakeland and colleagues 
demonstrated the SLAM family of co-stimulatory molecules to be the candidate 

Ly108, and CS1 are expressed in B cells (Wandstrat et al. 2004). Among these genes, 
Ly108 has a profound impact on early B cell tolerance (Kumar et al. 2006). The 
normal “b” allele of Ly108 encodes predominantly the Ly108.2 isoform (bearing 
three intracellular ITSM signaling motifs); in contrast, the lupus-associated “z” allele 
of Ly108 encodes predominantly the Ly108.1 isoform (bearing two intracellular 
ITSM motifs) due to a splice-site mutation. Immature B cells represent a critical 
stage in B cell development, at which point self-reactive B cells are censored by 
deletion or receptor editing. Importantly, immature B cells transfected with the lu-
pus-associated Ly108.1 isoform showed impaired calcium flux, apoptotic cell loss, 
and BCR editing compared to transfectants bearing the normal Ly108.2 isoform. 
Thus, the presence of the normal Ly108.2 isoform may render immature B cells 
sensitive to BCR cross-linking, effectively facilitating the operation of several toler-
ance mechanisms including receptor editing and deletion, whereas the lupus-
associated isoform, Ly108.1, appears to thwart these processes (Kumar et al. 2006).  

Collectively, the above studies reveal that a mutant form of the SLAM gamily 
gene, Ly108, can profoundly impact key checkpoints in early B cell tolerance, hence 
leading to the emergence of self-reactive antibodies. Since a similar locus (Tsao et al. 
1999) and gene(s) (unpublished observations) are also at play in human SLE, dys-
regulation of the adaptive immune system, early during B cell development, may 
constitute a central mechanism leading to lupus, both in mice and in patients. 

4. Aberrant Adaptive Immunity in Lupus 

The innate immune system is a universal and ancient form of host defense against 
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sub-loci: Sle1az, Sle1bz, and Sle1cz. Among these, the NZM2410/NZW-derived “z” 
allele of Sle1bz leads to the highest levels and penetrance of antinuclear autoanti bodies 
(ANAs) (Morel et al. 2001). We found that Sle1z could breach tolerance among B cells 
with low-avidity but not high-avidity reactivity to self-antigens (Kumar et al. 2006). To 
understand how Sle1z breached B cell tolerance, we examined the immature and ma-
ture B cells in these nice further. Sle1z did not impact the activation or apoptosis of 
mature splenic B cells, but caused a significant expansion of transitional immature T1 
B cells (B220+AA4.1+CD21-CD23-), alluding to a relative block in the transition from 
T1 to mature B cells in the presence of Sle1z. IL-7-driven immature B cells from the 
Sle1z-and Sle1bz-bearing bone marrow (BM) also exhibited a profound reduction in 
calcium flux and cell death following B-cell receptor (BCR) cross-linking, revealing 
that the Sle1bz lupus susceptibility locus significantly dampens BCR signaling within 
immature B cells. This observation that is consistent with literature reports that the 
degree of BCR signaling can dictate B cell tolerance outcomes. 

genes for Sle1bz. These molecules, Ly9, CD84, CD244 (2B4), SLAM (CD150), 

infection. Before launching an effective adaptive immune response, the host must 
deal with acute assaults, sense the presence of pathogen, distinguish infectious non-
self from non-infectious self, and direct an effective immune response against the 
invading organism rapidly. Dendritic cells (DCs), interferon-α, and Toll-like receptors 
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all play central roles in innate immune responsiveness (Banchereau and Steinman 
1998; Meylan et al. 2006; Stetson and Medzhitov 2006). Unfortunately, when innate 
immune responses are misdirected to components of self, autoimmunity can ensue. 
Recent genetic studies in mice have yielded at least two examples of loci/genes that 
may contribute to lupus by dysregulating innate immunity (Figure 2). 

Genetic dissection studies in murine models of lupus have uncovered the exis-
tence of a similarly positioned lupus susceptibility locus on mid-chromosome 7 in 
several strains of mice including the NZM2410, NZB/NZW, and MRL/lpr (Morel  
et al. 1994; Vyse and Kotzin 1998; Mohan et al. 1999; Kono and Theofilopoulos 
2000; Kong et al. 2004). This locus has been termed Sle3z in the NZM2410 model. 
B6.Sle3z congenics exhibit low levels of ANAs and several lymphocyte phenotypes 
(Mohan et al. 1999). Importantly, Sle3z-bearing T cells were spontaneously activated 
and exhibited elevated CD4/CD8 ratios and impaired activation-induced cell death 
(Mohan et al. 1999; Wakeland et al. 1999; Wakui et al. 2004).  

To explore the cellular origin of the Sle3z-associated phenotypes, Sobel et al.(2002) 
transferred BM from allotype-marked B6 and B6.Sle3 congenic mice into B6 hosts.  
T cells of both origins (i.e., with or without Sle3z) exhibited elevated CD4/CD8 ratios, 
spontaneous T cell activation, and phenotypes that have been attributed to Sle3z. These 
studies demonstrated that the Sle3z-associated phenotypes may not be encoded in a  
T cell-intrinsic fashion although they were BM-transferable. Likewise, the same study 

FIGURE 2. Dysregulation in adaptive immunity (checkpoint I) and innate immunity (check-
point II) can both lead to lupus-like autoimmunity. 
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also revealed that autoantibody production in the chimeras was also not contingent 
upon the intrinsic expression of Sle3z within B cells (Sobel et al. 2002).  

The above congenic dissection studies revealed that hyperactive, pro-inflammatory 
DCs, arising as a consequence of a dysregulation of the innate immune system, can be 
a key factor in lupus development. Hyperactive or pro-inflammatory DCs have also 
shown to contribute to human SLE (Ding et al. 2006). In humans, CD14+ monocytes 
from SLE blood were reported to be able to act as DCs too to induce proliferation of 
allogenic CD4 T cells (Blanco et al. 2001). CD14  monocytes from healthy donor 
were reported to show DC-like morphology and function in the presence of SLE serum 
suggesting that components in SLE serum might contain a key initiating factor(s) in 
driving the differentiation and activation of DCs in human SLE. This serum component 
has been identified to be IFN-α (Blanco et al. 2001). 

As early as 1980s, interferon-α levels have been found to be increased in the se-
rum of SLE patients (Neighbour and Grayzel 1981). Interferon-α treatment for a 
variety of conditions such as viral infection or tumors frequently resulted in lupus-
like manifestations (Gota and Calabrese 2003). Microarray data from peripheral 
blood mononuclear cells of lupus patients revealed that IFN-α and IFN-γ gene ex-
pression signatures correlated with clinical features of SLE (Bennett et al. 2003; 
Baechler et al. 2004; Crow and Kirou 2004).  

Likewise, studies using IFN-α receptor (IFNAR)-deficient New Zealand Black 
NZB mice, a strain that spontaneously develops mild lupus, have highlighted the 
potential role of type I IFN in the development of lupus. It was found that lupus was 
significantly alleviated in the IFNAR- deficient NZB mice, with significantly re-
duced ANAs, kidney disease, and mortality (Santiago-Raber et al. 2003). These mice 
also showed reduced numbers and proliferation of most immunocyte subsets includ-

Geraldes, and Demengeot 2003). However, some conflicting observations have been 
reported including the findings that suggest that IFN-I may not be a potent disease 

+
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Given that Sle3z-associated phenotypes may not be T cell intrinsic, we looked for 
any quantitative or qualitative differences in Sle3z-bearing cells of myeloid origin, 
including various antigen-presenting cell (APC) subsets. We found that myeloid cells 
including myeloid DCs or macrophages were more expanded and more activated ex 
vivo in B6.Sle3z congenics (Zhu et al. 2005). DCs and macrophages isolated from 

B6.Sle3z spleens, lymph nodes, and bone marrow exhibited increased surface levels 

of CD40, CD80, CD86, CD54, CD106 (VCAM-1), and FcR (CD16/32) and increased 
expression levels of pro-inflammatory cytokines such as IL-12, IL-1ß, and TNF-α. 
Also, when Sle3z-bearing DCs were Ovalbumine (OVA) pulsed and co-cultured with 
OVA specific T-cell receptor (TCR) Tg T cells, the T cells demonstrated more expan-
sion and reduced apoptosis compared to T cells co-cultured with B6 DCs (Zhu et al. 
2005). Most importantly, after adoptive transfer into young B6 hosts, Sle3z-bearing 

DCs elicited two cardinal Sle3z-associated phenotypes, including elevated splenic 
CD4/CD8 ratios and elevated serum autoantibody levels, compared with mice receiv-
ing B6-derived DCs. These findings suggested that Sle3z-bearing DCs appeared to be 
sufficient to recreate the Sle3z-associated lupus phenotypes (Zhu et al. 2005). 

ing B cells. Likewise, in IFNAR-deficient B6.Faslpr mice, disease reduction was also 
noted following treatment with poly(I:C), a potent inducer of type I IFN (Braun 
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inducer in the MRL.FASlpr (Hron and Peng 2004) and B6.Sle2z murine models of 
lupus (Li et al. 2005). 

A second recent breakthrough in murine lupus genetics that has highlighted the 
importance of the innate immune system revolves around the Yaa lupus susceptibil-
ity locus derived from the BXSB lupus strain, which was originally derived from the 
SB/Le and C57BL/6 (B6) parental strains (Andrews et al. 1978; Murphy and Roths 
1979). The male bias in BXSB lupus has clearly been shown to be encoded by the 
BXSB Y chromosome, and the putative locus on Y chromosome has been termed 
Yaa, or Y chromosome autoimmunity accelerating locus, as reviewed in Izui (1990). 
Interestingly, the Yaa locus leads to different degrees of autoimmunity on different 
genetic backgrounds, in epistasis with other lupus susceptibility loci (Hudgins et al. 
1985; Steinberg et al. 1985; Izui et al. 1988). Defined about 30 years ago, it was only 
recently that the identity of Yaa was elucidated —two independent groups identified 
Tlr7 as the candidate gene for Yaa (Pisitkun et al. 2006; Subramanian et al. 2006), as 
reviewed below. 

Recently, Bolland and colleague have provided data suggesting that Tlr7 may 
represent the Yaa locus (Pisitkun et al. 2006). Their studies had demonstrated that the 
locus on the Y chromosome accelerated SLE-like disease on certain strain back-
grounds including the lupus-prone FcγRIIb–/– model, indicating that Yaa is a potent 
epistatic modifier (Pisitkun et al. 2006). By utilizing a bone marrow chimera strat-
egy, they demonstrated that the B cells in B6.FcγRIIb–/– Yaa mice produced antibod-
ies preferentially targeting nucleolar antigens, while B cells from B6.FcγRIIb–/– 
mice without Yaa recognized chromatin predominantly. This data suggested that Yaa 
was capable of skewing the B cell specificity toward RNA-bearing autoantigens. 
Further microarray data on Yaa-bearing B cells revealed that four out of 26 signifi-
cantly increased genes were positioned in tandem on the X-chromosome. They hy-
pothesized that there might be a “duplication” and transfer of a segment of the X-
chromosome onto Y-chromosome, since Yaa is on the Y chromosome. This hypothe-
sis was confirmed by fluorescence in situ hybridization (FISH) experiments using 
probes specific to a region at the distal end of the X-chromosome (Pisitkun et al. 
2006).  
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Functional analysis focused further on the most interesting molecule hyper-
expressed on their microarrays-Toll-like receptor7 (TLR7), which is expressed in B 
cells. Stimulation of Yaa splenocytes with a TLR7 agonist (imiquimod) resulted in 
enhanced IκBα activity and increased proliferation in vitro. In vivo administration of 
imiquimod induced FcγRIIb–/– mice to produce autoantibodies against nucleolar 
antigens but not chromatin linking the functional role of TLR7 toward certain nu-
clear antigen specificities. Subramanian and her colleagues have recently provided 
confirmatory evidence that dysregulated TLR7 may be the culprit gene for Yaa 
(Subramanian et al. 2006). 

Collectively, the above studies suggest that dysregulated expression or function 
of DCs, the TLRs they bear (e.g., TLR7) and cytokines they express (e.g., IFN-I), 
can profoundly impact lupus pathogenesis. 
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5. Conclusions 

“Genetic dissection” has unveiled some of the mystery enshrouding lupus patho-
genesis. It appears that there are at least two distinct events leading to disease. The 
first involves a breach in the adaptive immune system as exemplified by 
Sle1bz/Ly108z (Figure 2). The second involves a dysregulation of innate immunity as 
can happen in the context of Sle3z-bearing pro-inflammatory DCs, heightened TLR7 
activity, and IFN-I production (Figure 2). Co-ordinate dysregulation of both check-
points is necessary for full-blown lupus to ensue. The challenge ahead is to under-
stand how these two checkpoints are regulated in human SLE and to devise therapeu-
tic strategies that target both checkpoints. 
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Abstract. Atopic dermatitis (AD) presents as a chronic relapsing skin disease with high preva-
lence in children. The typical distributed skin lesions make the clinical diagnosis of AD very 
simple and clear-cut in most of the cases. In contrast, the underlying mechanisms leading to 
the manifestation of AD are more than complex and consist of genetic components combined 
with various deficiencies on the level of innate and adaptive immune mechanisms. Challenged 
by this puzzle, scientific approaches of the last years have made considerable progress in 
gaining insights into the mechanisms, which cause AD. AD is a biphasic inflammatory skin 
disease characterized by an initial phase predominated by Th2 cytokines which switches into a 
second, more chronic Th1-dominated eczematous phase. Two different dendritic cell (DC) 
subtypes bearing the high-affinity receptor for IgE (FcεRI) have been identified in the epider-
mal skin of AD patients: FcεRIhigh Langerhans cells (LCs) and FcεRIhigh inflammatory den-
dritic epidermal cells (IDECs). These two DC subtypes are believed to contribute distinctly to 
the biphasic nature and the outcome of T cell responses in AD. In contrast, plasmacytoid DCs, 
which play an important role in the defence against viral infections, have been shown to bear 
the high-affinity receptor for IgE too but are nearly absent from the epidermal skin lesions of 
AD patients. In light of recent developments, the picture emerges that different IgE-receptor 
bearing DC subtypes in the blood and skin of AD patients play a pivotal role in the complex 
network of DCs, which is highlighted in this review. 

1. Introduction 

Atopic dermatitis (AD) is a chronic inflammatory skin disease, which currently af-
fects 10–30% of children and 1–3% of adults worldwide (Leung and Bieber 2003). 
The pathophysiology of AD is complex, and several lines of evidence indicate that 
multifaceted genetic and environmental factors contribute to the clinical manifesta-
tion of the disease (Novak et al. 2003a). Food allergens, aeroallergens in addition to 
microbial components, and stress are regarded as important trigger factors and im-
pact on both the severity and the duration of the disease. Besides that, chronic tissue 
damage and frequent allergen challenges seem to predispose subgroups of patients to 
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the manifestation of immunoglobulin E (IgE) hyperreactivity, which together with 
numerous other factors paves the way for the chronification of AD and the concomitant 
development of other atopic disorders such as allergic rhinoconjunctivitis and asthma 
(Mothes et al. 2005). Although there is incontrovertible evidence for a capability of 
environmental allergens to initiate severe flare-ups of eczema or contribute to the 
impairment of the characteristic, xerotic and itchy skin lesions which predominate 
the clinical picture of AD, the main mediators of these reactions on the cellular level, 
were elusive for a long time. This changed over a decade ago, when IgE-bearing 
dendritic cells (DCs) have been discovered in the epidermal skin lesions of AD for 
the first time. Later on, the high-affinity receptor for IgE (FcεRI) has been identified 
as main IgE-binding structure on these cells (Bieber et al. 1992; Wang et al. 1992). 
In contrast to the classical tetrameric FcεRI on the surface of effector cells of allergic 
reactions such as mast cells and basophils, FcεRI on DC has a trimeric structure and 
consists of the IgE-binding α-chain and the γ-chain dimer which are responsible for 
downstream-signal propagation, while the β-chain is absent. Further on, it has been 
shown that the FcεRI surface expression is regulated distinctly in antigen-presenting 
cells of atopic and non-atopic donors. In DCs of non-atopic individuals, most of the 
IgE-binding α-chain remains in the intracellular space, while only few γ-chain 
dimers are present. In contrast, in DCs of atopic individuals, a second variant of the 
α-chain can be detected, which is capable of associating with the γ-chains present in 
high levels in these cells. This is the basis for the transportation of the complete 
trimeric FcεRI complex to the cell surface and accounts for the high capability of 
DCs in the skin of AD to bind IgE molecules (Novak et al. 2004b; 2003b; 2003c). 

2. Network of Myeloid DCs in AD 

DCs as antigen-presenting cells are outposts of the immune system, which are lo-
cated at the border zones of the body to the environment. Since they have been dis-
covered over a century ago in 1868 by Paul Langerhans, they remained enigmatic 
and fascinated researchers all over the world (Jolles 2002). With the help of their 
dendrites, they form a sophisticated network within the epidermis and encounter 
foreign antigens. Subsequently, they internalize these antigens, secret cytokines, 
process them, migrate to the lymph nodes, and present the processed antigens to T 
cells. Obviously, their function of antigen uptake and presentation as well as T cell 
priming is of particular immunologic importance in diseases with an impaired epi-
dermal skin barrier such as AD (Cork et al. 2006). This impaired skin barrier has 
been shown to result partially from genetic modifications in genes encoding impor-
tant proteins of the epidermal differentiation complex such as Filaggrin or S100 
(Weidinger et al. 2006; Palmer et al. 2006; Cookson 2004). Together with an in-
creased water loss and shift of the pH, this contributes to the fatal “loss” of the skin 
barrier as a protective shield in AD patients, which allows foreign antigens to invade 
easily into the skin (Strid and Strobel 2005). As a basic principle, two different types 
of DCs are known to regulate the immune haemostasis in our body: First, the so-
called myeloid DCs, which express the DC marker CD1a. Myeloid DCs are 
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CD11c+CD123– and suspected to encounter a high number of immune reactions, 
which lead to immunity (Bonasio and von Andrian 2006).  

The most prominent members of this class of DCs are the classical Langer-
hans cells (LCs), which are characterized by the Birbeck granules, electron-
microscopically visible as tennis racket-shaped organelles originating from the 
accumulation of the C-type lectin Langerin (Villadangos and Heath 2005). LCs 
reside in both, healthy and inflamed skin and are constantly renewed under 
steady-state conditions. As a characteristic feature of AD, LCs are equipped with 
the high-affinity receptor for IgE (FcεRI) on their cell surface, which enables 
them to take up allergens penetrating into the skin (Villadangos and Heath 2005). 
In vitro studies of LCs combined with Atopy-patch test results in which type I 
allergens applied to the skin induce an eczematous reaction within 24–48 h in 
sensitized individuals, provide evidence that LCs are in the foreground in the 
initial phase of AD (Novak et al. 2004b). LC are capable of taking up invading 
allergens and presenting these allergens to T cells (Kerschenlohr, Decard, Przy-
billa, and Wollenberg 2003). In this step, primarily T cells of the Th2 type are 
primed by LCs in vitro, which are characterized by the production of IL-4, IL-5, 
and IL-13, typical for the initial phase of AD (Novak et al., 2004b). Other fac-
tors, such as the release of thymic stromal lymphopoietin (TSLP) by keratino-
cytes, are suspected to aggravate this DC-mediated Th2-immune response (Wang 
et al. 2006). Further on, allergen challenge and concomitant IgE receptor cross linking 
on LCs or activation by microbial products such as staphylococcal enterotoxins lead to 
the release of different chemotactic mediators, which together with soluble factors 
contribute to the recruitment of other cell types such as inflammatory dendritic epider-
mal cells (IDECs) from their precursor cells from the blood into the skin (Gunther et al. 
2005; Pivarcsi et al. 2004; Homey et al. 2006). 

IDECs are only present at inflammatory epidermal sites and bear significantly 
high numbers of FcεRI in combination with CD11b molecules and the mannose 
receptor (CD206) on their cell surface but are Langerin (CD207)-negative DCs 
(Wollenberg et al. 1995; Stary, Bangert et al. 2005). In time, kinetics acquired 
with the help of atopy patch tests, invasion of IDECs into the epidermis within 
24–48 h after allergen application, and concomitant up-regulation of FcεRI ex-
pression on LCs and IDECs in the developing skin lesions has been observed 
(Kerschenlohr et al. 2003), supporting the view of a two-step model directed by DC 
subtypes in AD (Figure 1) Due to their high ability to release distinct pro-
inflammatory mediators after IgE receptor-mediated allergen challenge, it is assumed 
that IDECs are the main dendritic amplifiers of the epidermal allergic-inflammatory 
reaction in AD. Allergen challenge of IDECs in vitro leads, beside the release of pro-
inflammatory cytokines and chemokines, to the production of IL-12 and IL-18, 
which might contribute to the alteration of the initial Th2-immune micromilieu to the 
predominance of interferon (IFN)-γ-producing T cells in the skin, which seem to be a 
crucial step for the chronification of the skin lesions (Novak et al. 2004b; Grewe  
et al. 1995). 
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3. Balance of LCs and IDECs Predicts the Severity of AD  

It is assumed that LCs are capable of maintaining, to some degree, a state of toler-
ance toward invading allergens and pathogens within the skin. Most likely, the inten-
sity and number of danger signals and other yet-unidentified signals might lead to the 
break-down of this state of tolerance under certain conditions and an overbalance 
of inflammatory reactions accompanied by the invasion of cell types with  

 

FIGURE 1. Network of Langerhans cells (LCs) and inflammatory dendritic epidermal cells 
(IDECs) in the epidermis of atopic dermatitis (AD) patients. (A) LC residing in the epidermis 
capture pathogens, secret cytokines/chemokines, process antigens, migrate to the lymph 
nodes, and present them to T cells. In the lymph node, LC prime large amounts of Th2 cells, 
which produce high amounts of Th2 cytokines such as IL-4, IL-5, and IL-13. (B) Allergen 
challenge and concomitant IgE receptor cross linking on LC or activation by microbial prod-
ucts lead to the release of different chemotactic mediators, which together with soluble fac-
tors contribute to the recruitment of IDECs into the skin. IDEC present at inflammatory 
epidermal sites and bear significantly high numbers of FcεRI on cell surface. Allergen chal-
lenge of IDEC in vitro leads to the production of IL-12 and IL-18 and release of pro-
inflammatory cytokines and chemokines, which might contribute to the amplification of the 
allergic-inflammatory reaction and alteration of the initial Th2-immune micromilieu to the 
predominance of IFN-γ-producing Th1 T cells in the skin, which seem to be a crucial step for 
the chronification of the skin lesions. MHC, major histocompatibility class; TCR, T cell 
receptor. 
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pro-inflammatory characteristics into the skin such as IDECs. After therapy with 
topical immunmodulators, for instance, the surface expression of the IgE receptors is 
reduced on both LCs and IDECs, and the number of IDECs within the epidermis 
decreases below the detectable level (Schuller et al. 2004; Novak et al. 2005; Simon  
et al. 2004). These findings support the view that IDEC should be the main DC sub-
types targeted and eliminated by therapeutic approaches, while the rather anti-
inflammatory and pro-tolerogenic functions of LCs should be sustained or even 
strengthened by therapeutic intervention. 

4. Deficiency of Plasmacytoid DCs in AD 

Plasmacytoid DCs are CD1a negative as well as CD11c negative but positive for the 
α-chain of the IL-3 receptor (CD123) and the blood-dendritic cell antigen (BDCA)-2. 
They are equipped with specific pattern recognition receptors of the innate immune 
system which enable them to sense microbial pathogens and thereby defend our 
organism against bacterial and viral infections (Soumelis and Liu 2006). Plasmacy-
toid DCs in the peripheral blood of AD patients have been shown to bear the FcεRI 
receptor on their surface which is densely occupied with IgE molecules (Novak et al. 
2004a). IgE receptor expression of pDC correlates with the IgE serum levels, indicat-
ing that IgE in the micromilieu might be necessary to stabilize this structure on the 
cell surface of pDC. Further on, activation of FcεRI on pDC counter-regulates the 
toll-like receptor (TLR)-9 pathway involved in the regulation of the type I IFN pro-
duction, which is required for the defence against virus infections (Schroeder et al. 
2005). Aggregation of FcεRI on pDC induces the release of IL-10 and increases in 
an endogenous loop IL-10-mediated apoptosis of pDC in vitro. Further on, the pre-
activation of pDC via allergen challenge significantly reduces the capacity of pDC to 
produce IFN-α and IFN-β in response to subsequent stimulation with viral DNA 
motifs (Novak et al., 2004a). The reduced capacity of pDC to produce type I IFN 
after allergen challenge might be one of the reasons for the high susceptibility of AD 
patients to viral infections. There is also evidence for a reduced amount of pDC in 
the epidermis of AD patients in comparison to other chronic inflammatory skin dis-
eases such as psoriasis, allergic contact dermatitis, or lupus erythematodes which 
might be based on a lower recruitment of these cells into the skin due to reduced 
expression of skin homing molecules on pDC of atopic donors or a higher rate of 
apoptosis of pDC in the Th2-prone micromilieu of AD skin (Wollenberg et al. 2002). 
The Th2-predominated immune state (Wollenberg et al. 2003; Novak and Peng 
2005), modifications on the level of pDC together with other deficiencies of the 
innate immune system, for instance, reduced amounts of antimicrobial peptides such 
as cathelicidin in the skin of AD patients (Ong et al. 2002; Howell et al. 2006) have 
been identified as important risk factors for the manifestation of bacterial and viral 
infections of the skin, which significantly aggravate the course of the disease in a 
subgroup of AD patients. 
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5. Conclusions 

Distinct DC subtypes in the blood and in the skin of AD patients play a pivotal role in 
the pathophysiology of this chronic inflammatory skin disease. Targeting DC subtypes 
by boosting their anti-inflammatory, pro-tolerogenic capacities while impairing their 
pro-inflammatory, pro-allergic attributes would represent a promising therapeutic  
strategy to take advantage of DCs and the complex network of DCs in AD. 
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Abstract. Systemic lupus erythematosus (SLE) is a multisystem chronic inflammatory disease 
of multifactorial aetiology, characterized by inflammation and damage of various tissues and 
organs. Current treatments of the disease are mainly based on immunosuppressive drugs such 
as corticosteroids and cyclophosphamide. Although these treatments have reduced mortality 
and morbidity, they cause a non-specific immune suppression. To avoid these side effects, our 
efforts should focus on the development of alternative therapeutic strategies, which consist, for 
example in specific T cell targeting using autoantigen-derived peptides identified as sequences 
encompassing major epitopes. 

1. Introduction 

Systemic lupus erythematosus (SLE) is a multisystem chronic inflammatory disease 
of multifactorial aetiology, characterized by inflammation and damage of various 
tissues, including the joints, skin, kidneys, heart, lungs, blood vessels and brain 
(Kotzin 1996). At the immunological and biological levels, SLE is characterized by 
complement deficiencies, modification of cytokine secretion, hypergammaglobu-
linemia, production of autoantibodies and formation of immune complexes, which 
play a crucial role in associated glomerulonephritis and cutaneous lesions (Toskos 
1999). At least 100 different antigens targeted by specific antibodies have been char-
acterized in SLE. These antibodies often target components of the nucleus and more 
specifically macromolecular complexes such as the nucleosome, spliceosome, and 
Ro/La particle (Mattioli and Reichlin 1973; Pinnas et al. 1973). The cause of the 
illness is unknown, but it is clear that it depends on three types of risk factors, 
namely a genetic part, a hormonal influence with a female prevalence (9:1) and a 
part of acquisition that remains extremely difficult to evaluate. Environmental factors 
cannot only exacerbate existing lupus conditions but can also trigger the initial onset. 
They include extreme stress, exposure to sunlight and infections, for example. In its 
worst form, lupus can be fatal: 10% of patients die from kidney disease, cardiovascular 
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disease or infections. Current treatments of the disease are mainly based on  
immunosuppressive drugs such as corticosteroids and cyclophosphamide, which are 
often administered at high doses in acute exacerbation phases. Although these treat-
ments have reduced mortality and significantly lengthened patients’ life expectan-
cies, they cause a non-specific immune suppression leading to side effects, which are 
sometimes worse than the disease itself. Certain adverse effects such as obesity, 
diabetes mellitus, hyperlipidemia and hypertension are reversible and generally im-
prove after reducing the corticoid dosage. However, they may contribute to late 
irreversible complications. To avoid such side effects, our efforts should focus on the 
development of alternative therapeutic strategies, which consist, for example, in 
specific T cell targeting using autoantigen-derived peptides identified as sequences 
encompassing major epitopes. 

2.  Are Peptides Suitable Agents for Therapeutics  
in Autoimmune Diseases? 

Synthetic peptides have long been recognized as potential candidates for therapeutic 
vaccines in autoimmune diseases (Fairchild 1997; Anderton 2001; Sela and Mozes 
2004; Larché and Wraith 2005, Root-Bernstein 2006). One important advantage of 
short peptides is that in the absence of adjuvant, their immunogenicity is very weak, 
making them very attractive immunomodulatory agents. In general, however, pep-
tides are short-lived molecules, which degrade rapidly in biological fluids, and this 
poor stability has been used to deny their potential usefulness. It should be men-
tioned that in contrast to what is generally believed, all peptides are not immediately 
cleaved in serum; certain sequences possess a sufficient intrinsic stability allowing 

example, B cell epitopes (and autoepitopes) can be very efficiently mimicked by 
means of peptide analogues, which contain changes in the natural CO – NH peptide 
bond, such as retro-inverso and reduced peptide bond analogues (Guichard et al. 
1994; Briand et al. 1995; Benkirane et al. 1996). Such analogues can have mean half-
life increased by ten to several hundred in serum (Stemmer et al. 1999; Ben-Yedidia 
et al. 2002). All D-peptides, which are also very resistant to proteases, can be effi-
ciently recognized by anticarbohydrate antibodies (Pinilla et al. 1998). 

Some pseudopeptide analogues readily bind class I and II MHC molecules and 
can also induce differential effects on T cell responsiveness, similar to those de-
scribed with altered peptide ligands, which contain single amino acid replacements. 
For example, retro-inverso analogues corresponding to two CD4+ T cell epitopes 
(one corresponded to the third constant region of mouse heavy chain IgG2a allotype 
γ2ab, which mimics a corneal antigen implicated in autoimmune keratitis) were 
shown to retain their binding capacity to murine I-Ed and I-Ad MHC class II molecules 
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their target, such as major histocompatibility complex (MHC) molecules or albumin, 
which serves at the periphery as a carrier “sponge.” However, to overcome this insta-
bility drawback, several attempts have been made, replacing standard peptides by more 
stable peptidomimetics. Thus, some pseudopeptides, which contain modified peptide 
bonds, possess favourable structural and antigenic properties, which can have a consid-
erable interest for therapeutic applications (Jameson et al. 1994; Allen et al. 2005). For 
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and induce in vivo T cell responses equivalent to those obtained with the wild-type 
peptides (Mézière et al. 1997). Recently, using the peptides 88–99 of histone H4, 
which contains a supradominant epitope recognized by Th cells induced to nu-
cleosomes (Decker et al. 2000), we identified several analogues containing aza-
β3-amino acid residue substitutions Ψ[CONHNRCH2], which were recognized by 
T cells generated to the cognate sequence (Dali et al. in press). Most interestingly,  
T cells primed to certain of these peptide analogues and recalled ex vivo with the 
nominal peptide secreting a distinct cytokine pattern (with IL-2 without IFN-γ or 
IFN-γ without IL-2, according to the considered analogue, or IL-2 and IFN-γ in the 
presence of the nominal peptide) (Dali et al. in press). Altogether, these results em-
phasize the considerable advantages that peptides can have for developing a new 
generation of therapeutic agents and immunomodulators. 

3. Potential of Peptide Therapeutics for Treating Lupus Patients 

Regarding peptides from nuclear autoantigens, Datta and colleagues showed that 
repeated intravenous (i.v.) or intraperitoneal (i.p.) administration into (SWRxNZB)F1 
(SNF1) lupus mice with established glomerulonephritis of a single peptide of histone 
H4 (sequences 16–39), which behaves as a “promiscuous” T cell epitope, prolonged 
survival of treated animals and halted progression of renal disease (Kaliyaperumal  
et al. 1999). The protective properties of another peptide of histone H4 (sequences 
71–93) accompanied by an increased level of IL-10 and suppression of IFN-γ se-
creted by lymph node (LN) cells were described by Staines and collaborators who 
administrated the peptide to SNF1 mice by the intranasal (i.n.) route (Wu et al. 
2002). Wu and Staines (2004) showed further that following i.n. (but not intrader-
mal) administration of H4 peptides 71–93, the number of CD4/CD25+ regulatory T 
cells, which is low in BW and SNF1 mice as compared with normal mice, was re-
stored in both strains. Very low-dose therapy of SNF1 mice with H4 peptides 71–94 
was also found to induce CD8+ and CD4/CD25+ regulatory T cells containing 
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Relatively recently has emerged the idea of using peptides described as sequences able 
to modulate the autoimmune response, as these peptides will only target specific autore-
active B and T cells (Singh 2000). Several successful attempts of peptide-based therapy 
have been described in murine model of lupus (Monneaux and Muller 2004). Some 
peptides corresponding to antibody idiotypes—for example the pCONS peptide, a con-
sensus peptide derived from the variable heavy chain (VH) region of NZBxNZW (BW) 
IgG antibodies to DNA and predicted to possess T cell stimulatory activity (Hahn et al. 
2001; Hahn et al. 2005), or peptides derived from the sequence of the complementary-
determining regions 1 and 3 (pCDR1 and pCDR3) of a human anti-DNA monoclonal 
antibody that bears the so-called 16/6 Id (Zinger et al. 2003)—have been used with 
remarkable efficacy in BW lupus mice. An impressive protective effect was also ob-
served in MRL/lpr mice with a peptide identified using combinatorial chemistry ap-
proaches and able to interfere with Fcγ-receptor recognition (Marino et al. 2000). For 
therapeutic application, this immunoglobulin-binding peptide (called TG19320) was 
used as a protease-resistant tetrameric tripeptide containing D-amino acid residues. 
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autoantigen-specific cells to decrease IFN-γ levels secreted by pathogenic T cells and 
to decrease the antibody levels by 90–100% (Kang et al. 2005). The histone H3 
peptides 111–130 encompassing a T cell epitope in BW mice was also used with 
success when administrated intradermally (4 X 100 µg in Freund’s adjuvant) into 
BW mice (Suen et al. 2004). Treatment (5 X 80 µg i.p. in saline weekly for 260 
days) of MRL/lpr mice with a 21-mer peptide of laminin α-chain targeted by lupus 
antibodies also prevented antibody deposition in the kidneys, ameliorated renal dis-
ease, decreased the weight gain caused by accumulating ascitic fluid and markedly 
improved longevity of treated mice (Amital et al. 2005). 

4.  A New Peptide Analogue for Treating Lupus Patients?  
The Potential of Peptide P140 

By testing a series of overlapping peptides, we identified an epitope present in resi-
dues 131–151 of the spliceosomal U1-70K small nuclear ribonucleoprotein (snRNP), 
recognized very early by IgG antibodies and CD4+ LN T cells from both H-2k 
MRL/lpr and H-2d/z BW lupus-prone mice (Monneaux et al. 2000, 2001). Fibroblasts 
transfected with MHC class II molecules were used to demonstrate that peptides 
131–151 readily binds I-Ak, I-Ek, I-Ad and I-Ed murine MHC molecules (Monneaux 
et al. 2000, 2001). We further showed that an analogue of this sequence phosphory-
lated on Ser140 (named peptide P140) was strongly recognized by LN and peripheral 
CD4+ T cells and by IgG antibodies from MRL/lpr mice (Monneaux, 2003, 2004). 
This analogue and the cognate peptides 131–151 were used in therapeutic trials in 
lupus-prone mice to investigate their ability to restore tolerance. Young MRL/lpr 
mice were given the peptides i.v. in saline (4 X 100 µg), and we found that P140 
peptide, but not the non-phosphorylated peptide 131-151, reduced proteinuria and 
dsDNA IgG antibody levels and significantly enhanced the survival of treated mice 
(Monneaux et al. 2003). When administrated s.c. in Freund’s adjuvant, P140 peptide 
accelerated lupus nephritis. 

Our studies revealed that P140 peptide and the non-phosphorylated correspond-
ing sequence behave as promiscuous epitopes (Monneaux et al. 2005). As in the 
mouse model, we found that peptides 131–151 of the U1-70K protein induces ex 
vivo proliferation of CD4+ T cells from lupus patients. Interestingly, however, we 
observed that phosphorylation of Ser140 prevented proliferation while favouring 
secretion of high levels of regulatory cytokines, which are produced specifically 
when lupus patients’ peripheral CD4 T cells are incubated in the presence of P140 
analogue (Monneaux et al. 2005). 

The identification of a tolerogenic CD4+ T cell epitope within P140 peptide is 
remarkable, because this sequence, which is completely conserved in the mouse and 
human U1-70K protein, contains an RNA-binding motif called RNP1, also present in 
other sn/hnRNPs and often targeted by antibodies from lupus patients and mice. The 
131–151 sequence of the spliceosomal U1-70K protein is located within an 80–90 
amino acid-long RNA-binding domain. It encompasses a conserved sequence, called 
RNP1 motif, which is also present in other RNA-binding proteins, such as snRNP 
(e.g. U1-A) and heterogeneous nuclear (hn)RNP (e.g. hnRNP-A2/B1) proteins.  
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Starting from the observation that sequences containing this RNP1 motif are often 
targeted by antibodies from lupus patients and mice, we hypothesized that the RNP1 
motif could be involved in the earliest stages of the T–B intramolecular diversifica-
tion process to other regions of one of the spliceosomal proteins containing this 
unique motif and might promote intermolecular spreading to epitopes of other pro-
teins present within the same spliceosomal particle and containing or not an RNP1 
motif (Monneaux and Muller 2001, 2002). We experimentally demonstrated that an 
intramolecular T and B cell spreading effectively occurs in MRL/lpr mice tested at 
different ages (Monneaux et al. 2004). Moreover, we showed that repeated admini-
stration of phosphorylated analogue P140 in saline into pre-autoimmune MRL/lpr 
mice transiently abolishes both T cell intramolecular spreading to other regions of 
the U1-70K protein (Monneaux et al. 2004) and T cell intermolecular spreading to 

These results are extremely promising. From a conceptual point of view, how-
ever, we have to determine how in such a polymorphic and multifactorial pathology, 
administration of a single peptide (P140 peptide, histone peptides or peptides from 
other self-antigens) can be sufficient to suppress a complex autoimmune response to 
multiple cell components. Several possible pathways by which peptide P140 might 
exert a modulating effect are currently envisaged. P140 peptide could act as a partial 
agonist of the autoreactive T cell receptor, as suggested by our results obtained with 
lupus patients’ T cells (Monneaux et al. 2005). It may also expand the regulatory  
T cell pool and/or restore defective regulatory T cell function as seen in the case of 
therapeutic histone peptides (see above). These and other possible mechanisms are 
presently under evaluation. 

5. Final Remarks 

Peptides encompassing T cell epitopes represent promising tools for manipulating 
immune regulation in autoimmune diseases, such as lupus. Examples in other  
experimental models of autoimmunity (e.g. in experimental autoimmune encephalo-
myelitis, experimental myasthenia gravis or diabetic NOD mice) also show spectacu-
lar protective effects. It is possible that for long-term therapeutic applications it will 
be necessary to combine several independent strategies, which can be introduced 
simultaneously or sequentially. These strategies could target T cells but also B cells, 
CD8+ suppressor cells and regulatory T and B cells. The results obtained in different 
laboratories are quite encouraging and a number of T cell-specific agents with clini-
cal potential have recently emerged (Isenberg and Rahman 2006; Kaul et al. 2006; 
Liu et al. 2007). The P140 peptide—which interferes with intra and intermolecular 
epitope spreading in MRL/lpr mice and consequently interrupts, at least transiently, 
the spiral of events leading to antibody production and tissue inflammation—
represents a potential candidate that deserves most attention. Since in addition we 
have shown that P140 therapy does not alter immune response against a viral chal-
lenge (Monneaux et al. submitted), it might constitute the basis of a specific and safe 
immunointervention strategy in lupus. 
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regions of other spliceosomal proteins, suggesting that the P140 analogue might 
originate a mechanism of so-called “tolerance spreading.” 
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Abstract. CD4+CD25+ regulatory T cells (Tregs) play an important role in maintaining 
tolerance to self-antigens controlling occurrence of autoimmune diseases. Recently, it has 
been shown that the transcription factor forkhead box P3 (FoxP3) is specifically ex-
pressed on CD4+CD25+ T cells. FoxP3 has been described as the master control gene for 
the development and function of Tregs. We characterized CD4+CD25+CTLA-4+FoxP3+ T 
cells in 43 patients with systemic lupus erythematosus (SLE). Twenty of them comprised 
a group of newly admitted patients with the first manifestations of the disease, and the 
second group included patients that were treated with cytostatics and steroids. The results 
revealed a significant decrease in CD4+CD25+ and CD4+CD25high T cells numbers in 
patients from group I compared with control and group II patients. Coexpression of 
FoxP3 on CD4+CD25+ T cells was significantly reduced in both groups regardless the 
therapy. The ability of Tregs to suppress proliferation of autologous CD8+ and CD4+  
T cells was significantly reduced in both groups of patients compared to healthy donors. 
Our data revealed impaired production of Tregs in SLE patients that can be partly re-
stored by conventional treatments.  

1. Introduction 

Regulatory CD4+CD25+ T cells (Tregs) represent a small subset of CD4+ T cells 
that constitutively express the IL-2 receptor-α chain, CTL-associated antigen 4 
(CTLA-4), glucocorticoid-induced TNF receptor (GITR), and class II MHC mark-
ers (Beacher-Allan et al. 2001). Unique lineage of immunoregulatory CD4+CD25+ 
T cells comprises ~5–10% of CD4+ T cell population. Tregs do not proliferate in 
response to T cell antigens but can inhibit activation of other T cells by the con-
tact-dependent or cytokine-mediated mechanisms (Shevach 2001). The Treg-
specific gene, forkhead box protein P3 (FoxP3), encodes a transcription factor, 
which is explicitly expressed in Tregs (Hori et al. 2003). FoxP3 acts as a negative 
regulator of cytokine production by CD4 T cells and repress transcription of IL-2 
and other cytokine genes including IL-4 and IFN-γ (Schubert et al. 2001). 
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 FoxP3 can be induced upon TCR-mediated activation (Allan et al. 2005), and the 
function of FoxP3 is not restricted to Tregs (Chen et al. 2005). Small numbers of 
human CD4+ and CD8+ T cells transiently upregulated FoxP3 upon in vitro stimula-
tion (Gavin et al. 2006). However, at present, high levels of expression of CD25 and 
FoxP3 are the most valued markers of CD4+CD25high Tregs. 
 In human, autoimmune diseases, including diabetes (Lindley et al. 2005), multi-
ple sclerosis (Viglietta et al. 2004), rheumatoid arthritis (van Amelsfort et al. 2004), 
psoriasis (Sugiyama et al. 2005), and type II autoimmune polyendocrinopathy 
(Kriegel et al. 2004), are characterized by low numbers and/or defective function of 
CD4+CD25high T cells. However, reports on Tregs in patients with systemic lupus 
erythematosus (SLE) are controversial. Recent data indicate diminished numbers of 
CD4+CD25+ T cells that mainly associated with the disease’s flares but not in remis-
sion (Crispin et al. 2003; Liu et al. 2004; Lee et al. 2006; Miyara et al. 2005). How-
ever, Alvarado-Sanchez et al. (2006) did not show any significant differences in the 
levels of regulatory T cells in SLE patients. The explanation of these differences 
might be in the variety in treatments and stages of the disease. 
 We aimed to estimate the total number and function of CD4+CD25+FoxP3+CTLA-
4+ T cells and CD4+CD25highFoxP3+ cells in a group of newly admitted patients with 
early SLE manifestations prior to any therapy. Healthy volunteers and SLE patients 
after therapy served as controls. 

2. Experimental Design 

Forty-three patients with the diagnosis of active SLE according to the American 
College of Rheumatology criteria were enrolled in the study. The group included 35 
women and 8 men, 14–49 (median 29.4) years old. Twenty newly admitted patients 
and 23 patients, who were recently treated with 3 g methylprednisolone/1 g cyclo-
phosphamide pulse therapy, were studied prior to receiving corticosteroids. Seven-
teen matched healthy donors were included as controls. 
 Peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll gradient 
centrifugation. Antibodies used for flow cytometry were anti-CD3-FITC, anti-
CD25-FITC, anti-CD4-PE, anti-CD8-PE, anti-CD19-PC5 (Beckman Coulter), 
anti-CD19-PC5, anti-CD152-PC5, anti-CD25-FITC (BD Pharmingen), and ap-
propriate isotype controls. For the detection of intracellular markers, PBMCs 
were stained with surface membrane antibodies (anti-CD25-FITC and anti-CD4-
PE), fixed, permeabilized with 0.1% saponin, and stained with anti-Foxp3-PC5 
or isotype control antibody (eBioscience). Flow cytometry analysis was per-
formed on FACSCalubur (Becton Dickinson) using CellQuest Pro software. The 
results are presented as the percentage of positive cells. 
 For CD4+CD25+ cell isolation, PBMCs were labeled with Biotin-Antibody 
Cocktail and anti-Biotin MicroBeads (Miltenyi Biotec) followed by a negative 
selection of CD4+ T cells. Cells from the negative fraction were labeled with 
CD25 MicroBeads and positive CD4+CD25+ cells were harvested. To increase 
the purity of cell populations, the positive fraction was isolated on magnetic 
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isolation of CD4+ and CD8+ T cells, PBMCs were labeled with anti-CD4 or anti-
CD8 MicroBeads, and the purity of these cells was >95–98%. 
 For the proliferation/suppression assay, CD3-depleated mitomycin C-treated 
PBMCs were used as accessory cells. All cultures were performed in 96-well 
plates in a final volume of 200 μl. 5 X 104 CD4+CD25– and CD4+CD25+ cells 
were incubated in the presence of 5 X 104 accessory cells and anti-CD3 antibod-
ies (5 μg/ml, ICO-90, MedBioSpectr). CD4+CD25+ cells were added to CFSE 
(carboxifluorescein succinimidylester, 5 μM, 10 min, 37° C Fluka)-labeled 
CD4+CD25– cells at 1:1 ratio, and 6 days later, cell proliferation was estimated 
by flow cytometry as a reduction of CFSE intensity. The results were presented 
as the proliferative index (PI) calculated as a ratio between the sum of the events 
in each generation and the number of original parent cells (obtained by dividing 
the number of the events in each generation by 2 raised to the power of the gen-
eration number) (Lyons 2000). Statistical analysis was performed with Statistica 
6.0 software. To compare differences between groups, the Mann–Whitney U-test 
or Kruskal–Wallis ANOVA test was used. The Wilcoxon-matched pair test was 
used to compare the difference before and after the treatment. 

3. Results 

3.1. CD4+CD25+ and CD4+CD25highFoxP3+ T Cell Numbers  
are Reduced in Patients with SLE 

The phenotypic analysis of the frequency of CD4+CD25+ Tregs in SLE patients 
demonstrated that the percentage of Tregs was almost twice higher in healthy donors 
(10.3 ± 3.9%) than in patients (6.1 ± 3.8%). The levels of CD4+CD25+FoxP3+ cells 
in SLE patients were lower than in healthy donors: 1.8 ± 0.8% versus 4.9 ± 1.4%, 
p<0.05. Coexpression of CTLA-4 (CD152) on CD4+CD25+ T cells was estimated as 
2.5 ± 1.2% in patients and 4.1 ± 2.4% in donors, but the numbers were not statisti-
cally significant. 
 Characterization of CD4+CD25+ and CD4+CD25highFoxP3+ cells in SLE patients 
and healthy donors is shown in Figure 1. Analysis of Tregs in newly admitted un-
treated patients (group I) and treated SLE patients (group II) demonstrated signifi-
cantly decreased numbers of CD4+CD25high T cells in group I. In contrast, differ-
ences in CD4+CD25+ T cell numbers between group II and healthy volunteers were 
not statistically significant (Figure 1A). Furthermore, evaluation of Tregs coexpress-
ing FoxP3 and CD4/CD25high molecules revealed that coexpression of FoxP3 and 
CD4+CD25high on Tregs in group I was significantly lower when compared with 
group II or healthy donors (p < 0.05). Importantly, although the expression of FoxP3 
was almost equal in both groups of patients, the numbers of CD4+CD25+ cells coex-
pressing FoxP3 were twice as low in patients than in healthy donors (Figure 1B). 

columns two times, and the purity of CD4+CD25+ cells was >80–90%. For the 
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3.2. Patients with SLE Display Impaired Function of CD4+CD25+ T Cells 

We next tested the suppressive activity of CD4+CD25+ cells toward autologous re-
sponder T cells. First, CD4+CD25+ T cells from SLE patients were anergic and did not 
proliferate upon activation with anti-CD3 antibodies in the presence of allogeneic 
antigen-presenting cells (data not shown). Proliferation of donors’ CD8+ T cells mixed 
(1:1) with autologous CD4+CD25+ Tregs was completely inhibited, while patients’ 
Tregs were able to suppress proliferation of only 35.4–55.2% of CD8+ T cells  
(Figure 2 C–D). The response of CD4+ T cells mixed with autologous CD4+CD25+  
T cells was significantly lower then the response of donors’ CD4+ cells. Obviously, 
suppressive function of patients’ CD4+CD25+ Tregs was impaired  (Figure 2 II.E–F). 
We, however, revealed no significant differences in the suppressive function of Tregs 
between patients from group I and group II. 

4. Discussion 

Data regarding the functional activity and the numbers of CD4+CD25+ cell popu-
lation in patients with SLE are conflicting (Crispin et al. 2003; Liu et al. 2004; 
Miyara et al. 2005; Alvarado-Sanchez et al. 2006; Lee et al. 2006). These  

 

FIGURE 1. PBMC from SLE patients contain low numbers of CD4+CD25+ and CD4+CD25high 
FoxP3+ T cells. (A) The number of CD4+25+ T cells and (B) coexpression of CD4+CD25high 
and FoxP3 in newly admitted non-treated patients, recently treated patients, and healthy volun-
teers (transparent triangulars, transparent squares, and filled rhombs, respectively). Data are 
shown as a box-plot, where the points represent the median, and the lines represent the  
25–75th percentiles. 

conflicting results might be due to specific therapies. Patients with SLE, as 
usual, are on the treatments that include cytostatics and steroids. For example, 
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Suarez et al. (2006) have reported that patients treated with steroids have ele-
vated levels of CD4+CD25high cells, whereas untreated patients have values simi-
lar to those in healthy controls. Estimating the total number of CD4+CD25+ T 
cells in SLE patients in newly diagnosed non-treated and recently treated pa-
tients with SLE, we revealed reduced numbers of CD4+CD25+ T cells in newly 
admitted patients compared to treated patients and healthy donors.  

Cell surface molecule CTLA-4 (CD152) is often considered as a marker of Tregs 
and might be involved in the suppressive activity of Tregs. Indeed, it has been re-
cently reported that anti-CTLA-4 therapy completely inhibits the function of Tregs 
(Read et al. 2006). However, we did not find significant differences in the expression 
of CTLA-4 on Tregs between two groups of patients and donors. 
 FoxP3 has been described as the gene controlling development and function of 
Tregs. FoxP3 regulates expression of the IL-2 and CD25 genes in Tregs (Fontenot  
et al. 2003; Hori et al. 2003), and FoxP3 deficiency induces severe autoimmune 
diseases in humans and animals (Bennett et al. 2001). Mutations in the X-linked 
FoxP3 are responsible for human autoimmune diseases, immune dysregulation, 
polyendocrinopathy, enteropathy, and X-linked syndrome (IPEX) (Hori et al. 2003). 
Our data show that expression of FoxP3 in CD4+CD25high T cells in SLE patients 
was significantly lower than in control group and did not differ between two groups 

FIGURE 2. Reduced suppressive function of CD4+CD25+ T cells in SLE patients. Suppressive 
activity of Tregs was assessed in cocultures with autologous CD8+ and CD4+ responder  
T cells in the presence of CD3-depleted pheripheral blood mononuclear cells (PBMCs).  
I. Proliferation of CFSE-labeled CD4+ T cells cultured with medium (A) or Tregs (B). II. 
Inhibition of CD8+ (C and D) and CD4+ (E and F) T cell proliferation in the presence of 
CD4+CD25+ T cells. C and E,  SLE patients’ T cells; D and F, donors’ T cells. Arrows show 
the percentage of inhibition of T cell proliferation. The results of one representative out of 
seven experiments are shown. 
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of SLE patients. Noticeably, treatment of SLE patients did not affect a potential 
genetic impairment in FoxP3 expression in T cells. Analyzing the regulatory capac-
ity of T cells obtained from SLE patients, we revealed significant deficiency in sup-
pressive function of Treg cells assessed by their coculture with CD4+ or CD8+ re-
sponder T cells. However, again we did not observe any difference in the functional 
capability of Tregs between two groups of patients. 
 In conclusion, we have reported here that the conventional therapy results in 
increased numbers of Tregs in SLE patients, which were lower in patients prior to 
the treatment. However, expression of FoxP3 in Tregs was equally lower in both 
treated and non-treated patients, which was associated with reduced immunosuppres-
sive function of Tregs. It is possible that therapeutic manipulations with ex vivo-
generated Tregs might be used for the treatment of SLE patients. 
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Abstract. HLA class I antigens play a key role in immune recognition of transformed and 
virally infected cells via binding to the peptides of “non-self” or aberrantly expressed proteins 
and subsequent presentation of the newly formed “HLA-I-peptide” complex to T lymphocytes. 
Consequently, a chain of immune reactions is initiated leading to tumor cell elimination by 
cytotoxic T cells. Altered tumor expression of HLA class I is frequently observed in various 
types of malignancies. It represents one of the main mechanisms used by cancer cells to evade 
immunosurveillance. Because of immune selection, HLA class I-negative variants escape and 
lead to tumor growth and metastatic colonization. Loss or downregulation of HLA class I 
antigens on tumor cell surface is a factor that limits clinical outcome of peptide-based cancer 
vaccines aimed to increasing specific anti-tumor activity of cytotoxic T lymphocytes. Thus, 
gaining more knowledge regarding frequency of HLA class I defect, its tissue specificity, and 
underlying molecular mechanisms may help designing appropriate therapeutic strategies in 
cancer treatment. Here, we describe various types of HLA class I alterations found in different 
malignancies and molecular mechanisms that underlie these defects. We also discuss a corre-
lation between HLA class I defects cancer progression in melanoma patients with poor clinical 
response to autologous vaccination. 

1. Introduction 

Malignant transformation of normal cells and cancer progression results from an 
accumulation of mutational and epigenetic changes that alter normal cell growth and 
survival pathways.  High genomic instability and diversity produces a great degree of 
heterogeneity seen in human tumors (Figure 1A). Tumor cells often express new 
antigens because of multiple genetic alterations that are associated with malignant 
transformation. These antigens are recognized by T cells in association with HLA 
class I molecules. These activated T cells consequently eliminate tumor cells. The 
process that involves the recognition and destruction of cancer cells by numerous 
innate and adaptive immune effector cells and molecules is known as immunosur-
veillance (Garrido et al. 1997; Zitvogel et al. 2006; Smyth et al. 2006). 
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Nevertheless, cancer cells escape from immunosurveillance through the out-
growth of poorly immunogenic tumor cell variants, which emerge due to growth 
advantages created by a combination of certain features of tumor cells and the factors 
of tumor environment (Garrido, Cabrera, Concha, Glew, Ruiz-Cabello, and Stern 
1993). Therefore, cancer progression may be considered because of a balance be-
tween tumor immunosurveillance and tumor escape. 

Several mechanisms might contribute to the failure of the immune control of tu-
mor growth. Lack of expression of costimulatory molecules (ligands for T cell acti-
vation) can induce tolerance to neoplastic cells. Tumor cells also produce immune 
suppressive factors (VEGF, TGF-β, IL-10, and PGE2) that have systemic effects on 
immune cell function. Disabled dendritic cell differentiation, maturation, migration, 
and function are of special importance in immune control failure, because they are 
the most potent antigen-presenting cells (APCs) of the immune system, interacting 
with T and B lymphocytes and natural killer (NK) cells to induce and modulate im-
mune responses (Shurin et al. 2006). Tumors also alter host hematopoiesis and pro-
duce large numbers of immature dendritic cells with a direct immune suppressive 
activity (Zou 2005). Finally, tumor cells have a very low level of MHC class I and, 
in many cases, a low expression of tumor-specific antigens (Garrido et al. 1993; 
Khong and Restifo 2002). 

Major contributor to the appearance of MHC class I-negative tumor clones is  
T cell immunoselection. Cells that are highly immunogenic and express high levels 

 

FIGURE 1. Schematic representation of a somatic and immunological selection of tumor es-
capes variants leading to metastatic progression (A) and CTL-mediated selection and progres-
sion of HLA class I-negative tumor cells (B). 
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of MHC class I are eliminated by cytotoxic T lymphocytes (CTLs) (Figure 1B). 
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2. Altered Phenotypes of HLA Class I in Various Types of Cancer 

Different altered HLA class I tumor phenotypes are produced because of immune 
selection (Garrido and Algarra 2001; Seliger et al. 2002). Total or selective losses of 
HLA class I antigens have been reported in different human tumor samples. The loss 
of an MHC antigen associated with H-2Kk class I molecule was first described in 
1976 in a mouse lymphoma, and the detection of HLA losses in human tumors fol-
lowed in 1977 (Garrido et al. 1976). In subsequent years, an increasing proportion of 
tumors were found to have these alterations supporting the theory that altered HLA 
expression phenotypes represent a major mechanism of tumor escape from T cell 
recognition. 

We have classified all known HLA-altered phenotypes in seven groups:  
(i) phenotype I, HLA class I total loss (a) or downregulation (b); (ii) phenotype 
II, haplotype loss; (iii) phenotype III, locus loss; (iv) phenotype IV, allelic losses; 
(v) phenotype V, compound phenotype; (vi) phenotype VI, unresponsiveness to 
IFN-γ; and (vii) phenotype VII, downregulation of classical HLA-A, -B, and -C 
molecules and appearance of non-classical HLA-E molecules (Figure 2) (Garrido 
et al. 1997; Aptsiauri et al. 2007).  

All of these phenotypes can be found in various types of tumor, regardless of the 
tissue origin or of the carcinogen inducing the tumor. Differences are observed in the 
distribution of the phenotypes and in the combination of molecular mechanisms 
leading to each phenotype. An example of such distribution in various types of solid 
tumors and melanoma cell lines (ESTDAB project, http://www.ebi.ac.uk/ipd/estdab/) 
(Pawelec and Marsh 2006) is presented in Table 1.  

3. Molecular Mechanisms of HLA Class I Alterations in Tumors 

Importantly, the same phenotype of HLA alteration seen in different tumors can be 
produced by a combination of different mechanisms. Two or more mechanisms 
responsible for HLA alteration can frequently be observed within the same pheno-
type.  The mechanism leading to total or partial HLA alterations can occur at any 
step required for HLA synthesis, assembly, transport, or expression on cell surface. 
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Malignant cells with total MHC class I loss are susceptible to NK cell lysis because 
of inactivation of inhibitory receptors on NK cells.  Another immunoselection route 
is provided by the partial loss of HLA class I antigens that allows tumor cells to 
escape both CTL and NK attack. For instance, a recent study of colorectal cancer 
showed that a high level of HLA I expression or total loss of HLA class I was asso-
ciated with similar disease-specific survival times, possibly due to T cell reactivity or 
NK cell-mediated clearance of class I-positive and class I-negative tumor cells, re-
spectively. However, tumors with intermediate HLA class I expression were reported 
to be associated with a poor prognosis, suggesting that these tumors may avoid both 
NK- and T cell-mediated immune surveillance (Watson, Ramage, Madjd, Splend-
love, Ellis, Scholefeld, and Durrant 2006). 
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The defects can represent a structural defect, such as gene mutation or regulatory, on 
transcriptional level, which can be corrected with cytokine treatment. 

Phenotype II, or loss of HLA haplotype, is associated with LOH due to loss of 
one copy of chromosome 6 or loss of a DNA fragment containing the HLA-A, HLA-B, 
and HLA-C genes. It has been described in practically all types of tumors analyzed 
to date (Ramal et al. 2000; Koene et al. 2004). LOH in chromosome 6 is a very fre-
quent mechanism underlying HLA class I defect. Mechanisms underlying this phe-
notype also vary.  Deletion of a large genomic region of chromosome 6 (that in-
cludes the HLA genes), total chromosome 6 deletion, chromosomal non-dysjunction, 
or mitotic recombination have been described as contributing factors to HLA class I 
haplotype loss. LOH in chromosome 15 has also been reported in the literature. We 
determined that about 40% of studied laryngeal carcinomas have LOH for at least 

FIGURE 2. Classification of HLA class I-altered phenotypes identified in various types  
of tumor. 
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 Normally, two structural defects are necessary to produce the total loss of HLA 
class I on malignant cells: mutation in one copy of β2m gene and loss of heterozygosity 
(LOH) in the second allele (Paschen et al. 2003). The coordinated downregulation of 
several antigen-processing machinery (APM) components can also produce this 
phenotype. We have recently observed coordinated transcriptional downregulation of 
APM components (LMP2, LMP7, TAP1, TAP2, and tapasin) and of HLA-ABC in 
bladder carcinoma (Romero et al. 2005).  

one short tandem repeats (STR) marker in chromosome 15 (Maleno et al. 2002). 
LOH in chromosome 15 was reported to be more frequent than mutations in β2m 
gene in melanoma cell lines and could be found in cells with normal or low expres-
sion of HLA class I (Paschen et al. 2006). LOH in chromosome 15 is also frequently 
observed in head and neck cancer. However, microsatellite LOH analysis does not 
always represent the β2m gene copy number, since in some cases the loss of one of 
chromosome 15 is accompanied by duplication of the second one according to the 
results obtained from comparative genomic hybridization (CGH) studies (Koene et al. 
2004). Thus, this defect could be one of the early HLA class I alterations in malignant 
cells which could play an important role in predisposition to further generation of 
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1Garrido et al. 1995; 1997. 
2Maleno et al. 2002.  
3Koopman et al. 1998; 2000.  
4Romero et al. 2005. 
5 Kageshita et al. 2005.  
6Rodriguez et al. manuscript in preparation (ESTDAB project, 
http://www.ebi.ac.uk/ipd/estdab/). 

HLA class I loss can be selective. Unlike total HLA class I loss, which requires 
two mutational events in the β2m gene, selective HLA loss variants result from a 
single mutational change in a heterozygous allelic background (Cabrera et al. 2003). 

4.  Association of HLA Class I Alterations with Tumor  
Escape and Cancer Progression 

The identification of the genes encoding tumor-associated antigens (TAAs) and the 
development of means for immunizing against these antigens have opened new ave-
nues for the development of an effective anti-cancer immunotherapy. However, 
current protocols of cancer immunotherapy aimed at enhancing anti-tumor T cell 

TABLE 1. Distribution of altered HLA class I phenotypes (Ph I–PhV) in various types of solid 
tumors and melanoma cell lines  
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tumor escape variants. Identification of LOH in chromosome 15 may be unnoticed if 
tumor cells have normal HLA class I surface expression or when methods used to 
analyze chromosome 15 are not adequate.   
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activity cause cancer regression only in a small number of patients (Rosenberg et al. 
2004). Immune selection of CTL- and NK-cell-resistant tumor cells might explain 
the rapid progression and poor prognosis of cancers that exhibit HLA class I down-
regulation. Thus, HLA class I downregulation represents a significant challenge for 
the successful application of cancer immunotherapy.  

Recently, we have observed an interesting association of HLA class I expression 
and metastatic progression in a melanoma patient, whose subcutaneous metastases 
responded differently to autologous tumor cell vaccination  (Cabrera et al. 2007). We 
analyzed three progressing and three regressing metastatic lesions for HLA class I 
expression using immunohistochemistry, tissue microdissection, LOH analysis, and 
other molecular techniques. Interestingly, the progressors had low HLA class I ex-
pression and higher frequency of LOH in chromosomes 6 and 15. In addition, all of 
the progressing metastases were HLA-B negative. Expression of class I molecules 
was normal in the regressing metastases. LOH at chromosome 6 was detected in all 
six studied metastases, suggesting that this defect may also be found in the primary 
tumor, contributing to the mechanism of tumor escape and metastatic progression. 
Real-time quantitative PCR of the samples obtained from microdissected tumor 
showed lower mRNA levels of HLA-ABC heavy chain and β2m in progressing 
metastases than in regressing ones, confirming the immunohistological findings. 
Sequence analysis of the β2m-coding region was performed in progressing metasta-
sis, and no alterations of β2m region were found. The vaccination may have led to 
specific CTL immune responses against these tumor variants (with LOH in chromo-
some 6), leading to the expansion of new tumor variants with other alterations in 
HLA class I expression, including HLA locus B downregulation and LOH in chro-
mosome 15. Reduced levels of HLA class I expression may be due to deletions in 
both HLA class I (LOH, chromosome 6) and β2m (LOH, chromosome 15) genes.  

Similar correlations were previously described by our group in a murine model. 
MHC class I phenotype of metastatic lung colonies produced by a mouse fibrosar-
coma tumor clone (B9) was MHC class I negative in immunocompetent mice and 
MHC class I positive in immunodeficient athymic nude/nude mice. In addition, 
TAP-1, TAP2, LMP2, LMP7, LMP10, tapasin, and calnexin mRNA were absent in 
metastases produced in immunocompetent mice. Interestingly, the MHC class I-
positive or class I-negative phenotypes of the metastatic colonies correlated with in 
vivo immunogenicity  (Garcia-Lora et al. 2003). 

5. Implication of HLA Class I Defects for Cancer Immunotherapy 

Tumor peptide-based immunotherapy is an established approach of cancer treatment, 
with the aim of boosting anti-tumor T cell reactivity by stimulation with tumor-
specific peptides. However, the overall clinical outcome of this type of treatment is 
poor. In many cases, the failure of this therapy and the progression of the cancer are 
associated with total loss of HLA class I tumor expression. Normal expression of 
HLA class I molecules on tumor cell surface is crucial for the successful outcome of 
peptide-based cancer therapy, since cytotoxic T cells can only recognize tumor-
derived peptides in a complex with self-MHC class I molecules. 
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When the mechanism underlying total HLA class I loss is at a transcriptional 
level, the expression of surface HLA class I antigens can be reversed by cytokine 
treatment, and T cell-based therapy can be successfully applied. 

Patients with HLA class I loss may not benefit from peptide-based immunotherapy, 
since peptide-mediated activation of cytotoxic T cells can occur only in complex with 
HLA class I molecules. In some cases, HLA class I downregulation can be restored by 
cytokine treatment. In cases of structural irreversible alterations, such as mutations in 
β2-microglobulin or LOH in chromosome 15, gene therapy aimed at reconstituting 
wild-type β2m gene would be more appropriate in order to restore normal HLA class I 
expression and consequent tumor recognition and elimination by cytotoxic T cells.  

For this purpose, in an ongoing study, we generated in our laboratory a “gutless” 
adenoviral vector with β2m gene (AdCMVβ2m) using a cre-lox recombination sys-
tem. Infection of two melanoma cell lines and one cell line derived from a Burkitt 
lymphoma with this vector produced a significant recovery of surface expression of 
HLA class I molecules. 

6. Conclusions 

HLA class I expression on tumor cells is important for initiation of an immune re-
sponse against malignant cells. Downregulation or total loss of HLA class I antigens 
is frequently seen in tumors providing an escape mechanism for cancer progression. 
Evaluation of HLA class I expression in primary tumors and metastases of cancer 
patients should be considered before selection of cancer immunotherapy. Compre-
hensive information on the tumor and the immune status of an individual could provide 
a precise picture of the ongoing evolution of the tumor, as well as to yield invaluable 
information about which strategy will result in optimal therapeutic outcome. 
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Abstract. Central tolerance to self-antigens is formed in the thymus where deletion of clones 
with high affinity to “self” takes place. Expression of peripheral antigens in the thymus has 
been implicated in T cell tolerance and autoimmunity. During the last years, it has been shown 
that medullary thymic epithelial cells (mTECs) are the unique cell type expressing a diverse 
range of tissue-specific antigens. Promiscuous gene expression is a cell autonomous property 
of thymic epithelial cells and is maintained during the entire period of thymic T cell output. 
The array of promiscuously expressed self-antigens was random and included well-known 
targets for cancer immunotherapy, such as α-fetoprotein, P1A, tyrosinase, and gp100. Gene 

1. Background 

The T lymphocyte repertoire is formed in the thymus as a result of random rearrangement 
of germinal sequences of the T cell receptor (TCR) gene fragments and other processes 
that bring about the diversity of TCRs. Immunologists used to consider the traits of the 
immune system in the context of its coevolution with pathogenic microorganisms. 
Apparently, the most important problem for the immune system is to avoid the 
transplantation conflict within the organism. Indeed, the receptors of adaptive immunity 
“see” self-antigens much more frequently than pathogenic bacteria. In any case, an 
existence of potentially dangerous system in the organism could be not less important 
factor for the evolution of the immune system than pathogenic microorganisms.  

expression in normal tissues may result in tolerance of high-avidity cytotoxic T lymphocyte 
(CTL), leaving behind low-avidity CTL that cannot provide effective immunity against tumors 
expressing the relevant target antigens. Thus, it may be evident that tumor vaccines that 
targeted the tumor-associated antigens should be inefficient due to the loss of high-avidity T 
cell clones capable to be stimulated. Stauss with colleagues have described a strategy to 
circumvent immunological tolerance that can be used to generate high-avidity CTL against 
self-proteins, including human tumor-associated antigens. In this strategy, the allorestricted 
repertoire of T cells from allogenic donor is used as a source of T cell clones with high avidity 
to tumor antigens of recipient for adoptive immunotherapy. Then, the T cell receptor (TCR) 
genes isolated from antigen-specific T cells can be exploited as generic therapeutic molecules 
for antigen-specific immunotherapy.  
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Therefore, major histocompatibility comple (MHC)-restricted recognition could 

develop not as much in the struggle with pathogenic microorganisms but in inhibiting 
the reactions with “self.” On this way, restriction of immune reactions by several 
types of recognized molecules would be helpful, because other biological 
macromolecules are rescued from danger. MHC molecules have allowed focusing 
these reactions on short peptides containing amino acid substitutions not presented in 
the responding organism. On the other hand, they have allowed an efficient 
formation of specific central tolerance to self not involving in this process a huge 
diversity of other protein molecules. Thus, thymic selection can be considered as a 
“first and last” life-long immune reaction of preselected repertoire to self-
transplantation antigens. This process solves two problems: (i) to delete autoimmune 
and cross-reactive (promiscuous) clones that react with self transplantation antigens 
and (ii) to keep the repertoire of specificities to all conceivable pathogens as broad as 
possible. The first problem is resolved by negative selection in the thymus and 
deletion of autoimmune and cross-reactive clones. The second task is accomplished 
via preservation of a portion of T cell repertoire through a weak degenerated 
interaction with self-transplantation antigens. Since the repertoire is specific to the 
whole spectrum of the species’ MHC molecules, the remaining portion of the 
repertoire would contain the clones that might be “autoimmune” or “cross-reactive” 
in different MHC environment (Zerrahn et al. 1997; Logunova et al. 2005). This 
provides explanation for frequent cross-reactivity of clones raised in the allogeneic 
response and provides the reason for degenerated mode of recognition of foreign 
antigens by TCR. Definitely, the degenerative fashion of recognition is necessary for 
preserving a broad spectrum of specificity of the repertoire to yet non-encountered 
pathogens. 

As a part of the original demonstration that syngeneic anticancer immunity is 
possible, it has been shown that, among sarcomas induced in mice by a hydrocarbon, 
each tumor, when transplanted, could arouse an inhibitory immune reaction against 
itself (Prehn and Main 1957). However, it also became clear that each tumor was 
antigenically unique, even if each had been induced by identical means in one and 
the same animal; although cross-reactions were reported, these were the exceptions. 
Since it is probable that the immunogenicity was caused by the mutations induced by 
the carcinogen, obviously these chemicals produced different spectra of mutations in 
each tumor with very little overlap. Consequently, one had to conclude that any of a 
vast array of possible mutations could be found in phenotypically similar cancers, a 
not impossible idea. However, it was also clear that none of the carcinogen-induced 
mutations, at least among those identified by their resulting antigenicity, could be 
considered essential or causative for the induction of the cancer (Prehn 2005). More-
over, the vast majority of tumor antigens were identified as non-mutated “self” pro-
teins. The identification of many tumor-associated epitopes as non-mutated “self” 
antigens led to the hypothesis that the induction of large numbers of self/tumor anti-
gen-specific T cells would be prevented because of central and peripheral tolerance 
(Rosenberg et al. 2005). 
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2. Tumor-Specific and Tumor-Associated Antigens as the 
Consequences of Genetic and Epigenetic Alterations 

Accumulating evidence shows that tumor formation is accompanied by both genetic 
and epigenetic alterations of the genome (Hahn and Weinberg 2002; Felsher 2003; 
Egger et al. 2004). Correspondingly, cancers in mouse and man express multiple 
tumor-specific as well as tumor-associated antigens encoded by mutant and normal 
cellular genes.  

Most chemical or physical carcinogens are mutagens. Therefore, it is gener-
ally assumed that tumor-specific antigens on tumors induced by these carcino-
gens are products of mutated genes, possibly single genes with “hot spots” for 
mutations. Some tumor-specific antigens are retained during tumor progression 
possibly because they are essential for survival of the malignant phenotype. 
Since 1995, the genetic origins of several T cell-recognized unique antigens from 
murine and human cancers have been identified, and in every case, the antigen 
was caused by a somatic mutation (i.e., by a genetic change absent from autolo-
gous normal DNA) and thus found to be truly tumor specific (Monach et al. 
1995; Coulie et al. 1995; Wolfel et al. 1995; Robbins et al. 1996; Brandle et al. 
1996; Dubey et al. 1997). 

Unlike genetic changes, epigenetic changes do not alter the primary DNA se-
quence and are therefore reversible. Examples of epigenetic modifications are the 
methylation of DNA and histones, the acetylation/deacetylation of histones, and the 
packing of chromatin into euchromatic and heterochromatic regions (Li 2002). Epi-
genetic modifications play an important role during normal development by regulat-
ing gene expression through stable activation or silencing of differentiation-
associated genes. Similarly, epigenetic changes can promote cell proliferation,

genes and silencing tumor suppressor genes (Felsher 2003). Treatment of tumor cells 
with methylation- and histone-modifying drugs can inhibit malignancy, and this 
inhibition correlates with the reactivation of important tumor suppressor loci (Egger 
et al. 2004).  

Despite differences in their tissue of origin, in many tumors, certain tumor-
associated proteins are highly expressed. Many studies have been focused on the 
possibility of utilizing antigenic components of these proteins as a focus for T cell 
immunotherapy of cancer. The advantage of targeting such commonly expressed 
proteins is founded on the fact that such therapy could be of value in eliminating 
many different tumor types. A potential barrier in the identification of T cell epitopes 
derived from these proteins and presented by tumor cells is that these proteins are 
also expressed at low levels in normal tissues, and therefore, self-tolerance may 
eliminate T cells capable of recognizing these epitopes with high avidity (Sherman  
et al. 1998).  

inhibit apoptosis, and induce angiogenesis during tumorigenesis by activating onco-
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3. Does Immunological Surveillance Make Tumor-Specific 
Antigens Undetectable? 

The idea of immunological surveillance against cancer has existed for nearly 100 
years. However, the importance of the cellular immune defense in the detection and 
removal of incipient or existing tumors is still a hotly debated subject. In order to 
select a relevant immunotherapeutic strategy in cancer treatment, a fundamental 
understanding of the basic immunological conditions under which tumor is 
developed and exists is a prerequisite. Therefore, several murine models were set up 
that would enable to confirm or decline the theory of immunological surveillance.  

The initial studies have shown that the incidence of spontaneous tumors in immu-
nodeficient nude mice was similar to that reported for the thymus-bearing background 
strain arguing against the thymus dependency of the putative immunological surveil-
lance mechanisms (Pelleitier and Montplaisir 1975; Sharkey and Fogh 1979). Possibly, 
many spontaneous tumors are induced by oncogenic viruses requiring the host immune 
system for propagation. For example, MMTV utilizes cells of the immune system in its 
infection pathway. Therefore, subsequent carcinogenesis was highly dependent on T 
cells (Golovkina et al. 1992; Pobezinskaya et al. 2004). It has been argued that the 
apparent general lack of tumor immunogenicity may be an artifact caused by immune 
selection for non-immunogenic tumor variants. Perhaps most tumors, according to the 
immunosurveillance hypothesis, are really highly immunogenic and what we see is 
actually a small surviving, relatively non-immunogenic, highly selected subpopulation. 
This popular concept can account for the paucity of tumor immunogenicity. 

First, cloned cell lines of chemically induced murine fibrosarcomas maintained in 
tissue culture usually fail to grow when transplanted to normal syngeneic mice. They 
grow, however, in various categories of T cell-deficient mice, and after such pas-
sages grow readily in normal mice. Both cultured and mouse-passaged lines possess 
strong tumor transplantation antigens (Woodruff and Hodson 1985). 

Second, methylcholanthrene-induced tumors originating from the immunodefi-
cient nude mice turned out to be far more immunogenic than tumors from normal 
mice, resulting in a high rejection rate after transplantation back to normal histocom-
patible congenic mice. Nude mice developed tumors most quickly and with the high-
est incidence, leading to the conclusion that in this model the immune system consti-
tuted a “tumor-suppressive factor” delaying and sometimes abrogating tumor 
growth, that is, performing immune surveillance. Cytotoxic CD8+ T cells were found 
to be indispensable for this rejection, leading to the conclusion that the cytotoxic T 
cells perform immune selection in normal mice, eliminating immunogenic tumor cell 
variants in the incipient tumor (Svane et al. 1996; Svane et al. 1999). 

Third, the rejection of murine UV-induced skin cancers by normal mice is a strik-
ing example of powerful immune surveillance of the normal host against malignant 
cells. UV-induced regressor tumors grew progressively and killed mice that were de-
pleted of CD8+ T cells. Depletion of CD4+ T cells had no effect, suggesting that CD8+ 
but not CD4+ T cells were required for this immune surveillance. There was no correla-
tion between the ability of a tumor to grow progressively in a normal immunocompe-
tent host and the level of constitutive class I expression or the level of expression in-
duced in vitro by γ-interferon (Ward et al. 1990). 
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Thus, tumor antigenicity can be detected during carcinogenesis in immunodefi-

cient animals but gradually lost in normal ones. An important point here is that im-
munological surveillance provides a borderline between immunity and tolerance in 
response to tumor cells.  

4. Gaze into Cells: MHC-Binding Motifs 

To “see” mutant or inappropriately expressed proteins in transformed cells, the im-
mune system needs to “look” into these cells. This capability is provided by expression 
of MHC class I molecules associated with endogenous peptides. The mechanism of 

The fact that these motifs have been formed by “anchoring” amino acid residues 
necessary for high-affinity binding of the peptide with respective MHC molecule 
also indicated that APC expressing different MHC haplotypes can present various 

(MTEMNENSA). For human MHC molecules, the epitope for binding with HLA-
A2 is within AA85–94 (KLGEFYNQM), and with HLA-A3 within AA265–273 
(ILRGSVAHK), with HLA-B8 within AA380–388 (IAWYRSRLE), and with HLA-
B27 in AA383–391 (SRYWAIRTR) (underlined are anchoring, i.e., motif forming, 
residues). The highest binding affinity of influenza virus nucleoprotein-derived pep-
tides with H-2Db is achieved if the peptide has the canonical motif (Cerundolo et al. 
1991). To see whether the expression of certain MHC molecule influenced the effi-
cacy of peptide epitope presentation, the amounts of correctly processed Kb-
restricted epitope of the minor histocompatibility antigen H-4b in H-2Kb-positive 
and-negative cells were estimated. The difference was 3000-fold, indicating an in-
structive role of MHC molecules in peptide-processing machinery (Wallny et al. 
1992a). The mechanisms of peptide/MHC molecule association allowed predicting 
the structure of T cell peptide epitopes including tumor antigens (Rotzschke et al. 
1991; Wallny et al. 1992b). Furthermore, these studies set rational molecular basis 
for an association between autoimmune diseases and certain MHC haplotypes (Vartdal 
et al. 1996; Kalbus et al. 2001; Munz et al. 2002). Finally, the ability of individual 
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how antigen presenting cell(s) (APC) determines the restriction of effector T cells 
was uncovered by the Rammensee’s group. As the author mentioned in his review on 
MHC-binding motifs in antigens, immunology owes two students, Olaf Rotzschke 
and Kirsten Folk, who were interested in the structure of peptides that interact with 
class I MHC molecules. To isolate these molecules, proteins of cell membranes were 
adsorbed on an immune affine column followed by the acidic elution and dissocia-
tion of MHC/β2-microglobulin/peptide complexes. The Edman sequencing of iso-
lated peptides showed invariant amino acid residues near the C and N ends. Most 
importantly, the peptides bound by different allelic forms of MHC class I molecules 
had similar length but different allele-specific motifs (Falk et al. 1990, 1991a; 
Rotzschke, et al. 1990). The authors realized that they possess a powerful method for 
identification of the allele-specific sequences among a huge variety of peptides that 
could be derived from one antigenic protein (Falk et al. 1991b). 

peptides of the same antigen (Rammensee et al. 1993; 1995). For example, the 
nucleoprotein of influenza virus contains the epitope that binds with H-2Kd in posi-
tions AA147–155 (TYQRTRALV) and with H-2Db in positions AA366–374 
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allelic products of MHC molecules to bind particular peptides of the pathogen  
directly links MHC with genetically determined immune response to pathogens. 

The experience gained in the studies of MHC-binding motifs in MHC-associated 
peptides is currently used for constructing combinatorial peptide libraries. These 
tools make possible the positional screening for high-affinity ligands and cross-
reacting ones for TCRs. Furthermore, making MHC tetramers can help to directly 
visualize the antigen-specific T lymphocytes (Wilson et al. 2004; Xu and Screaton 
2002). There are a number of on-line services making possible the search for T cell 
epitopes among different protein sequences. One of them, RANKPEP service is a 
powerful mean for search of potential T cell epitopes presented by allelic forms of 
mouse and human MHC classes I and II molecules, taking into account protein deg-
radation by proteasome (Reche et al. 2004). Obviously, the analysis of a specific 
protein reveals restricted number of epitopes capable to be presented by the MHC 
molecules of an individual. It assumes that some mutations in cancer-related genes 
can be invisible to the immune system making possible tumor escape from immu-
nological surveillance.   

5. Aire and Thymic Selection 

Aire (autoimmune regulator), the gene responsible for the clinical disorder 
autoimmune polyendocrinopathy syndrome type I, has recently been identified as an 
important mediator of central tolerance. Structural characteristics and biochemical 
data suggest that Aire might play a direct role in transcription and function as an 
ubiquitin ligase. Aire up-regulates the transcription of certain organ-specific self-
antigens in medullary thymic epithelial cells (mTECs) and has a role in the negative 
selection of organ-specific thymocytes (Su and Anderson 2004). Aire promotes the 
tolerance of thymocytes by inducing the expression of a battery of peripheral-tissue 
antigens in mTECs. The mechanism whereby Aire exerts its tolerance-promoting 
function is not primarily positive selection of regulatory T cells but rather negative 
selection of T effector cells. Surprisingly, supplementing its influence on the 
transcription of genes encoding peripheral-tissue antigens, Aire somehow enhances 
the antigen-presentation capability of mTECs. Thus, this transcriptional control 
element promotes central tolerance both by furnishing a specific thymic stromal cell 
type with a repertoire of self-antigens and by better arming such cells to present 
these antigens to differentiating thymocytes. In Aire’s absence, autoimmunity and 
ultimately overt autoimmune disease develops (Anderson et al. 2005). 

At certain stages of male gametogenesis, a broad range of genes is expressed. 
The underlying mechanism and the biological significance of this phenomenon re-
main elusive. Derbinsky et al. inquired whether the spectrum of ectopically ex-
pressed genes is distinct or shared between mTECs and testis. They analyzed gene 
expression in cDNA libraries prepared either from whole testis or highly enriched 
immature gametocytes. Of 19 tissue-specific genes expressed in the thymus, 14 were 
also expressed in the testis. The transcription factors Whn and Aire, both of which 
have been ascribed specific roles in thymus biology, were also found in male game-
tocytes. The authors suggested that this mechanism may facilitate tolerance induction 
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to self-antigens that would otherwise be temporally or spatially secluded from the 
immune system.

Such spatially secluded antigens as cancer/testis (CT) antigens, of which more 
than 40 have now been identified, are encoded by genes normally expressed in the 
human germ line but are also expressed in melanoma and carcinomas of the bladder, 
lung, and liver. These immunogenic proteins are being vigorously pursued as targets 
for therapeutic cancer vaccines (Van Der Bruggen, Zhang, Chaux, Stroobant, Panichelli, 
Schultz, Chapiro, Van Den Eynde, Brasseur, and Boon 2002; Simpson, Caballero, 
Jungbluth, Chen, and Old 2005). It is very important that the array of promiscuously 
expressed self-antigens in mTECs includes well-known targets for cancer immuno-
therapy, such as α-fetoprotein, tyrosinase, and gp100. Therefore, intrathymic selec-

6. Transduction with Allorestricted TCR as a Mean  
to Overcome Central Tolerance 

Normally negative selection ablates high-avidity T cell clones that can react with self 
antigens of individual 1 in the context of self MHC molecules (H-2x-P1). But the 
clones specific to H-2x-P1 can be presented in allogeneic individual 2 because 
negative selection in this organism deletes the clones specific to tumor-associated 
antigens in the context of “another self” (i.e., allogeneic to P1) MHC (H-2y-P2). 
Therefore, allorestricted recognition can supposedly provide the basis for obtaining 
clones of individual 2 specific to the combination of MHC molecule with H-2x-P1 
peptide of allogeneic recipient for adoptive immunotherapy (Figure 1). 

One example of successful use of allorestricted recognition of tumor-associated an-
tigens is the work of Elena Sadovnikova and Hans Stauss who obtained allorestricted 
CTL clones of H-2d mice. These clones were specific to the complex of H-2Kb plus 
mdm-2-derived peptide; it is noteworthy that mdm-2 is frequently overexpressed in 
tumor cells. In culture, these clones selectively reacted with tumor versus normal cells 
and killed melanoma and lymphoma cells but not normal H-2Kb- expressing dendritic 
cells. In vivo, the allorestricted clones caused retardation of growth of melanoma and 
lymphoma in syngeneic (H-2b) recipients (Sadovnikova and Stauss 1996). The same 
authors attempted to obtain allorestricted clones specific to a cyclin D1 peptide in the 
context of human HLA-A2. The clones lysed cyclin D1 overexpressing breast carci-
noma cells but not Epstein–Barr-transformed lymphoblastoid cells (Sadovnikova et al. 
1998). Allorestricted recognition became an efficient means of breaking tolerance to 
tumor-associated antigens and to get responses to leukemia-associated markers such as 
WT1, CD68, and CD45 (Gao et al. 2000; Sadovnikova et al. 2002; Amrolia et al. 
2003).  
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tion makes the immune system tolerant to tumor-associated antigens. Gene expres-
sion in normal tissues may result in tolerance of high-avidity CTL, leaving behind 
low-avidity CTL that cannot provide effective immunity against tumors expressing 
the relevant target antigens. Evidently, any antitumor vaccine targeted to tumor-
associated antigens should be inefficient due to the loss of high-avidity T cell clones 
capable to be stimulated. 
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Then, the TCR genes isolated from antigen-specific T cells can be exploited as 
generic therapeutic molecules for antigen-specific immunotherapy. Retroviral TCR 
gene transfer into patient T cells can readily produce populations of antigen-specific 
lymphocytes after a single round of polyclonal T cell stimulation. The TCR gene-
modified lymphocytes are functionally competent in vitro and can have therapeutic 
efficacy in murine models in vivo. The TCR gene expression is stable, and the modi-
fied lymphocytes can develop into the memory T cells. Introduction of TCR genes 
into CD8+ and CD4+ lymphocytes provides an opportunity to use the same TCR 
specificity to produce antigen-specific killer and helper T lymphocytes. Thus, TCR 
gene therapy provides an attractive strategy to develop antigen-specific immunother-
apy with autologous lymphocytes as a generic treatment option (Morris et al. 2005; 
Xue et al. 2005). 

The ultimate goal of cancer immunotherapy is to utilize the immune system to 
eliminate malignant cells. Recently published research has mainly focused on the 
generation of effective antigen-specific T cell responses because of the general belief 
that T cell immunity is essential in controlling tumor growth and protection against 
viral infections. However, isolation of antigen-specific T cells for therapeutic appli-
cation is a laborious task. Therefore, strategies were developed to genetically transfer 
tumor-specific immune-receptors into patients’ T cells. To this end, the chimeric 

FIGURE 1. Negative selection ablates high-avidity clones specific to tumor-associated antigens 
of individual 1. This process makes antitumor immune response and vaccination of individual 
1 inefficient. Clones with required specificity may be isolated from allogeneic individual 2 for 
subsequent cloning of T cell receptors(TCRs) and retroviral transduction of T lymphocytes of 
individual 1. 

receptors were constructed that comprise the antibody fragments specific for tumor 
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associated antigens linked to genes encoding signaling domains of TCR or Fc receptor. 
T cells with such chimeric antibody receptors recapitulate the immune-specific re-
sponses mediated by the receptor (Willemsen et al. 2003). 

It is noteworthy that murine TCRs are highly functional when expressed in hu-
man lymphocytes. Recently published work compared human and mouse TCR func-
tion and expression to delineate the molecular basis for the apparent superior bio-
logical activity of murine receptors in human T lymphocytes. To this end, authors 
created hybrid TCRs where they swapped the original constant regions with either 
human or mouse ones. Murine or “murinized” receptors were overexpressed on the 
surface of human lymphocytes compared with their human/humanized counterparts 
and were able to mediate higher levels of cytokine secretion when cocultured with 
peptide-pulsed antigen-presenting cells. Preferential pairing of murine constant 
regions and improved CD3 stability seemed to be responsible for these observations. 
This approach allowed circumventing the natural low avidity of class I MHC TCR in 
CD4+ cells by introducing the murinized TCR into CD4+ lymphocytes, giving them 
the ability to recognize melanoma. These findings have implications for human TCR 
gene therapy (Sommermeyer et al. 2006).  

In another work, the TCR gene transfer was investigated as a convenient method 
to produce antigen-specific T cells for adoptive therapy. The authors focused on the 
expression of two TCRs in T cells, which could impair their function or cause un-
wanted effects of mixed TCR heterodimers. With five different TCRs and four dif-
ferent T cells, either mouse or human, they have shown that some TCRs were 
strong—in terms of cell surface expression—and replaced weak TCRs on the cell 
surface, resulting in exchange of antigen specificity. Two strong TCRs were coex-
pressed. The mouse TCR replaced human TCR on human T cells. Even though it is 
still poorly understood why some TCRαβ combinations are preferentially expressed 
on T cells, the data suggest that T cells with exclusive tumor reactivity can poten-
tially be generated by T cell engineering (Cohen et al. 2006). 
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Abstract. The concept of “vasculogenic mimicry” (VM) was introduced to describe the 
unique ability of highly aggressive tumor cells to form capillary-like structure (CLS) and 
matrix-rich patterned network in three-dimensional cultures that mimic embryonic vascu-
logenic network. Here, we provide the experimental evidence that CLS structure formation 
requires apoptotic cell death through activation of caspase-dependent mechanism. Our results 
indicate that the formation of CLS is also related to the reactive oxygen species (ROS) levels. 

1. Introduction 

It is generally assumed that tumors require a blood supply for growth and metastasis, 
and much attention has been focused on angiogenesis, that is, recruitment of new 
vessels into a tumor from the pre-existing vessels (Folkman 2003). Angiogenesis 
allows the tumor cells to express their critical growth advantage and permits the 
establishment of continuity with the existing vasculature of the host. In addition, 
increased angiogenesis coincides with increased tumor entry into the circulation and 
thereby facilitates hematogenous dissemination and metastasis. Angiogenesis is, 
however, not the only mechanism by which tumors acquire a microcirculation. Re-
cently, it was demonstrated that highly aggressive and metastatic melanoma cells in 
the absence of endothelial cells (ECs) and fibroblasts are capable of forming highly 
patterned vascular channels in vitro that are composed of a basement membrane that 
stains positive with periodic-acid-Schiff reagent; in contrast, less aggressive mela-
noma cell lines did not generate these patterns (Maniotis et al. 1999). The channels, 
formed in vitro, were morphologically identical to PAS-positive channels in histo-
logical preparations from highly aggressive uveal and cutaneous melanomas found in 
patients. The generation of microvascular channels by aggressive tumor cells was 
termed “vasculogenic mimicry” (VM) to emphasize their de novo generation without 
participation by ECs and independent of angiogenesis. Recent observations using 
intravenous tracer have confirmed the presence of PAS-positive fluid-conducting 
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channels containing red blood cells and plasma and, possibly, providing a perfusion 
mechanism within the tumor compartment that functions either independent of or 
simultaneously with angiogenic vessels (Maniotis et al. 2002). A strong statistical 
correlation was established between the presence of PAS-positive patterns and out-
come in primary uveal and cutaneous melanoma: tumor-exhibiting VM had poor 
prognosis (Warso et al. 2001). 

The analysis of differential gene expression of highly aggressive melanoma cell 
lines revealed the co-expression of multiple phenotype-specific genes [VE-cadherin, 
EphA2, CD31, VEGF and receptors for VEGF, von Willebrand Factor (vWF), endo-
thelial protein receptor TIE-1, lymphocyte-specific protein 1 (LSP1), major his to 
compatibility class (MHC) class II, KIT, and desmin] (Hendrix et al. 2003). These 
findings suggested that aggressive melanoma cells were able to engage in VM owing 
to their genetic reversion to an undifferentiated, embryonic-like phenotype and 
adopted EC-like properties through an apparent transdifferentiation process. 

Melanoma accounts for only 4% of skin cancer cases but most of skin cancer-
related death (Forguson 2005). The rising incidence of melanoma makes this tumor 
an important public health problem. Standard systemic therapies have not been ade-
quately effective in the management of melanoma (Mandara et al. 2006). Chemopre-
vention by naturally occurring agents has shown benefits in many types of cancer in 
animal models, including melanoma (Demierre and Natanson 2003; Mukhtar and 
Ahmad 1999; Jang et al. 1997), and antioxidation, antilipogenesis, and antiinflamma-
tion have been proposed as possible mechanisms of these preventive effects (Fujiki 
1999; Soleas et al. 1997). 

In this study, we used six human cell lines derived from patients with dissemi-
nated melanoma to explore parameters driving aggressive melanoma cells to express 
a latent “angiogenic program” that recapitulates the early events of capillary-like 
structure (CLS) formation. 

2. Early CLS Formation Requires Activation  
of Apoptotic Pathways 

To determine the molecular mechanisms underlying the phenomenon of VM in the 
tumor, we prepared six cell lines from the surgical species of patients with dissemi-
nated melanoma (Mikhailova et al. 2005). Melanoma status was confirmed by im-
munocytochemistry for the expression of four melanoma-associated markers—
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MelanA, S100, tyrosinase, and high-molecular weight antigen (HMW). Furthermore, 
using the short-term Matrigel assay, we showed that five cell lines with high invasive 
potential were engaged in CLS formation. 

In the presence of growth factors, melanoma cells were induced to align and form 
CLS in cultures. A gradual decrease in cell number during the CLS formation could 
readily be observed in in vitro cultures. Cell counts revealed that only 65–70% of cells 
were viable 24 h later, suggesting that apoptosis might be an essential part of the VM 
phenomenon. Both morphological data and the PI staining suggested that apoptosis 
may be responsible for the decrease in cell numbers (Figure 1A and B). To confirm the 
role for apoptosis in CLS formation, we demonstrated that the addition of a caspase 
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The involvement of caspases in differentiation was initially thought to be associ-
ated with enucleation process. For instance, caspase activation is required for matu-
ration of erythroid progenitor (Zermati et al. 2001). However, platelet formation 
from megakaryocytes, skeletal muscle differentiation, monocytes differentiation into 
macrophages, and osteoblastic differentiation also require caspase activation (De 
Botton et al. 2002; Fernando et al. 2002; Sordet et al. 2002; Mogi and Togari 2003). 
Further studies are required to reveal the mechanisms protecting cells from apoptosis 
during intrinsic caspase activation. 

FIGURE 1. Apoptosis occurs during capillary-like structure (CLS) formation on Matrigel. (A) 
Apoptotic melanoma cells were visualized by Hoecht 33342. (B) Time course analysis of 
apoptotic cells by flow  cytometry. (C) Control, non-treated cells. (D) Cells treated with 
0.1mM zVAD-fmk. (E) Cells treated with 0.2 mM DEVD. MTT staining of cells during CLS 
formation. (F) Control. (G) zVAD-fmk, 0.1 mM. (H) DEVD, 0.2 mM. Original magnifica-
tions: ×100 (A), ×40 (C–H).   
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inhibitor zVAD-fmk simultaneously inhibited CLS formation: 95% of cells remaining 
in the cultures were alive and no CLS was seen (Figure 1C and D). Interestingly, the 
metabolic activity of melanoma cells assessed in dimetylthiazol-diphenyltetrazolium- 
bromide (MTT) assay and cell motility tested in the Transwell inserts, that are both 
involved in CLS formation, were unaffected by zVAD-fmk (Figure 1F and G). These 
results were further confirmed by DEVD, a caspase-3 inhibitor, which also induced 
malformation in CLS similar to that induced by zVAD-fmk (Figure 1E and H). Thus, 
our results indicate that apoptosis may be a general mechanism of elimination of tumor 
cells, which failed to turn on the gene program that leads to the differentiation of mela-
noma cells into endothelial-like cells. 



 
2.1. Time- and Dose-Dependent Effects of Antioxidants  

on Melanoma Cells  

Based on a large body of evidence, it is clear now that Resveratrol (RT, trans-3,4', 5-
trihydroxystilbene), a polyphenolic phytoalexin found in grapes, fruits, and root 
extracts of the weed Polygonum cuspidatum, is an effective chemopreventive agent 
for many types of cancer. We hypothesized that this naturally occurring compound 
could also be involved in vessel formation. In order to exclude the participation of 
cytotoxic and antiproliferative effects of RT in VM, we examined the influence of 
RT on melanoma cell viability and proliferation. As assessed by MTT assay, the 
metabolic activity of cells treated with RT for 24 h was similar to the control values 
(data not shown). The Trypan blue exclusion assay did not reveal any cytotoxicity of 
RT (up to 100 μM for 24 h). The treatment of melanoma cells with RT (1, 2, 5, 10, 
20, and 50 μM) for 48 h resulted in a concentration-dependent decrease of cell 
viability and growth (Figure 2A), which could be attributed to its antiproliferative 
effect. Since Ki-67, a cell proliferation marker, is rapidly degraded as cells enter 
the non-proliferative stage (Endl and Gerdes 2000), we evaluated the effect of RT on 

FIGURE 2. Effect of Resveratrol (RT) on melanoma cell growth. (A) Inhibitory effect of RT on 
kinetic growth of melanoma cells. After 24 h in cultures, cells were treated with RT or medium 
and harvested 24 and 48 h later. The number of growing cells was estimated by Trypan blue 
exclusion. The data are shown as the percentage of cell viability (the mean from three experi-
ments, p < 0.05). (B) Immunocytochemical analysis of melanoma cells treated with RT or me-
dium. (A1) Control, non-treated cells. (A2) Cells were treated with 50 μM RT. Ki-67 staining 
was strongly inhibited in RT-treated cells. Magnifications, ×100. (C) Flow cytometry analysis of 
RT-treated cells. Cells were treated with 10, 20, and 50 μM RT: C1, C2, and C3, respectively. 
Apoptotic cells appear as a peak to the left of the G1 peak. (D) Effect of antioxidants on intracel-
lular ROS levels. (D1, D2, and D3) Cells incubated with 1, 5, and 10 μM RT, respectively. (D4) 
Cells incubated with 50 μM EGCG. (D5) Cells incubated with 20 mM NAC. The values are the 
percentage of increase of the mean cell fluorescence.  
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of treatment with 50 μM RT (Figure 2B). These data suggested that RT-mediated 
decrease of cell growth was a result of decreased cellular proliferation. To evaluate 
whether the antiproliferative effect of RT is mediated by changing the rate of apop-
tosis, we performed a flow cytometry analysis of DNA fragmentation in the presence 
of RT at different concentrations (Figure 2C). RT at 50 μM induced the highest level 
of apoptosis (up to 32%). We have also examined the effect of RT on cell migration 
and revealed that RT at 1–20 μM did not influence the melanoma cells motility (data 
not shown). We also revealed that RT at 1, 5, and 10 μM caused 10, 24, and 71% 
reduction of intracellular peroxide, respectively, as was determined by flow cytome-

2.2. Antioxidants Inhibit the Formation of CLS 

At present, there is no evidence that tumor cell redox status might be associated 
with cell ability to form CLS although numerous studies have pointed that ROS can 
act as important mediators of melanoma growth and VEGF-induced angiogenic 
signaling including EC-tube formation (Yasuda et al. 1999; Stone and Collins 2002; 
van der Schaft et al. 2004; Forguson 2005; Meykens et al. 2001). In agreement with 
these studies, we found that CLS formation also correlated with the ROS levels. 
More importantly, antioxidants resulted in a concentration-dependent inhibition of 
CLS formation. These findings support the hypothesis that ROS levels might be a 
sensitive indicator of CLS formation. Many intracellular signaling molecules, includ-
ing AP-1, NF-κB, MAPK, and PKC have been shown to be affected by RT (Manna 
et al. 2000); however, the effective inhibiting doses of RT were always >100 μM, 
that is, significantly higher than in our studies. Although additional studies are 
needed to define the nature of RT inhibition of vasculogenesis, our data raise an 
exciting possibility of using RT for both prevention and therapy of disseminated 
melanoma. 

Ki-67 expression and observed a down-regulation of Ki-67 protein levels after 48 h 
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Control experiments were carried out with epigallocatechin-3-gallate (EGCG, the 
major constituent of green tea) and a thiolic antioxidant N-acetylcysteine (NAC) 
known to have no effect on growth or metabolic activity of tumor cells. As can be 
seen, 50 μM EGCG and 20 mM NAC did not reduce the proliferative rate or migra-
tion of melanoma cells and caused 65 and 86% reduction of intracellular peroxide, 
respectively (Figure 2D). 

Recently, RT and EGCG have been found to be effective in inhibiting VEGF-
induced angiogenesis (Brakenhielm et al. 2002; Lamy et al. 2002). We, thus, tested 
whether they can also affect CLS formation. RT had no effect on CLS formation at 
1–5 μM but completely abolished the generation of CLS at 10 μM. In contrast to 
other studies utilizing high concentrations of RT (>100 μM) (Garcia-Garcia et al. 
1999; Manna et al. 2000), we observed that low concentrations of RT were sufficient 
to significantly inhibit CLS formation. Furthermore, EGCG (50 μM, 24 h) also re-
sulted in 65% reduction of intracellular peroxide and blocked CLS formation. Simi-
larly, an antioxidant NAC completely abolished the generation of peroxide and 
blocked CLS formation. These observations suggest that CLS formation might be 
related to the reactive oxygen species (ROS) levels.  

try using fluorescent dye 2′,7′-dichlorofluorescein-diacetate (DCF-DA) (Figure 2D). 



 
3. CLS Formation Requires Activation of Apoptotic Pathways 

Mediated by Mitochondrial Cytochrome c Release  
and Caspase-3 Activation 

There are two major mechanisms mediating apoptosis: intrinsic and extrinsic. Cell 
surface Fas-receptor signaling upon FasL binding triggers caspase-8 activity and 
caspase cascade (Schulze-Osthoff et al. 1998). Involvement of this pathway in CLS 
formation by melanoma cells was ruled out in our studies, since antagonistic anti-Fas 
antibody did not block the in vitro tube-like organization process and CLS formation 
(Figure 3A). Fas and FasL expression on melanoma cells was also analyzed by flow 
cytometry and neither Fas nor FasL was seen during CLS formation (data not 
shown). These findings suggest that extrinsic apoptotic pathways did not participate 
in CLS formation.  
 Alternatively, under the stress conditions, mitochondrial cytochrome c is released 
into the cytosol. On release, cytochrome c interacts with Apaf-1 and pro-caspase-9 to 
form apoptosomes activating downstream effector caspase-3 responsible for  

FIGURE 3. Pathways of capillary-like structure (CLS) formation. (A) Fas–FasL croslinkage 
does not modify CLS formation. (A1) Cells treated with anti-Fas blocking antibody; (A2) 
Control, non-treated cells. (B) Flow cytometry analysis of melanoma cells stained with PI. 
(B1) Control: cells were detached from plastic 10 h after seeding; (B2) cells were detached 
from Matrigel 10 h after seeding; (B3) cells were incubated with 10 μM RT for 24 h, detached 
from plastic, seeded on Matrigel, then detached from Matrigel and analyzed. (C) CLS forma-
tion requires activation of apoptotic pathways mediated by mitochondrial cytochrome c release 
and caspase-3 activation. (Ca) Time-dependent cytochrome c release into cytosol. Lane 1, 
cells grown on plastic for 10 h, lanes 2–5, cells grown on Matrigel for 2, 4, 6, and 8 h. (Cb) 
Active caspase-3 in cytosol. Lane 1, cells grown on plastic; lanes 2–5, cells grown on Matrigel 
for 2, 4, 8, and 10 h . (Cc) Effect of antioxidants on active caspase-3. Lane 1, active caspase-3 
in control cells; lane 2, active caspase-3 in cells pre-incubated with 10 μM RT for 24 h.  
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apoptotic destruction of cells (Meier et al. 2000). In our studies, cytochrome c was 
found in the cytosol as early as 4 h after seeding cells on Matrigel (Figure 3C). Ini-
tially, undetectable, active caspase-3 appeared 7 h later and progressively accumu-
lated during CLS formation. This suggests activation of intrinsic apoptotic pathways 
at the first step of CLS formation. FACScan analysis of apoptotic cells has shown an 
increase in PI-positive cells (10 h, 22–25%, Figure 3B) compared with control values 
(2–4%, Figure 3B). Interestingly, pretreatment of cells with antioxidants for 24 h 
prior to seeding them on Matrigel decreases the level of apoptosis (10 h, 8–10%, 
Figure 3). To verify whether the antiapoptotic effect of antioxidants reflects their 
ability to alter activation of caspase-3, cells were incubated with antioxidants for 24 
h and examined for caspase-3 activation by Western blot. Figure 3C shows that RT 
decreased the level of active caspase-3 by threefold. These results suggest that de-
regulation of non-apoptotic pathways of caspases might contribute to tumor vascu-
larization. 

Based on our data, we suggest a scenario of signal transduction pathways involved 
in the process of melanoma VM (Figure 4). In this model, VEGF can trigger the tube 
formation in VEGF-R-expressing tumor. The binding of VEGF to VEGF-R results in 
accumulation of ROS and activation of the gene program leading to differentiation of 
melanoma cell to endothelial-like cells. Apoptosis is relevant for vascular tissue rear-
rangement. Inhibition of apoptosis by caspase inhibitors or antioxidants would block 
CLS formation. This scenario deserves further experimental verifications. 

4. Conclusions 

Despite impressive results in a variety of pre-clinical models, antiangiogenic agents 
have met only limited success in the clinic. The heterogeneity of vascular supply 
might be one of the key factors required for tumor survival. In fact, in addition to 
traditional angiogenesis, vascular channels, cords, sinuses (without EC lining), and 
mosaic vessels (EC and tumor cell lined) are also involved in the vascularization of 
tumors. The presence of tumor cell-lined channels provides a potentially new route 
by which metastasis may spread to the distant sites. The data discussed above, thus, 
should help understanding the mechanisms of VM phenomenon and may be of po-
tential importance for the development of novel chemotherapeutic approaches. 

Figure 4. Experimental model for melanoma VM cells highlighting the involvement of apop-
tosis and ROS in the formation of CLS. 
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Abstract. Cervical cancer is the second most frequent gynecological malignancy in the world. 
Human papillomavirus (HPV) infection is the primary etiologic agent of cervical cancer. 
However, HPV alone is not sufficient for tumor progression. The clinical manifestation of 
HPV infection depends also on the host’s immune status. Both innate and adaptive immunity 
play a role in controlling HPV infection. In untransformed HPV-infected keratinocytes, the 
innate immunity is induced to eliminate the invading HPV pathogen through sensitization to 
HPV-related proteins by epithelial-residing Langerhans cells (LCs), macrophages, and other 
immune cells. Once the HPV infection escapes from initial patrolling by innate immunity, 
cellular immunity becomes in charge of killing the HPV-infected keratinocytes of the uterine 
cervix through systemic immune response developing by dendritic cells (DCs) in the regional 
lymphoid organs or through local immune response developing by LCs in the cervix. Thereby, 
DC/LC plays a critical role in eliciting innate and adaptive cellular immune responses against 
HPV infection. HPV-associated cervical malignancies might be prevented or treated by induc-
tion of the appropriate virus-specific immune responses in patients. Encouraging results from 
experimental vaccination systems in animal models have led to several prophylactic and 
therapeutic vaccine clinical trials.  

1. Human Papillomavirus and Cervical Cancer 

Although the recent advances in cervical cancer diagnosis and treatment reduce the 
mortality of women with cervical cancer from the second leading cause of death to 
fifth place worldwide, still about 500,000 new cases are reported annually, and one-
third of them are under the high risk of death (Sasagawa et al. 2005). Clinically, 
cervical cancer is an advanced stage of cervical intraepithelial lesions manifested 
from pre-invasive cervical intraepithelial neoplasia (CIN) due to the progressive 
infection of human papillomavirus (HPV) in keratinocytes of the uterine cervix 
(Walboomers et al. 1999). HPV belongs to a family of 120 double-stranded DNA 
viruses that have been linked to a number of epithelial cancers, and more often with the 
uterine cervix, where more than 90% of tumors contain HPV DNA (Tindle 2002). The 
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abnormal uterine cervical clinical features as a result of HPV infection have a wide 
spectrum of diseases including warts (skin disease), low-grade dysplasia [cervical 
intraepithelial neoplasia 1 (CIN1)], high-grade dysplasia (CIN2/3), and cervical 
cancer. Low-risk HPV, such as HPV-6 and HPV-11, causes benign genital warts, 
whereas high-risk types, such as HPV-16 (about 60%) and HPV-18 (about 10–20%), 
are associated with cervical cancer. Other high-risk types include types 31, 33, 35, 
39, 45, 51, 52, 56, 58, 59, 68, and 73 (Mahdavi and Monk 2005).  
 The clinical manifestation of HPV infection depends not only on the type of HPV 
but also on the location of the epithelial lesion and the host’s immune status (Lee et al. 
2006). It was shown that people with history of deficit immunological response 
against infectious agents (HIV) have more probability to have cervical carcinoma 
(Del Mistro et al. 1994; Eckert et al. 1999). Evasion of the immune response is 
shown to contribute to the survival and propagation of HPV-infected cells. The HPV 
genome is organized into three regions: early region encoding proteins (E1, E2, E4, 
E5, E6, and E7) which are responsible for viral replication and transformation of host 
cells, late region which codes the viral capsid proteins (L1 and L2), and a noncoding 
regulatory region (Park et al. 1995). Expression of HPV E6 and E7 genes in differen-
tiating keratinocytes directly alters the expression of genes that influence host resis-
tance to infection and immune function. The squamous epithelium of the cervix is 
composed not only of keratinocytes but also of a type of dendritic cell (DC) [an 
epithelial-residing Langerhan cell (LC)], which are important for immunosurveil-
lance of the epithelium. The following section will highlight the LCs in the cervix 
and their function in cervical carcinoma.  

2. Langerhans Cells in the Uterine Cervix 

DCs are antigen-presenting cells (APC) with a unique ability to induce primary im-
mune responses. Many subsets of DCs exist, characterized by differences in develop-
mental pathways, surface marker expression, and anatomical localization. The level of 
heterogeneity reflected by anatomical localization includes epidermal LCs, dermal 
(interstitial) DCs (intDC), splenic marginal DCs, T-zone interdigitating cells, germinal-
center DCs, thymic DCs, liver DCs, and blood DCs (Banchereau, Briere, Caux, 
Davoust, Lebecque, Liu, Pulendran, and Palucka 2000). Since the first evidence for the 
presence of LCs in the cervix in 1968 (Younes et al. 1968), more attention has been 
focused on cervical LCs in the normal cervix and in diseased state (Caorsi and  
Figueroa 1986; Bonilla-Musoles et al. 1987; Hawthorn and MacLean 1987).  
 Immature LCs, efficient in the uptake of antigens, continually monitor the epider-
mal microenvironment for damage and infection. Following antigen processing, LCs 
mature and migrate to dermal lymphatic or peripheral lymphoid organs to present 
antigen and provide signals for T cell activation (Aiba and Katz 1990; Groves et al. 
1995; Cumberbatch et al. 2005; Griffiths et al. 2005). The migration of LCs is known 
to be under the control of adhesion molecules, cytokines and chemokines, expressed by 
keratinocytes and by LCs themselves. LC migration is associated with a down-
regulation of the membrane expression of E cadherin, an adhesion molecule expressed 
by both LCs and keratinocytes and which is believed to retain resident LCs within the 
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tissue matrix (Borkowski et al. 1994; Griffiths et al. 2005). Particularly important  
cytokines known to be involved in LC migration include IL-1α and TNF-α (mainly 
produced by keratinocytes) and IL-1β (mainly produced by LCs), all of which up-
regulated LC migration, and IL-10, which down-regulated LC migration (Wang et al. 
1999; Scott et al. 2001). Chemokine MIP-3α/CCL20, secreted also by keratinocytes, 
has been reported to recruit LCs through the CCR6 receptor, which is highly expressed 
in immature LCs. The LC maturation process is associated with a coreceptor switch 
(CCR6 to CCR7) allowing the migration of LCs from epithelial structure to the lymph 
nodes (Caux et al. 2002; Cremel, Hamzeh Cognasse et al. 2006).  
 LCs, which capture antigens for transport to the local draining lymph nodes and 
presentation to naïve T cells, were demonstrated to be essential for the initiation of 
an adaptive immune response against viral antigens, particularly HPV antigens, 
encountered within the epidermis (Scott et al. 2001; Matthews et al. 2003). In un-
transformed HPV-infected keratinocytes, the innate immunity is induced to eliminate 
the invading HPV pathogen through sensitization to HPV-related proteins by  
epithelial-residing LCs, macrophages, and other immune cells. Once the HPV infec-
tion escapes from initial patrolling by innate immunity, cellular immunity becomes 
in charge of eliminating the HPV-infected keratinocytes of the uterine cervix through 
systemic immune response developed by DCs in the regional lymphoid organs or 
local immune response developed by LCs in the cervix (Lee et al. 2006). Thereby, 
LCs/DCs are involved in controlling HPV infection through both local and systemic 
immune responses.  

3. Langerhans Cells in Cervical Neoplasia 

Many studies have addressed the potential role for LCs in HPV infection or associated 
malignancy. A number of observations have shown that LCs in HPV lesions may be 
quantitatively reduced and functionally impaired, which may contribute to the persis-
tence of infection (Viac et al. 1990; Scott et al. 2001; Hubert et al. 2005; Walker et al. 
2005). Analysis of cervical biopsies revealed that the number of LCs was significantly 
reduced in intraepithelial neoplasia (Morris et al. 1983; Tay et al. 1987; Hawthorn et al. 
1988; Barberis et al. 1998; Connor et al. 1999; Guess and McCance 2005). 
Immunolabeling of cervical epithelial sheets, prepared from fresh cervical biopsies 
with antibodies to the three LC markers (MHC-II, CD1a, and Langerin), revealed 
reduced (to approximately 50% for the three markers) frequency of LCs in samples 
from HPV-infected patients compared with samples from controls (Jimenez-Flores  
et al. 2006). Immunostaining of formalin-fixed, paraffin-embedded tissue sections of 
cervical epithelium from punch biopsies of low-grade or atypical lesions from 96 
patients provides evidence that active HPV16 infection in cervical epithelium causes a 
depletion of LCs, which closely correlates with reduced and atypical E-cadherin 
expression (Matthews et al. 2003). A 2.5-fold reduction in the number of LCs in 
HPV16-infected regions of epidermis has been found compared with adjacent, 
uninfected regions of the same tissue samples, clearly indicating that the reduction in 
LC density in the skin was a direct result of the active viral infection.  
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 It has also been confirmed, that the LCs in HPV-infected tissues were generally 
morphologically less dendritic than LCs in normal tissue, which has previously been 

observed in several studies on LC density in CIN (Morris et al. 1983; Morelli et al. 
1993; Uchimura et al. 2004). Significant reduction of cytoplasmic profiles of LCs 
was found in viral lesions when compared with normal tissue of the epithelium and 
has been postulated as a mechanism by which HPV could be involved in the genesis 
of neoplasia (Uchimura et al. 2004). Recently, a correlation between E-cadherin 
immunostaining and the density of CD1a+ LC within the normal and (pre-) 
neoplastic squamous epithelium was reported. In that study, HPV-transformed 
keratinocytes were used to demonstrate that the E-cadherin-mediated contact 
between keratinocytes and LCs is potentially important for initiating or maintaining 
the immune response during chronic HPV infection (Hubert et al. 2005).  
 Several studies have suggested that LCs in HPV lesions may be functionally 
impaired, contributing to the persisting infection (Scott et al. 2001; Fausch et al. 
2005). The phosphoinositide-3-kinase (PI3-K) activation in LCs was proposed as a 
possible escape mechanism used by HPV to lack the ability of LCs to induce an 
anti-HPV immune response, and inhibition of PI3-K was suggested as an effective 
clinical target to enhance HPV immunity (Fausch et al. 2005). Since cell-mediated 
immune responses are suggested to be important in controlling both HPV infections 
and HPV-associated neoplasia, the way of generating powerful anticancer immune 
response may be to generate large numbers of autologous antigen-loaded DCs for 
vaccination.  

4. DC-Based Vaccines for Cervical Cancer 

The unique ability of DCs to induce and sustain primary immune responses makes 
them optimal candidates for vaccination protocols in cancer. DCs derived from 
cultured hematopoietic progenitors appear to have an antigen-presenting function 
similar to that of purified mature DCs. Ex vivo generation of DCs, therefore, 
provides a source of professional APCs for the use in experimental immunotherapy. 
There are several vaccine strategies utilizing DCs prepared with HPV-16 E6/E7. 
Vaccine strategies using DC-generated ex vivo can be classified as follows: (i) DCs 
pulsed with tumor peptides/proteins; (ii) DCs transduced with tumor antigen and 
cytokine genes or tumor RNA; (iii) DCs that have engulfed HPV virus capsids or 
virus-like particles; (iv) DCs that are loaded with killed allogeneic tumor cells; and 
(v) DCs that have fused with tumor cells (Biragyn and Kwak 2000; Ling et al. 2000; 
Tindle 2002).  
 Phase 1 trial using immature DCs pulsed with the autologous or allogeneic tumor 
lysates has been conducted in patients with advanced recurrent cervical cancer 
(Adams et al. 2001, 2003). It was possible to induce HPV-specific CTL and HPV-
specific T-helper responses in the peripheral blood in a few patients after the vacci-
nation with 108 DCs pulsed with a tumor lysate. Another pilot clinical study per-
formed with HPV E7 antigen-loaded autologous DCs demonstrated the induction of 
T cell responses in a portion of late-stage cervical cancer patients (Ferrara et al. 
2003). Since the use of immature DCs for antitumor vaccination may not be an  
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optimum, vaccine of DCs primed with tumor lysates and activated with maturation 
agent poli IC was reported to be currently tested in a clinical trial setting (Adams  
et al. 2003). A recent study of tumor antigen-pulsed DCs vaccination in cervical 
cancer patients who have failed all conventional treatment modalities has shown that 
autologous mature DCs pulsed with HPV16/18 E7 proteins can induce systemic  
B and T cell responses in late-stage cervical cancer patients (Santin et al. 2006). How-
ever, treatment-induced and/or disease-induced immunosuppression may limit the 
efficacy of vaccination strategies in cervical cancer patients harboring recur-
rent/metastatic disease refractory to the standard treatments. DC-based vaccination 
trials in immunocompetent cervical cancer patients with early-stage disease have 
been suggested. The clinical data such as dose, route of administration, toxicity, 
efficacy, immune response, and biological response of HPV-pulsed DCs from the 
past, and future clinical studies of HPV type 16-and HPV type 18-positive patients 
would contribute to the development of therapeutic as well as prophylactic protein-
based DCs vaccine against cervical cancer in nearest future. 

5. Conclusions  

In the management or treatment of cervical cancer, chemotherapy alone is generally 
ineffective against this relatively slow-growing disease. Immunotherapy may be the 
most promising additions to the current therapeutic inventory. Since LCs/DCs play 
important role in eliciting cellular immunity, it is essential to study the function of 
LCs and DCs in the HPV-infected patients with or without other infectious disease. 
The understanding of antigen processing and presentation in this disease would be 
also helpful to develop a strategy for DC-based immunotherapy. The messages 
obtained from clinical studies will open new avenues to establish how the functional 
properties of LCs/DCs could be exploited to fight immunosuppression and get 
desired clinical responses in cervical cancer patients.  
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Abstract. The molecular basis underlying tumor destruction in vivo by specific antitumor 
CD8+ T cells remains unclear. We propose that the local production of certain tumor necrosis 
factor (TNF)-family members (death ligands) may be more important for tumor destruction in 
vivo than previously thought. Also, the apoptotic response of some tumor cells to the TNF-
family member TRAIL can be augmented by the proteasome inhibitor bortezomib (Velcade). 
Thus, bortezomib may sensitize tumor cells to T cell-mediated cytotoxicity and could poten-
tially improve the beneficial effects of immunotherapy. 

1. Introduction 

For a number of years, there has been great enthusiasm for the idea of triggering the 
immune system to eradicate tumors. However, in contrast to bacteria or viruses, tumor 
cells closely resemble the normal tissue from which they were originally derived. 
Therefore, in order for an immune response to tumor cells to occur, normal self-
tolerance must be overcome and tumor antigens must be shown to exist. Over the last 
decade, great progress has been made in tumor immunology, particularly in the identi-
fication of numerous tumor antigens. These antigens fall into five main categories 
(Coulie et al. 2001). (i) Cancer-germline or activation antigens: Tumor antigens 
encoded by genes that are completely silent in most normal tissues but are activated in 
a number of tumors of various histological types such as melanomas and carcinomas of 
the lung, head and neck, bladder, and esophagus. Prototype antigens of this group are 
those encoded by gene P1A in the mouse and by the MAGE genes in the humans. Such 
antigens ought to be strictly tumor specific and constitute very promising targets for 
anticancer vaccines. (ii) Mutation antigens: The tumor specificity of the antigens 
resulting from mutations in the DNA of a cell is absolute but unique to individual 
tumors. (iii) Tissue-specific differentiation antigens: These antigens are not tumor-
specific but attracted tumor immunologists because the corresponding cytotoxic T lym-
phocytes (CTLs) were found in cancer patients. (iv) Overexpressed tumor antigens: A 



Anil Shanker and Thomas Sayers 
 
number of CTLs raised against tumor cells have been found to recognize antigens by 
genes expressed both in normal and tumoral tissues. (v) Viral antigens: Antigens 
encoded by oncogenic viruses have and are recognized by tumor-specific CTLs.  

Encouragingly, in some tumor models, the T cell-mediated immune response ef-
ficiently eradicated tumor. Functional effector T cells have been shown to develop 
against immunogenic as well as self-tumor antigens in some melanoma patients 
(Rosenberg et al. 2004), pancreatic cancer patients (Ryschich et al. 2005), Epstein–
Barr virus-associated malignancies (Gottschalk et al. 2005), and some breast cancer 
patients (Gillmore et al. 2005). 

From studies in animals and man, it has become clear that cellular immune re-
sponses can have an important role in the immunologic rejection of leukemias and 
lymphomas as well as certain highly vascularized solid tumors (Rosenberg et al. 
2004). Therefore, in mouse tumor models, the transfer of immune T lymphocytes, 
but not antibodies, protects mice from tumor challenge. Furthermore, elimination of 
CD8+ T cells often abrogates both protective and therapeutic antitumor effects. In 
addition, extensive T cell infiltrates are commonly seen in tumors or allografts un-
dergoing rejection. However, three criteria are assumed to be crucial for the immu-
nologic destruction of established tumors: (i) sufficient numbers of immune cells 
with high-avidity recognition of tumor antigens must be generated in vivo (ii) these 
cells must traffic and infiltrate the tumor stroma, and (iii) the immune cells must be 
activated at the tumor site to manifest appropriate effector mechanisms capable of 
causing tumor destruction.  

Although immune cells can be generated by vaccination, this procedure only 
seems to provide therapeutic benefit in treating tumors a few days after transplanta-
tion when they are not yet vascularized. Indeed, even in mice transgenic for T cell 
receptors that recognize tumor antigens, where virtually all T lymphocytes can rec-
ognize tumor, tumor growth and lethality are often unaffected. Inadequate numbers 
or avidity of immune cells, the inability of tumor to activate quiescent or precursor 
lymphocytes, tolerance mechanisms including anergy, and suppressor influences 
produced by the tumor or the immune system itself are among the mechanisms that 
can prevent tumor destruction by immune cells. However, some of these problems 
can be circumvented by the adoptive transfer ofantitumor T cells. Indeed, large B16 
melanomas can be rejected in mice following host lymphocyte immunodepletion 
when antigen-specific antitumor cells are transferred with antigen-specific vaccina-
tion and IL-2. The success of this approach has its counterpart in recent human clini-
cal trials (Gattinoni et al. 2006). Since fully activated CD8+ T cells have the ability to 
directly lyse tumor cells in vitro, it has been assumed that this cell-mediated cytotox-
icity is crucial to their antitumor effector function. 

2. Direct Cell–Mediated Cytotoxicity 

CD8+ T cells, in common with natural killer (NK) cells, can directly lyse various 
tumor cells in vitro following appropriate recognition of distinct structures on the 
tumor cell surface. From a large number of studies, two main molecular pathways 
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defined. One pathway involves the directed release of cytotoxic granules found in 
both activated T cells and NK cells. These granules contain the pore-forming protein 
perforin as well as various other constituents including a unique family of serine 
proteases known as granzymes. Expression of both perforin and the granzymes 
seems mostly confined to activated CD8+ T cells and NK cells. Cytolysis of tumor 
target cells by granule exocytosis is completely dependent on perforin, since T cells 
or NK cells isolated from mice where the perforin gene is eliminated by gene-
targeting (pfp–/–) are unable to perform granule-mediated cytolysis. How perforin 
functions in this lytic event is still somewhat unclear. It was initially thought that 
perforin created membrane pores in a similar manner to complement. More recently, 
it has been proposed that perforin promotes the access and trafficking of the gran-
zymes into target cells, subsequently triggering the apoptotic signaling cascade 
(Voskoboinik and Trapani 2006). 

The second lytic mechanism used by cytotoxic T cells and NK cells involves the 
production by these effector lymphocytes of various proapoptotic members of the 
tumor necrosis factor (TNF) family such as TNF-α, FasL, or TNF-related apoptosis-
inducing ligand (TRAIL or Apo2L). These so-called “death ligands” on binding to 
the appropriate cell surface receptors cause aggregation of these receptors. This in 
turn induces intracellular motifs (death domains) in these receptors to bind various 
adaptor molecules such as FADD and TRADD into a complex. Then, apical procas-
pases can also be recruited and activated in this death-inducing signaling complex 
(DISC). Subsequently, this leads to activation of downstream caspases, the activation 
of proapototic Bcl-2 family members, and ultimately apoptotic death of the cell. 
Interestingly in contrast to granzymes and perforin, expression of these death ligands 
is not restricted to activated CD8+ T cells and NK cells. They are also produced by a 
variety of cells of the innate immune system such as dendritic cells and macro-
phages. The intracellular signaling pathways in the cytotoxic cells required to engage 
these two lytic pathways differ substantially. Once appropriate recognition and trig-
gering of granule release from the cytotoxic cell has occurred, it seems unlikely that 
the tumor target cell can influence its own demise. By contrast, many cancer cells are 
resistant to the apoptotic effects following engagement of death receptors with their 
ligands. This is presumably due to the fact that the target cell itself must participate 
in the transmission of the apoptotic signal. Indeed, the resistance of tumor cells to 
apoptotic signaling is now thought to be one of the prerequisites of cancer develop-
ment. This loss of apoptotic signaling potential can occur at multiple points along the 
apoptotic signaling pathway. In the response to death ligands, a loss of the appropri-
ate receptor or any of the intracellular components of the apoptotic signaling path-
way can prevent cellular apoptosis. Nonetheless, it has been known for many years 
that agents such as cycloheximide or actinomycin D can sensitize some tumor cells 
to apoptosis triggered by death ligands. Thus, it may be that the apoptotic signaling 
pathway in response to death ligands still exists in many tumors, but this suicide 
pathway is blocked at some particular stage resulting in tumor cell survival. 

used by these cytolytic lymphocytes to effect tumor cell lysis in vitro have been 
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3. Immune-Mediated Tumor Destruction In vivo 

Since activated CD8+ T cells possess direct cytotoxic capacities and are responsible 
for most immune-mediated tumor regression, it has been assumed that their cyotoxic 
potential is a vital component for the promotion of tumor regression in vivo. How-
ever, the recent availability of a variety of gene-targeted or mutant mice has allowed 
for this hypothesis to be tested in well-defined tumor models. Surprisingly, in a vari-
ety of mouse tumor models including the B16 melanoma, MCA-101 sarcoma (Winter 
et al. 1999), MCA-205 sarcoma (Peng et al. 2000), and the mouse renal cancer 
Renca (Seki et al. 2002), it has been demonstrated that tumor rejection by the trans-
fer of activated T cells could occur in the total absence of perforin. This despite the 
fact that the perforin-dependent granule-mediated lytic pathway is usually the  
predominant cytotoxic pathway employed by activated CD8+ T cells in vitro. This 
suggests that granule-mediated cytotoxic effects may not be as crucial for tumor 
rejection in vivo as was originally thought. In the absence of a major role for gran-
ule-mediated tumor cell lysis, it is reasonable to assume that death ligands produced 
by CD8+ T cells or NK cells may be major mediators of tumor destruction in vivo. 
Interestingly, in the B16 model, the rejection of lung micrometastases can occur in 
the absence of perforin, FasL, or interferon-γ. Under such circumstances, a role for 
other members of the TNF family such as TNF-α or lymphotoxin in tumor destruc-
tion is revealed (Poehlein et al. 2003). By contrast, rejection of Renca tumors by 
activated T cells seems to be very dependent on FasL production by the antitumor T 
cells. Since tumors do not have a uniform response to death ligands, it is possible 
that their apoptotic responses in vivo are dependent on characteristics of the individ-
ual tumor. Therefore, for tumors sensitive to the apoptotic effects of TNF-α, yet 
resistant to FasL or TRAIL, local production of TNF-α (from whatever cell source) 
would be crucial for any antitumor effects. As such, prior knowledge of the apoptotic 
signaling of the individual tumor in response to specific death ligands could be help-
ful in determining the likelihood of success of different immunotherapeutic ap-
proaches. Since activated T cells are a major source of FasL, their direct cytotoxic 
effects could be a major mediator for the destruction of tumor cells uniquely sensi-
tive to this death ligand. However, solid tumors are often infiltrated with other cells 
of the innate immune system such as macrophages and dendritic cells. In this case, 
the local production of TNF-α or TRAIL by these cells may be crucial for the de-
struction of tumors particularly sensitive to these death ligands. In such cases, the 
major antitumor effector role of the activated CD8+ T cells may be in the local pro-
duction of proinflammatory cytokines, thus increasing levels of death ligands pro-
duced by cells in the tumor stroma. Interestingly, the production of IFN-γ is often 
essential for tumor rejection by activated T cells in a number of mouse tumor mod-
els. Since the tumor stoma can play a major role in the maintenance of tumor cell 
growth, it must be borne in mind that CD8+ T cells may also exhibit antitumor ef-
fects indirectly due to their influence on stromal elements such as endothelial cells 
(Qin and Blankenstein 2000; Spiotto et al. 2004). 

Over the last few years, immunologists have performed a great deal of work to 
determine the optimal requirements necessary for transferred T cells to promote  
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clinically relevant  antitumor responses in vivo (Gattinoni et al. 2006). Nonetheless, 
surprisingly little is known of the influence of the tumor in determining the outcome 
of this response. Therefore, although the transfer of highly activated T cells can be 
optimized, there are still a significant number of patients in whom no antitumor 
response is observed. Our laboratory has therefore focused its efforts on attempting 
to sensitize tumors to activated immune effector cells. From a practical standpoint,  
it is difficult to imagine how the sensitivity of tumor cells to perforin-dependent 
granule-mediated cytotoxicity can be substantially enhanced. Granule-mediated 
cytotoxicity is not tumor cell specific, and components of the lytic granules are rela-
tively unstable. As such, it is difficult to deliver this antitumor killing mechanism by 
any other means than by transfer of T cells with a high complement of lytic granules. 
By contrast, the antitumor effects of death ligands may be more amenable to phar-
macological modification at the level of the tumor itself.  

4. Augmenting Immune-Mediated Cytotoxicity 

Considering TNF-α and FasL, there are major problems of toxicity associated with 
the direct administration of these death ligands to animals. By contrast, TRAIL is 
cytotoxic to a number of tumor cells in vitro and in vivo in the absence of major 
associated toxicities (Almasan and Ashkenazi 2003). Therefore, we have used 
TRAIL as a model to test our hypothesis that the response of tumor cells to death 
ligand-mediated apoptosis can be augmented by the administration of sensitizing 
agents. The proapoptotic activities of TRAIL on cancer cells are known to be en-
hanced by both radiation and chemotherapy. However, it is hard to envisage how 
radiation or chemotherapy could be effectively used in combination with immuno-
therapy, as both radiation and chemotherapy are quite immunosuppressive. We 
have therefore chosen to study the efficacy of combining the proteasome inhibitor 
bortezomib (Velcade) and TRAIL in promoting tumor cell apoptosis. We and oth-
ers have shown that bortezomib can sensitize a number of mouse and human tumor 
cells to TRAIL-mediated apoptosis (Sayers and Murphy 2006). The effects of the 
combination of bortezomib and TRAIL on various human renal cell carcinomas 
(RCCs) were tested. These RCCs were resistant to the apoptotic effects of low 
dose of TRAIL. However, treatment with bortezomib dramatically sensitized some 
of these carcinoma cells such as A498, ACHN, and UO-31 to the antitumor effects 
of TRAIL (Figure 1). This dramatic reduction in cell number was due to apoptotic 
death of the cancer cells (data not shown). We also tested a panel of 60 human 
cancer cells of different origin and found essentially the same pattern. That is, 
bortezomib at 5–20 nM concentrations sensitized about 25–30% of the panel of 
cancer cells to the apoptotic effects of TRAIL. None of the human RCCs we tested 
were intrinsically resistant to TRAIL-mediated apoptosis, since treatment with 
cycloheximide dramatically sensitized all seven cell lines to TRAIL. Thus, the 
apoptotic pathways in response to TRAIL could potentially be triggered in all the 
RCCs. Therefore, differences between the sensitization of ACHN and Caki-1 were 
specifically manifest in response to bortezomib (Figure 1).  
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FIGURE 1. Effects of bortezomib and TRAIL on human renal carcinoma cells. Viable cell 
counts were estimated 18 h after TRAIL addition by MTS staining, and percent growth inhibi-
tion was then calculated. 

The molecular mechanism underlying this selective sensitization of tumor cells to 
TRAIL-mediated apoptosis remains unclear. It was initially thought that the ability 
of bortezomib to block activation of the transcription factor NF-κB would be crucial 
for sensitizing tumor cells to TRAIL. However, this activity of bortezomib does not 
seem to be crucial for the sensitization of a variety of tumor cells to TRAIL. Other 
possibilities include increases in the levels of TRAIL death receptors, increases in 
proapototic Bcl-2 family members, as well as decreases in cellular levels of an-
tiapoptotic proteins such as cellular FADD-like IL-1-converting enzyme-inhibitory 
protein (cFLIP) or inhibitors of apoptosis proteins (IAPs). It was recently demon-
strated that bortezomib treatment of tumor cells resulted in an enhanced activation of 
caspase-8 following TRAIL binding.  Therefore, it is possible that the major effects 
of bortezomib in sensitizing tumor cells to TRAIL may occur at a proximal level of 
the apoptotic signaling cascade (Ganten et al. 2005). Further work is required to 
identify the precise molecular mechanism(s), whereby bortezomib sensitizes tumor 
cells to TRAIL apoptosis. As yet, there is very little information available on 
whether the combination of bortezomib and TRAIL can display therapeutic benefit 
in an in vivo setting. We first reported that this combination was superior to either 
agent alone in purging C1498 murine acute myeloid leukemia cells from a bone 
marrow inoculum (Sayers et al. 2003). Furthermore, more recent studies have shown 
that bortezomib can be combined with allogeneic bone marrow transfer allowing for 
a reduction of graft-versus-host disease while maintaining beneficial graft-versus-
tumor effects (Sun et al. 2004). Current studies from our laboratory also indicate that 
the combination of bortezomib with an agonist antibody to TRAIL death receptor 5 
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also be effectively combined with agents that induce TRAIL production in vivo, 
particularly if this induction could be localized to the vicinity of the tumor or its 
metastases. Human genome sciences have recently commenced with a clinical trial 
investigating any therapeutic benefit of combining bortezomib and agonist antibodies 
to TRAIL death receptors in patients with multiple myeloma.  

5. Future Directions and Concluding Remarks 

The molecular basis underlying bortezomib sensitization of tumor cells to TRAIL 
apoptosis remains unclear. Bortezomib could be affecting multiple components of 
the apoptotic signaling pathway. Identification of the molecular mechanism underly-
ing bortezomib sensitization of tumor cells to TRAIL could be important in two 
respects: (1) It may allow for molecular profiling of tumor cells or tissue samples in 
advance, thus allowing for selection of tumors based on characteristics associated 
with the “sensitive” phenotype and (2) more information on the critical components 
of the apoptotic pathway could result in the development of more specific novel 
agents to augment death ligand-mediated apoptosis of tumors. 

As previously mentioned, some cancer cells may be resistant to TRAIL, yet sen-
sitive to FasL or TNF-α. We have evidence that bortezomib can also sensitize some 
tumor cells to the apoptotic effects of FasL and TNF-α. However, there remains the 
dilemma as to how to locally deliver these death ligands to the tumor. The adoptive 
transfer of specific antitumor CD8+ T cells may be beneficial in this regard. These T 
cells could be a source of multiple death ligands as well as other proinflammatory 
cytokines. Furthermore, the death ligands should only be produced locally following 
contact between the transferred CD8+ T cells and tumor antigens. We are currently 
addressing whether bortezomib treatment of mice can be successfully combined with 
adoptive transfer of T cells in a mouse tumor model. One concern is that bortezomib 
could block the trafficking or effector functions of the transferred T cells. However, 
preliminary results from our laboratory suggest that antitumor effector functions of 
activated T cells are not overtly influenced by bortezomib either in vitro or in vivo. 
To address this, more detailed studies are required, and are currently underway. In 
addition, even if bortezomib does inhibit some functions of activated T cells, this 
may not be a major practical concern.  The effects of bortezomib are short-lived in 
animals. Therefore, appropriate scheduling of agents may allow for bortezomib to be 
administered for tumor sensitization prior to a later transfer of activated T cells, at a 
time when bortezomib is no longer present in the circulation. 
  In conclusion, it is hoped that these strategies to sensitize tumor cells to the 
apoptotic effects of death ligands could in the future be coupled to the recent ad-
vances in adoptive T cell transfer protocols, to improve the beneficial effects of 
immunotherapy in cancer patients. 

can provide therapeutic benefit in tumor-bearing mice in the absence of detectable 
toxicity (Shanker and Sayers, in preparation). It seems likely that bortezomib could 
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Abstract. Tumor produces a number of immunosuppressive factors that block maturation of 
dendritic cells (DCs). Here, we demonstrated that endogenous factors presented in the serum 
of patients with prostate cancer (CaP) inhibited the generation of functionally active DCs from 
CD14+ monocytes in vitro. We have shown a significant inhibitory potential of serum ob-
tained from patients with CaP and benign prostate hyperplasia benign prostatic hyperplasia 
(BPH) when compared with serum from healthy volunteers. As assessed by flow cytometry, 
expression of CD83, CD86, and CD40 molecules was strongly inhibited by CaP and BPH 
serum. In addition, these DCs were weak stimulators of allogeneic T cell proliferation when 
compared with DCs produced in the presence of healthy volunteer serum. Statistical analysis 
of the results revealed a positive relationship between the inhibition of expression of DC 
markers CD83 and CD80 and the levels of serum-free prostate-specific antigen (PSA). These 
data suggest that the DC system may be impaired in CaP patients. 

1. Introduction 

Prostate Cancer (CaP) is responsible for more than 40,000 deaths every year in the 
United States; more than 180,000 new cases are diagnosed yearly (Landis et al. 
1999). It is the leading malignancy in incidence and the second in cancer mortality 
among North American men. Despite the apparent magnitude of this medical 
problem, fundamental questions regarding the biology of CaP remain unanswered. 
Due to the unique biologic features of this disease, no curative treatment exists when 
the disease spreads beyond the prostate. The absence of effective conventional therapy 
for advanced CaP justifies the application of novel, experimental approaches 
(Comuzzi and Sadar 2006). Immunotherapeutic approaches for cancer treatment 
have shown great promise in experimental studies, and a number of immunotherapies 
are now being tested in clinical settings (Colaco 1999a). This includes intraprostatic 



Maryam Aalamian-Matheis et al. 
 
injections of cytokines, growth factors, vaccines consisting of liposome-encapsulated 
recombinant prostate-specific antigen (PSA) and lipid A, genetically modified tumor 
or immune cell vaccines, and other approaches (Slovin et al. 1998; Harris et al. 1999; 

Initiation of specific antitumor immune responses requires the involvement of 
professional antigen-presenting cells. DCs are the most potent antigen-presenting 
cells and have been shown to be capable of recognizing, processing, and presenting 
tumor antigens, in turn initiating a specific antitumor immune response in both ani-
mals and humans (Shurin 1996). It has been recently postulated that the transfer of 
antigens from tumor to professional antigen-presenting cells, or cross priming, is 
mandatory for tumor antigens to be processed and presented to naïve T lymphocytes 
(Huang et al. 1994; Speiser et al. 1997; Armstrong et al. 1998). This fact additionally 
underlines the key role of DCs in the induction of tumor-specific immune responses 
and suggests that adequate functioning of the DC system is essential for the devel-
opment of antitumor immunity. During the last several years, a number of clinical 
trials of DC-based immunotherapies for various tumors, including CaP, have been 
initiated (Colaco 1999b; Ragde et al. 2004). However, to date, DC therapy for CaP 
patients has met with only limited success. One reason of the limited efficacy of DC 
immunotherapy in CaP patients is associated with the local or systemic suppression 
of the DC system by the CaP-derived factors, resulting in inhibition of immune re-
sponsiveness. In fact, the immunological condition in CaP patients has been evalu-
ated, and moderate immunosuppression was already noted in relatively confined 
prostate tumors. Several studies demonstrated significant depression of the immune 
system at advanced stages in CaP patients (Herr 1980; Ivshina et al. 1995; Healy  
et al. 1998; Salgaller et al. 1998). We have recently demonstrated that CaP-derived 
factors inhibit the generation of human DCs from monocytes and hematopoietic 
progenitor cells (Aalamian et al. 2001; Shurin et al. 2001). DCs co-incubated with 
CaP cells expressed lower levels of CD80 and CD86, produced less IL-12, and in-
duced weak T cell proliferation. These data were confirmed by others who demon-
strated that the supernatants from human CaP cell-line cultures inhibit CD80 and 
CD86 expression on DCs (Troy et al. 1999). Our recent data showed that CaP cell-
derived PSA, as well as purified PSA, is one of the immunosuppressive factors re-
sponsible for inhibition of DC generation and maturation (Aalamian et al. 2003).  

PSA is a protein originated primarily from the prostatic epithelium and has 
emerged as the most important tumor marker for CaP (Polascik et al. 1999). PSA, as 
known, circulates in the serum in free (unbound) and complexe (bound to protease 
inhibitors) forms (Lilja 1993). Approximately 65–95% of the PSA is bound to the 
serine proteinase inhibitor (serpin) α1-antichymotrypsin (ACT); free PSA (fPSA) 
represents, on average, only 5–35% of the total PSA (tPSA) concentration. The rela-
tive amount of fPSA tends to be increased in benign disease compared with CaP 
(Lilja 1993; Diamandis and Yu 1997). The fPSA/tPSA ratio is now routinely used to 
increase the specificity for CaP and reduce unnecessary biopsies. Other PSA com-
plexes with alpha2-macroglobulin and α1-protease inhibitor are now measurable in 
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Simons et al. 1999; Li et al. 2006; Mohamedali et al. 2006). Although most of human 
tumor immunotherapies have reported only limited success, recent insights into the 
role of dendritic cells (DCs) may provide the basis for generating more effective anti-
tumor immune response. 
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serum as well. PSA–ACT has been used as markers for the diagnosis of CaP ever 
since Stamey et al. found that the total serum PSA concentration was elevated in CaP 
patients. Although increase in serum PSA does not distinguish patients with CaP 
from those with benign prostatic hyperplasia (BPH), the ratio of free to total PSA is 
lower for CaP than for BPH (Catalona et al. 1998), and is useful for the diagnosis of 
early stage CaP.  

Based on these facts and our previous data, we designed the study to determine 
whether an endogenous CaP-derived factor(s) might inhibit dendropoiesis. At pre-
sent study, serum obtained from patients with CaP and BPH and healthy volunteers 
(10–15 per group) has been tested in vitro for its ability to suppress dendropoiesis. 
We demonstrated that the addition of CaP or BPH patients’ serum to CD14+ mono-
cytes cultures resulted in significant inhibition of expression of DC-related markers 
(CD83, CD80, and CD40) when compared with control serum. Furthermore, mono-
cyte-derived DCs generated in the presence of patients’ serum were weaker stimula-
tors of allogeneic T cell proliferation when compared with DCs produced in the 
presence of serum obtained from healthy volunteers. Furthermore, statistical analysis 
of samples revealed a positive relationship between the inhibition of expression of 
CD83 and CD80 molecules and the percentage of serum-free PSA. 

2. Experimental Procedures 

The serum specimens from 40 patients and 10 healthy control donors were taken in a 
sterile fashion and stored at –80°C. The current study was undertaken of serum from 
20 CaP, 20 BPH patients, and 10 healthy volunteers. The serum level of total and 
free PSA was detected by Abbott AXSYM System. The levels of total PSA in serum 
of CaP patients were 30.1 ± 16.1 ng/ml  in BPH serum and were 10.5 ± 1.2 and 0.5 ± 
0.2 ng/ml in control serum. The percentage of free PSA relative to total PSA, or the 
f/t PSA ratio, was calculated as [fPSA (ng/ml)/tPSA (ng/ml)] × 100%. For CaP 
patients, this ratio was 15.0 ± 2.4 ng/ml, for BPH patients 20.0 ± 1.8 ng/ml. All 
serum specimens were obtained from the Department of Urology, University Clinic 
Hamburg-Eppendorf (Hamburg, Germany).  

 Evaluation of expression of surface molecules on DCs was performed with  
fluorescein isothiocyanate (FITC) - or phycoerythrin (PE) - conjugated antibodies 
recognizing CD83, CD86, CD80, CD40, CD1a, and human leukocyte antigen-DR 
molecules (PharMingen). Flow cytometric analysis of stained cells was performed on 
Becton-Dickinson FACScan cytometer by Cell Quest software.  
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Human DC cultures were initiated from CD14+-adherent peripheral blood mono-
nuclear cells (PBMCs). PBMCs, resuspended in a complete AIM V medium (Gibco) 
supplemented with heat-inactivated 1% human AB serum (Sigma) and 50 µg/ml 
gentamicin sulfate (Gibco), were plated in 75 cm2 cell-culture flasks (Costar) and 
incubated at 37°C for 2 h. Non-adherent cells were removed and adherent monocytes 
were gently washed with a warm (37°C) medium followed by culture in AIM V 
medium supplemented with human granulocyte-macrophage colony stimulating 
factor (GM-CSF) (1000 U/ml) and IL-4 (1000 U/ml) (PeproTech) for 7 days.  
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Functional activity of DC was determined in one-way allogeneic-mixed leuko-
cyte reaction (MLR) using T lymphocytes as responders. Allogeneic T cells were 
isolated from PBMCs by purification on a nylon wool column. Cultured human DCs, 
serving as stimulators, were irradiated at 3000 rads and added in triplicate in graded 
doses to 3 × 105 allogeneic T cells in 96-well plates in total volume of 200 µl. 
Ninety-six hours later, cell cultures were pulsed with 1 µCi of [3H] thymidine/well 
(DuPont-NEN) for the last 16–18 h and harvested onto GF/C glass fiber filter paper 
(Whatman) using a MACH III M harvester (Tomtec). The 1450 MicroBeta TRILUX 
liquid scintillation counter (Wallac) was used to detect the incorporation of [3H]-
thymidine. The counts were expressed as stimulatory index (SI), which was calcu-
lated by division of counts per minute (cpm) of each well onto mean of cpm of spon-
taneous T cell proliferation and presented as the mean SI  ± standard error of the 
mean (SEM).  

3. Results 

To determine whether an endogenous CaP-derived factor(s) might inhibit dendro-
poiesis, serum specimens obtained from CaP patients, BPH patients, CaP patients 
after prostatectomy, and healthy volunteers have been tested in vitro. To exclude 
the influence of the abnormal levels of any major serum proteins, a high-resolution 
total protein electrophoresis (TPE) was performed with all specimens (Helena 
Labs), and suspicious samples were excluded from the further analysis. Hundred 
microliters of serum was added daily to DC cultures (10 ml) initiated from normal 
CD14+-adherent PBMCs (equivalent to 50 ml blood/specimen). Media and cyto-
kines were replaced in all cultures on day 3, and cells were harvested and analyzed 
on day 7. Specimens were randomized and tested in several experiments. In addi-
tion, the same samples were tested several times on different days. Total of eight 
experiments (with 10–12 samples) were conducted. FACScan analysis of cultured 
cells revealed that the presence of CaP or BPH serum in DC cultures markedly 
altered the expression of DC-related markers when compared with control serum 
(Figure 1A). For instance, expression of CD83, CD1a, and CD40 was strongly 
suppressed, whereas expression of CD14 (monocyte/macrophage marker) was 
increased. Furthermore, the results of the MLR assay on Figure 1B revealed that 
DC cultures treated with serum obtained from patients with non-treated CaP dis-
played a significantly reduced ability to induce T cell proliferation (p < 0.05, two-
way ANOVA). Thus, these data suggest that there are not yet identified factors in 
CaP and BPH serum, which could inhibit dendropoiesis in vitro. 

Statistical analysis of these data revealed a positive relationship between the in-
hibition of expression of CD83 and CD80 on DC and serum levels of free PSA. In 
fact, Figure 2A demonstrates the mean values of inhibition of expression of DC 
surface molecules (reflecting the decrease in numbers of marker-positive cells in 
cultures) and serum-free PSA in three groups of patients: CaP patients after 
prostatectomy (no PSA), CaP patients, and BPH patients. 
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4. Discussion 

CaP is the most common malignancy in men in the United States and the second 
most frequent cause of cancer-related death in men. It is variable in its natural history 
with some patients having slowly progressive low-grade disease while others with 
poorly differentiated cancers having rapidly declining course (Landis et al. 1999). 

FIGURE 1.  Serum obtained from prostate cancer (CaP) and benign prostatic hyperplasia 
(BPH) patients inhibit dendropoiesis in vitro. Addition of CaP or BPH patient serum to CD14-
derived DC cultures resulted in  significant inhibition of expression of DC-related markers 
when compared with control serum (A). Furthermore, DCs generated in the presence of pa-
tients’ serum were weaker stimulators of T cell proliferation in the MLR assay when com-
pared with DCs produced with serum obtained from healthy volunteers (B).  

As can be seen, high levels of inhibition of dendropoiesis was associated with 
high levels of free PSA, which was confirmed by a correlation analysis of combined 
samples (Figure 2B). Interestingly, no correlation between dendropoiesis and con-
centrations of total PSA was demonstrated. Thus, it is possible that serum-free PSA 
might be involved in inhibition of DC function and thus, suppression of specific 
immune responsiveness in CaP patients. 
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FIGURE 2. Serum-induced inhibition of dendropoiesis, assessed as a percentage of CD83+ 
CD80+ expression on dendritic cells (DCs), was associated with increased levels of free pros-
tate-specific antigen (PSA) in serum obtained from Prostate cancer (CaP) and benign prostatic 
hyperplasia (BPH) patients (A). Correlation analysis of combined data revealed a significant 
correlation between inhibition of CD83 and CD80 expression and the levels of serum-free 
PSA (B). 

The extensive mortality and morbidity associated with CaP is caused by the high 
prevalence of metastatic disease at the time of diagnosis (Arya et al. 2006). One of 
the features of CaP is the bone destruction during the metastatic bone disease and 
disturbed hemopoiesis (Frassica et al. 1992; Hall et al. 2005). The dysfunction of 
hemopoiesis is one of the major results of the bone destruction during the metastatic 
bone disease (Frassica et al. 1992). In fact, disturbed hemopoiesis characterized by 
the presence of immature leukocytes in CaP invading the bone marrow has been 
repeatedly reported (McGregor et al. 1990; Shamdas et al. 1993). In addition, we 
have demonstrated the alteration of dendropoiesis by prostate carcinoma cells in 
vitro. Prostate carcinoma cell line LNCaP-derived factors affected early hematopoi-
etic precursor cells and markedly inhibited the generation of functionally active DCs 
in vitro. LNCaP cells added to DC cultures inhibited the generation of functionally 
active DCs from CD34+ precursor cells as well as from CD14+ cells in vitro 
(Aalamian et al. 2001).  
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At present study, we determined whether endogenous CaP-derived factors in pa-
tients’ serum might inhibit dendropoiesis in a similar fashion. We showed a 
significant DC-inhibitory potential of serum obtained from CaP and BPH patients 
but not from healthy volunteers. As assessed by flow cytometry, expression of 
CD83, CD86, and CD40 molecules on DCs was strongly inhibited in the presence of 
serum received from CaP and BPH patients when compared with control serum. The 
ability of DCs to stimulate proliferation of naïve allogeneic T cells was also 
significantly decreased, if DCs were cultured in the presence of serum received from 
CaP patients. These data suggest that the DC system might be impaired in CaP 
patients. These results also suggest that malfunction of dendropoiesis in CaP patients 
is associated with a progression of the disease. In fact, a correlation between the 
number of DCs infiltrating tumor and longer patient survival or reduced frequency of 
metastatic disease has been described for a number of cancers (Becker 1992; Lotze 
1997). In general, progressive tumor growth seems to be accompanied by a 
decreased density or loss of DCs and, conversely, regression is often associated with 
infiltration of these cells into tumor. It has been shown that the number of DCs in 
prostatic carcinomas is inversely correlated to the histopathological grade of the 
tumor, with those having no DC infiltrate representing the highest grade of 
carcinoma (Troy et al. 1998). Since DCs are known to play a key role in the 
initiation of the antitumor immune responses, impairment in their number or activity 
might result in deficient expansion of specific T lymphocytes. Thus, the resulting 
immunosuppression might play an important role in further tumor progression and 
resistance to immunotherapy. 

For the protection of DCs from tumor-induced immunosuppression, it is 
important to investigate the mechanisms of their deregulation. We have recently 
demonstrated that purified and LNCaP-derived PSA suppressed DC generation and 
maturation in vitro, resulting in the low expression of costimulatory molecules on 
DCs and decreased ability of DCs to induce T cell proliferation (Aalamian et al. 
2003). Here, we observed significant positive correlation between the inhibition of 
CD83 and CD80 expression on DCs treated with Cap and BPH serum and the 
percentage of free PSA relative to total PSA in serum of these patients. This 
correlation was detected in 60% of cases. Thus, the percentage of free PSA may be 
an important marker of DC function inhibition and thus, suppression of specific 
immune responsiveness in CaP patients. 

PSA was the first tumor marker approved by FDA for use in early detection of 
CaP in 1994 (Stamey et al. 1987). Elevation in this marker in serum has been 
associated with CaP progression (Oesterling 1991; Williams et al. 2006). PSA 
complexed to α1- ACT is the predominant form of immunoreactive PSA in serum 
(~85%), and the free (uncomplexed) form makes up the rest (Lilja 1993). The 
concentration of these forms of PSA varies according to the disease state, and the 
analysis of these molecular forms may improve the clinical use of PSA 
(Christensson et al. 1990; Elabbady and Khedr 2006). For instance, it has been 
reported that the f/t PSA ratio was significantly lower in men with untreated 
CaP than in men with benign disease (Christensson et al. 1993; Elabbady and 
Khedr 2006; Jung et al. 2000; Stephan et al. 2000).  

179 



Maryam Aalamian-Matheis et al. 
 

Our data suggest that the percentage of free PSA might reflect the inhibition of 
DC function and, thus, suppression of specific immune responsiveness in cancer 
patients. Further investigation of the role of free PSA for the prognosis of CaP,  
induction of immunosuppression, and understanding the mechanisms of immune 
dysbalance in CaP may lead to the discovery of new therapeutic agents that will be 
directed to decrease tumorigenicity and increase immunogenicity of CaP cells. 
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Abstract. In response to infection and/or tissue injury, cells of the host innate immune system 
rapidly produce a variety of structurally distinct mediators (we elect to call alarmins) that not 
only function as potent effectors of innate defense but also act to alarm the immune system by 
promoting the recruitment and activation of host leukocytes through interaction with distinct 
receptors. Alarmins are capable of activating antigen-presenting cells (APCs) and enhancing 
the development of antigen-specific immune responses. Here, we discuss the characteristics of 
several alarmins, a variety of potential alarmin candidates and potential implications of 
alarmins. 

1. Introduction: Properties of Alarmins 

There are a number of structurally unrelated endogenous proteins that are very rap-
idly released or induced to be produced in response to microbial invasion or tissue 
injury. Although these readily available proteins could be considered a subset of 
danger signals or cytokines, they are already known to have antimicrobial, enzy-
matic, or chromatin-binding activities. However, we have chosen to call them 
“alarmins” because they also have the capacity to interact with receptors on host 
cells, which enables them to induce chemotactic migration and to activate receptor-
expressing cells. Alarmins interact with receptors on antigen-presenting cells (APCs) 
such as dendritic cells (DCs) and as a result are able to rapidly initiate innate as well 
as lymphocyte-dependent adaptive immune responses to components of damaged 
tissues or invading pathogens. 

In our laboratory, we detect alarmins based on their capacity to induce directional 
migration (chemotaxis) of APCs such as DCs in a pertussis toxin (PTx)-sensitive 
manner. Since PTx is selectively inhibitory for Gαi protein-coupled receptors 
(GiPCRs) utilized by chemokines and a wide variety of other chemotactic ligands, 
this provides evidence that alarmins also interact with such receptors on host 
APCs/DCs. Furthermore, some of the ligands that interact with GiPCR have been 
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demonstrable in vivo immunoadjuvant effects. As summarized in Table 1, we will 
briefly review the various endogenous proteins that have been identified as having 
alarmin functions.  Additional information can be obtained in a number reviews 
(Yang et al. 2004a; Oppenheim and Yang 2005; Kornbluth and Stone 2006; Zedler 
and Faist 2006; Bianchi 2007). 

2. Alpha Defensins 

Defensins consist of a family of small (3–6 kDa) antimicrobial peptides. Human 
alpha defensins (HAD) 1–4, also known as human neutrophil peptides (HNP) (1–4), 
are produced by neutrophils and monocytes, while some lymphocytes and natural 
killer (NK) cells produce HNP1. HAD 5–6 are generated by Paneth cells of the small 
intestine and epithelial cells in reproductive tissues, placenta, and nasal and bronchial 
lining. Mice do not have neutrophil alpha defensins but instead possess multiple 
Paneth cell-derived alpha defensins known as cryptidins. Alpha defensins are consti-
tutively expressed and released from intracellular granules. HD5 has potent anti-
human papillovirus (HPV) activity, and their production by cells lining the vaginal 

TABLE 1. Characteristics of alarmins 

Ligand 
Chemotactic 

receptor 

Activation of 
DC to mature 

(CCR7+, 
Comigen+, 
IL12p70+) TLR 

Constitutive 
(necrotic cell 

release) Inducible 

In vivo 
Adjuvant 
activity 

α-
Defensins GiPCR Yes ? Yes (Degranu-

lates) No Yes 

β-
Defensins CCR6 Yes 

Mu 
βD2/
TLR4

HBD1 
All others 
in epithe-

lium 
Yes 

Catheli-
cidin 
LL37/   
CRAMP 

FPRL-1/ 
FPR-2 

No (acts on 
pre-DCs) ? 

Yes 
(Degranu-

lates) 

Yes 
(monos 

and epithe-
lial) 

Yes 

EDN/ 
EARM GiPCR Yes TLR2

Yes 
(Degranu-

lates) 

Yes 
(monos) Yes 

HMGB1 GiPCR/ 
RAGE Yes TLR2

TLR4 Yes Yes 
(monos) Yes 

 
DC, dentritic cell; EDN, eosinophil-derived neurotoxin; HBD, human beta defensin; HMGBI, high-

mobility group box 1; ?, unknown. 

 

shown to be internalized by GiPCRs on DCs and to co-localize intracellularly with 
MHC class II proteins (Biragyn et al. 2004). Thus, alarmins have the potential to be 
internalized into the endosomal and Golgi compartments of APCs favoring antigen 
processing and presentation.  Since all the above properties of alarmins are based on 
in vitro assays, to ensure their physiological relevance, an alarmin also has to have 
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mucosa is inversely correlated to the incidence of HPV infection and cervical cancer 
incidence (Buck et al. 2006). HNP1–4 have antiviral effects against many viruses 
including HIV1 (Klotman and Chang 2006). Furthermore, deficiencies in these alpha 
defensins are also associated with an increased incidence of inflammatory bowel 
disease (IBD) (Wehkamp and Stange 2006). We have found alpha defensins to be 
chemotactic for the subset of CD4+ CD45+ RA+-naïve T cells, some CD8+ T cells, 
and immature DCs (Chertov et al. 1996; Yang et al. 2000, 2004a). Although this 
chemotactic effect is PTx inhibitable, the specific HNP receptor has not been identi-
fied. Alpha defensins also activate immature DCs (iDCs) to mature into mDCs. This 
is characterized by phenotypic changes such as increased expression of CD80, 
CD83, CD86, CD40, and MHC class II, increased production of inflammatory cyto-
kines, and loss of receptor expression such as CCR1 and 5 but an increase in the 
expression of CCR7. Mature DCs also develop the capacity to induce allogeneic 
mixed leukocyte reaction (MLR) in vitro. 

Administration of HAD to mice together with antigens shows them to have im-
munoenhancing adjuvant effects and to augment the production of both TH1 and 
TH2 cytokines (Lillard et al. 1999; Yang et al. 2004a). Consequently, HAD have the 
capacity to interact with receptors on both human and mouse cells. However, we 
have not been able to identify the receptor responsible for the activating effects or its 
relationship to the chemotactic receptor. 

About eight beta defensins have been identified in mice and man, but genome se-
quences suggest that there may be close to 30 distinct beta-defensin entities in both 
species. Beta defensins are produced by keratinocytes of the skin and epithelial cells 
in the gastrointestinal (GI), genitourinary (GU) and tracheobronchial lining. In fact, 
human beta defensin 1 (HBD1) is constitutively produced, stored and released by 
these cells at the interface with our environment. Furthermore, “dangerous” stimuli 
such as microbial products (e.g. LPS) and inflammatory cytokines (e.g. IL-1, IL-17, 
TNF and IFN), in addition to inducing the release of HBD1, also upregulate the 
expression of HBD2–4. Beta defensins are also essential for host defense, since 
MBD1 null mice exhibit reduced resistance to challenge with Hemophylus Influenza 
(Moser et al. 2002). HBD1–4 are chemotactic for the subset of CD4+ CD45+ RO+- 

memory T cells and iDCs by interacting with the CCR6 receptor, which is also the 
cognate receptor for the MIP3α chemokine. Although the amino acid sequences of 
the HBD2 and MIP3α are unrelated, their tertiary structure shows some similarity, 
which may account for their capacity to share CCR6. In addition, HBD3 and HBD4 
are chemotactic for human monocytes which do not express CCR6 (Garcia et al. 
2001a; Wu et al. 2003).  Consequently, HBD3 and HBD4 use an additional PTx-
inhibitable GiPCR, which has not been identified as yet (Garcia et al. 2001a,b; Wu, 
et al. 2003). The beta defensins also have the capacity to activate iDCs to differenti-
ate into mDCs. TLR4 has been identified as the receptor signalling pathway responsi-

tor(s) responsible for the activating effects of the other defensins remain unknown, 
but they are likely to be distinct from TLR4, since the beta defensins have varied 
immune effects. For example, MBD2 has been shown to be an effective enhancer of 
TH1-dependent cellular immune antitumor responses (Biragyn et al. 2001, 2002). 
Recently, MBD2 has also been shown to promote antileukemia immunity (Ma et al. 

ble for this activating effect only in the case of mDB2 (Biragyn et al. 2002). The recep-
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2006). In contrast, MBD3 favors TH2-dependent humoral immune responses and 
does not promote antitumor immunity (Biragyn et al. 2001). Nevertheless, both these 
beta defensins have considerable albeit distinct immunoadjuvant effects. 

3. Cathelicidin (LL37)/CRAMP 

Human cathelicidin (LL37) is the alpha helical C-terminal 37 amino acid peptide 
domain cleaved from the hCAP18 intact protein. LL37 has broad antimicrobial ac-
tivities and just like the defensins is stored in the granules of neutrophils, monocytes, 
T cells and keratinocytes. In addition, LL37 and its mouse homologue (CRAMP) can 
be induced by “danger” signals and inflammatory cytokines secreted by the usual 
Golgi apparatus and ER pathway. LL37 is chemotactic and interacts with the FPRL1 
GiPCR present on neutrophils, monocytes, mast cells and lymphocytes (Yang et al. 
2000, 2004a). Unlike the other alarmins, LL37/CRAMP cannot attract DCs but acti-
vates “DC precursors” (monocytes) to develop into APCs. Once again, the recep-
tor(s) used by LL37 to activate APCs is unknown. However, LL37 clearly has con-
siderable immunoadjuvant activity equivalent to that of the standard aluminum 
hydroxide adjuvant used in human vaccines (Kurosaka et al. 2005). Consequently, 
LL37/CRAMP contributes to host defense based on its antimicrobial and immu-
nostimulating activities. Furthermore, cathelicidin, like the defensins, based on the 
overall negative charge of its molecule can also directly bind and neutralize en-
dotoxin. These observations are supported by data showing that CRAMP null mice 
have reduced resistance to challenge by pathogens (Nizet et al. 2001; Rosenberger et 
al. 2004). Furthermore, mice transfected to overexpress cathelicidin have increased 
resistance to endotoxin challenge, but greater inflammatory reactions with increased 
secretion of mucous and IL-8 by the tracheobronchial lining cells (Bals and Wilson 
2003). However, these studies cannot determine which of the multiple activities of 
cathelicidin is more important in host defense. 

4. Eosinophil-Derived Neurotoxin  

Eosinophil-Derived Neurotoxin (EDN) is an 18-kDa member of the large RNAse 
family. EDN is stored in eosinophil granules and to a lesser extent in neutrophil 
granules but can also be induced to be expressed in monocytes/macrophages in re-
sponse to danger signals and cytokines. EDN’s name derives from the identification 
of eosinophils as a major cell source and its cytotoxic effects on cultured Purkinje 
cells. EDN has potent anti-HIV-1 activities (Rugeles et al. 2003). EDN and its mouse 
homologue mEAR2 are the only RNases with GiPCR-dependent chemotactic effects 
on both iDCs and mDCs (Yang et al. 2003. 2004a). The specific chemotactic recep-
tor for EDN remains unknown. EDN and mEARM2 also activate iDCs in a TLR2-
specific manner (Yang et al. 2004b). They activate only cells transfected with TLR2, 
independent of TLR1 and TLR6 (Yang et al. submitted). Immunization of mice with 
ovalbumin (OVA) plus EDN enhances the OVA-specific proliferative responses of 
splenocytes of wild type but not of TLR2 null mice. EDN also promotes antigen-
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specific anti-OVA responses but favors the production of IgG1 anti-OVA. In com-
parison, human angiogenin, another RNAse family member, did not activate iDCs 
and had no immunoadjuvant effects (Yang et al. 2004b, submitted) Furthermore, 
TLR2–/– mice also failed to show enhanced anti-OVA responses. Splenocytes from 
TLR2+/+ mice immunized with EDN and OVA, when stimulated with OVA, pro-
duced elevated levels of IL-5, IL-10 and IL-13 but did not augment IFN-γ and IL-4 
production (Yang et al. submitted). Thus, the immunoadjuvant effects of EDN, 
unlike those of the defensins and LL37, favor polarization of TH2 responses. 

5. High-Mobility Group Box 1 

High-Mobility Group Box 1 (HMGB1), a prominent nonhistone chromosomal struc-
tural protein with DNA-binding activity is also an alarmin. HMGB1 located in the 
nucleosome by bending DNA promotes gene transcription. HMGB1 is a 215 amino 
acid antimicrobial peptide consisting of two binding A and B box domains. In 1999, 
HMGB1 was discovered to be released by necrotic cells and to have potent “cytokine-
like” activities (Wang et al. 1999). HMGB1, to everyone’s surprise, was reported to be 
a “late mediator” of endotoxin shock. Since then, HMGB1 has been shown to trans-
duce signals by interacting with ubiquitously expressed RAGE receptors. HMGB1 also 
uses RAGE receptor for the regulation of neurite outgrowth (Hori et al. 1995). In addi-
tion to being released by necrotic cells and being constitutively present in the nucleus, 
HMGB1 can also be induced to be expressed in the cytoplasmic compartment of 
monocytes, DCs and NK cells by inflammatory cytokines and “danger” signals. The 
prepro-HMGB1 is enzymatically cleaved, similarly to IL-1, for release from cells. 
HMGB1 is chemotactic for muscle cells, monocytes and iDCs in a PTx-sensitive man-
ner (Rouhiainen et al. 2004; Yang et al. 2007). However, anti-RAGE antibody also 
reduces the chemotactic activity, suggesting that both RAGE and an unidentified 
GiPCR are somehow involved.  
 The chemokine-like and cytokine-inducing properties have been attributed to the 
B box of HMGB1. Purified HMGB1 is also a potent activator of iDCs, and this may 
be RAGE dependent (Kokkola et al. 2005). However, HMGB1 has a great propen-
sity to complex DNA, RNA and components of LPS and has been reported to acti-
vate both TLR2 and TLR4 (Park et al. 2006). Since purified HMGB1 fails to act on 
these receptors, it may do so only in such a complex form in vitro and in vivo. In 
fact, serum from most rheumatoid patients contains antibodies directed against nu-
cleosomes including the histone and HMGB1 components (Uesugi et al. 1998). 
Thus, HMBG1 may be present in vivo in pathophysiological conditions in the form 
of complexes containing DNA, RNA and lipoproteins. HMGB1 null mice die in 
utero, thus it is essential for development as well. HMGB1 has immunoadjuvant 
effects with a TH1-polarizing capacity (Rovere-Querini et al. 2004). A series of 
papers have been published in the January 2007 issue of Journal of Leukocyte Biol-
ogy presenting and reviewing data on the many biological repair and immunological 
activities of HMGB1. 
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6. Candidate Alarmins and Pseudo-Alarmins 

TABLE 2. Candidate Alarmins 

Ligand 

Chemo-
tactic 

Receptor 

Activation of 
DC to Mature 
CCR7+,Comito-
gen+,IL12p70+ TLR

Constitutive 
(Necrotic 

cell release)
Indu-
cible 

In vivo 
Adjuvant 
Activity 

GM-CSF GM-CSFR No No No Yes Priming 
IFNαβ, 
IL12, IL15 No Yes/No/No No No Yes Yes 

Chemo-
kines GiPCRs ± No No 

(only in plts) Yes Priming 

Granu-
lysin GiPCR Yes ? Yes Yes ? 

ATP GiPCR Yes No Yes No No 
Uric acid No Yes No Yes No Yes 
HSP60,70 
96 No Yes TLR2

TLR4 Yes Yes Yes 

Lactofer-
rin Yes (Monos) ± No Yes Yes Yes 

S100A7/ 
psoriasin RAGE No No No Yes ? 

190 

?, unknown 

As summarized in Table 2, we and others have investigated a number of molecules 
that have some but not all of the properties of alarmins. A number of cytokines such 
as granulocyte-macrophage colony stimulating factor (GM-CSF), interferon αβ, TNF, 
IL-1, IL-12 and IL-15 have been shown to have modest immunoadjuvant activities, 
with GM-CSF being the most potent inducer of antitumor activities (Kornbluth and 
Stone 2006). Yet, GM-CSF is only weakly chemotactic and does not activate iDCs; it 
merely primes them.  None of the other cytokines are chemotactic, and only type I 
IFN, TNF and IL-1 activate DCs. Granulysin, a cytolytic protein present in the gran-
ules of CD8+ T lymphocytes, has been reported to have both chemotactic and acti-
vating effects on iDCs (Deng et al. 2005).  

In addition to being released by degranulation of CD8+ T cells, granulysin can 
also be induced by inflammatory stimulants. The host cell receptors and immunoad-
juvant effects of granulysin have not been identified. 

There have been a few reports that selected chemokines such as CCL21 and 
CCL20 can promote T lymphocyte activation (Marsland et al. 2005; Molon et al. 
2005; Kornbluth and Stone 2006). However, most chemokines, although chemotac-
tic, fail to induce full maturation of iDCs in vitro. This could be due to suboptimal 
folding of recombinant chemokines used for such studies. They may also be capable 
of priming immune responses and have been shown to have immunoadjuvant activi-
ties when covalently linked to antigens (Biragyn et al. 2001). This may be based on 
their capacity to deliver fused-protein antigens more effectively via their receptors 
for antigen processing and presentation (Biragyn et al. 2004). The chemotactic ef-
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fects of ATP are based on interactions with GiPCR (Idzko et al. 2002).  ATP can 
also activate iDCs in vitro, however, ATP does not have potent immunoadjuvant 
effects, presumably because it is rapidly degraded. Uric acid, although not chemotac-
tic, in crystallized form activates iDCs, is exceedingly inflammatory and has immu-
noadjuvant effects (Shi et al. 2003). The likelihood that it probably induces alarmins 
needs to be investigated. 

The heat shock proteins (HSP 60, 70 and 96) with the exception of chemotactic 
activities have all the other properties of alarmins. They activate iDCs by stimulating 
TLR2 and TLR4 and have adjuvant effects (Manjili et al. 2004). Perhaps based on 
their ability to bind proteins, they also are able to deliver antigens to receptors on 
APCs favoring antigen processing and presentation (Manjili et al. 2004; Kornbluth 
and Stone 2006). Thus, they provide an example of an “alarmin-like” molecule that 
has the ability to deliver antigens to APCs and therefore does not need to be able to 
attract such cells. We are in the process of evaluating a number of other candidate 
endogenous proteins for their alarmin activities including lactoferrin, cyclophillin 
and the S100 A7 family member known as psoriasin. However, the studies are ongo-
ing and incomplete, and these proteins are still lacking one or more of the properties 
of alarmins. 

In conclusion, we have identified a number of endogenous proteins and peptides 
as having the characteristics of alarmins. They include defensins, cathelicidin, EDN 
and HMGB1. They all have chemotactic effects on host defense cells expressing 
GiPCR. They induce the maturation of iDCs and have immunoadjuvant effects.  One 
of the aims of these studies is to identify endogenous proteins that could be more 
potent and effective nontoxic vaccine adjuvants. Perhaps, alarmins as endogenous 
proteins may be less toxic and more effective than currently available adjuvants. 
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Abstract. Gangliosides are glycosphingolipids expressed at the outer leaflet of the plasmatic 
membrane of cells from vertebrate organisms. These molecules exert diverse biological  
functions including modulation of the immune system responses. Aberrant expression of 
gangliosides has been demonstrated on malignant cells. Besides expression on tumor cell 
membranes, gangliosides are also shed in the tumor microenvironment and eventually circu-
late in patients blood. Gangliosides derived from tumors posses the capability to affect the 
immune system responses by altering the function of lymphocytes and antigen-presenting cells 
and promoting tumor growth. These molecules can be considered as tumor weapons directed 
to attack and destroy immunosurveillance mechanisms devoted to control cancer progression.  

1. Gangliosides structure 

Gangliosides are glycosphingolipid molecules containing two well-defined moieties: 
a hydrophilic lineal oligosaccharide with different carbohydrate residues containing 
at least one sialic acid molecule and a hydrophobic ceramide portion containing 
primarily saturated fatty acids with 16–22 carbon atoms (Figure 1).  
 Carbohydrate components are mainly glucose, galactose, and hexosamines (usu-
ally N-acetylgalactosamine). Up to 40 different oligosaccharide structures have been 
detected in this lipid class to date, and when variation in sialic acid type is taken into 
account, the number increases to approximately 50 (Ledeen and Yu 1982; Angata 
and Varki 2002).  
 In 1941, Klenk for the first time determined the content of gangliosides in white 
and gray matters of brain (Klenk 1941). Subsequently, gangliosides of varying com-
plexity have been found in virtually every studied vertebrate tissue. In 1942, Klenk 
educed neuraminic acid from ganglioside (Klenk 1942), but the chemical structure of 
neuraminic acid had to wait until 1955 to be completely described (Gottschalk 1955). 
The major types are N-acetylneuraminic acid (Neu5Ac) and N-glycolylneuraminic acid 
(Neu5Gc)  (Figure 1).  The dominant sialic acid form in humans is  N-acetylneuraminic 
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acid. N-acetylneuraminic acid has been considered as the major type of sialic acid 
present in human brain. Neu5Gc, a modified form of N-acetylneuraminic acid bear-
ing a hydroxyl group at the N-acyl position, was found to be a minor species in brain 
gangliosides of some mammals but is widely distributed in peripheral neural tissues. 
Some of di- and oligosialogangliosides contain two different types of sialic acid 
within the same molecule. These acidic units are attached to the oligosaccharide 
backbone or to each other through an α-ketosidic linkage (Yu and Ledeen 1969).  

2. Gangliosides Biosynthesis 

The first stages of ganglioside biosynthesis leading to the formation of ceramide are 
catalyzed by membrane-bound enzymes located in cytosolic fraction of endoplasmic 
reticulum (Mandon et al. 1992). Ceramides (N-acylsphingosins) are synthesized from 
sphingosine interacting with acyl-CoA in the membranes of endoplasmic reticulum. 
The next stages of ganglioside formation take place in the Golgi apparatus and endo-
plasmatic reticulum, including stepwise glycosylation of ceramide, catalyzed by glyco-
syltransferases and sialyltransferases enzymes (Keenan et al. 1974). Gangliosides are 
synthesized from glucosylceramide by a sequential addition of nucleotide derivative-
activated galactose, sialic acid and N-acetylgalactosamine. Ganglioside biosynthesis 

 

O
COOH

OH
OH

NH
H2
C

O

H3C
HC OH

HC OH

H2C OH

1

2
34

5

6

7

8

9

Neu5Ac

 

O
COOH

OH
OH

NH
H2
C

O

HOH2C
HC OH

HC OH

H2C OH

1

2
34

5

6

8

7

9

Neu5Gc  
 

A 

B 

FIGURE 1. Chemical structure of gangliosides. (A) N-acetylated (Neu5Ac) and N-glycolylated 
(Neu5Gc) neuraminic acid. (B) Chemical structure of the N-acetylated GM1 ganglioside.  

196 



20. Gangliosides as Immunomodulators 
 
occurs via four main pathways designated “o” (GA2, GA1, GM1b, and GD1c), “a” 
(GM3, GM2, GM1a, GD1a, and GT1a), “b” (GD3, GD2, GD1b, GT1b, GQ1b), and 
“c” series (GT3, GT2, GT1c, GQ1c, and GP1c) (Iber et al. 1992).  

3. Functions 

Gangliosides are present in the outer leaflet of the cell plasma membrane (Sorice et al. 
1997). The hydrophobic ceramide moiety of gangliosides is embedded into the lipid 
bilayer and the oligosaccharide chain with one or more sialic acids facing the ex-
tracellular environment (Steck and Dawson 1974).  
 Gangliosides are involved in various cellular functions, including signal transduc-
tion (Fujitani et al. 2005), regulation of cell proliferation and differentiation 
(Yogeeswaran and Hakomori 1975), cell–cell recognition, (Feizi 1985), adhesion 
(Cheresh et al. 1986), and cell death (De Maria et al. 1997; Collel et al. 2001).  
 Biological functions of membrane-bond gangliosides are associated with the role 
of these molecules in specialized membrane regions called lipid rafts. These domains 
are considered as a platform for the formation of multicomponent transduction com-
plexes containing lipid-modified signaling proteins (Pizzo and Viola 2003).   
 Gangliosides have been considered as the Ca2+-binding co-factor in synaptic 
transmission (Svennerholm 1980). They might be a co-factor of membrane adenylate 
cyclase (Partington and Daly 1979). Gangliosides are also present in non-cell-
associated forms in plasma and other body fluids. There is constant exchange be-
tween cell-associated and non-cell-associated gangliosides (Bergelson 1995). In 
plasma, most gangliosides are bound to low-density lipoproteins (Senn et al. 1989). 
The ganglioside spectra in plasma from healthy donors are remarkably stable and 
exhibit only minor variations. The major ganglioside there is GM3, followed by 
GD3, GD1a, GM2, GT1b, GD1b, and GQ1b (Senn et al. 1989). In pathological con-
ditions, such as cancer and atherosclerosis, the plasma spectrum of gangliosides is 
characterized by their elevated levels and another qualitative distribution. For exam-
ple, elevated levels of GD3 ganglioside were determined in serum of patients with 
cancer of mammary gland and stomach (Somova et al. 1991). The plasma concentra-
tion of disialoganglioside GD2 in patients with neuroblastoma was found to be 50 
times higher than in healthy volunteers. The increase in the level of GM3 ganglioside 
was observed in serum of head and neck carcinoma patients when compared to 
healthy donors. Furthermore, this increase was correlated with the tumor size 
(Portoukalian et al. 1989). 

4. Changing Ganglioside Profile in Transformed Cells 

Each differentiated cell line presents a unique ganglioside pattern. The dramatic 
changes in glycolipid composition and metabolism, associated with oncogenic trans-
formation, implicate a specific role for membrane glycolipids in regulation of cell 
growth and interaction. Composition changes results from deletion of complex gly-
colipids due to a block in synthesis, which frequently leads to accumulation of  
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precursor structures (Hakomori and Kannagi 1983) and synthesis of new glycolipid 
due to activation of normally unexpressed glycotransferases. Both changes can pro-
duce tumor-distinctive glycolipids, some of which may be tumor-associated antigens 
or markers (Hakomori 1981). Gangliosides, actively shed from tumors, might be 
inserted into the plasmatic membrane of surrounding cells and inhibit their functions. 
It has been demonstrated that tumor-derived gangliosides inhibited function of lym-
phocytes, (Ladisch et al. 1983; Gonwa et al. 1984), monocytes (Ladisch et al. 1984), 
natural killer cells (Diatlovitskaia et al. 1985), and antigen-presenting cells (Caldwell 
et al. 2003; Bennaceur et al. 2006). 
 Tumorigenicity and malignancy of tumor cells depend on their ganglioside con-
tent. Inhibition of glucosylceramide synthetase, affecting ganglioside synthesis and 
reducing the cellular ganglioside content in the ganglioside-rich MEB4 cells, results 
in markedly reduced tumorigenicity of this cell line (Deng et al. 2000). On the other 
hand, characterization of murine lymphoma cell lines with markedly different tu-
morigenic potential demonstrated a strong correlation between levels of ganglioside 
shedding and tumorigenicity (Ladisch et al. 1987). Changes in ganglioside composi-
tion were shown to be specific for different tumor cell types. There is strong link 
between expression of certain ganglioside species and behavior of corresponding 
tumors (Hettmer et al. 2005). For example, malignant melanomas overexpress GM3, 
GM2, GD3, and GD2 gangliosides (Ritter and Livingston 1991). Neuroblastoma is 
characterized by accumulation of GM2 and GD2 gangliosides (Ladisch et al. 1987; 
Li and Ladisch 1991; Hettmer et al. 2005). Renal cell carcinomas (RCCs) have ele-
vated levels of GD1a, GM1, and GM2 gangliosides (Hoon et al. 1993).  

5. Immunomodulatory Activities of Gangliosides 

There is evidence suggesting initiation and maintenance of antitumor immune re-
sponses in tumor-bearing hosts (Boon et al. 1997; Wang et al. 2002). However, it is 
well known that tumor cells produce a number immunosuppressive factors which 
alowed them to escape immune recognition. One of such potent factors is a group of 
gangliosides produced and sheded by different malignant cells. It has been demon-
strated that gangliosides suppress the generation of cytotoxic T lymphocytes (Merritt 
et al. 1984), activation and proliferation of T helper cells (Offner et al. 1987), and 
alter differentiation and maturation of dendritic cells (DCs) (Shurin et al. 2001;  
Caldwell et al. 2003; Bennaceur et al. 2006). 

5.1. T Cells 

Finke et al. (2001) reported impaired activation of NF- κB in T cells from patients 
with RCCs. RCC-derived GM1 and GD1a gangliosides, as well as GM1 and GD1a 
gangliosides purified from bovine brain, suppressed NF-κB-binding activity in  
T cells reducing production of IL-2 and IFN-γ. Tumor-derived gangliosides triggered 
apoptosis in T cells through the mitochondrial pathways, in which cytochrome с 
release and caspase-9 activation led to initiation of caspase cascade. Activated cas-
pases in turn stimulated non-caspase proteases to degrade the NF-kB transactivating 
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complex, RelA/p50. The loss of NF-kB complex further promoted apoptosis through 
decreased expression of antiapoptotic genes, including Bcl-xL and Bcl-2, which are 
controlled by NF-kB (Thornton et al. 2004). Gangliosides have been found to change 
cytokine profile in affected cells shifting it from Th1 toward the Th2 phenotype 
(Tourkova et al. 2005; Crespo et al. 2006). Negative modulation of CD4 molecule on 
T lymphocytes has been described for both the N-acetylated (Sorice et al. 1995) and 
the N-glycolylated variants of GM3 ganglioside (de Leon et al. 2006).  

5.2. Antigen-Presenting Cells 

Gangliosides have been reported to block the nuclear translocation of NF-κB in human 
monocytes and DCs (Caldwell et al. 2003). Transcriptional factor NF-κB is important 
for induction and maintenance of antigen-presenting function and responsible for the 
expression of cell surface molecules and production of cytokines. It has been demon-
strated that GD1a ganglioside suppresses the nuclear translocation of NF-κB proteins 
(p50, p65, RelB, and C-Rel) in DCs. This results in inhibition of expression of different 
gene products critical for DC maturation and function. Thus, GD1a ganglioside inhibits 
DC differentiation and production of IL-12 (Bronnum et al. 2005). 
 Monocytes stimulated with LPS in the presence of GD1a ganglioside exhibited 
significant inhibition of CD80 and CD40 expression, as well as an impaired release 
of IL-12 and TNF-α (Caldwell et al. 2003). Furthermore, gangliosides derived from 
squamous cell carcinoma cell lines down-regulates antigen-presenting machinery 
components during ex vivo DC generation (Tourkova et al. 2005). GM3 and GD3 
gangliosides purified from human melanomas down-regulates Langerhans cell matu-
ration suppressing the expression of co-stimulatatory molecules and maturation 
markers such as chemokine receptor CCR7 (Bennaceur et al. 2006). 

6. Role of Ganglioside Structure in Immunomodulation 

It is known that the immunosuppressive properties of gangliosides are mediated by 
both carbohydrate and ceramide portions (Lengle et al. 1979; Ladisch et al. 1994). 
The structural features of gangliosides have a particular contribution to the immuno-
suppressive activity of ganglioside molecules.  
 Studies on the relationship between features of carbohydrate structure and immu-
nosuppressive activity of gangliosides demonstrated the importance of sialic acid and 
its position in ganglioside molecules. The most immunosuppressive gangliosides are 
GM4, GM3, and GQ1b (compared to GM2, GM1, GD2, and GD1b) containing ter-
minal sialic acid at the non-reducing end of oligosaccharide. In addition, immuno-
suppressive activity of di- and polysialogangliosides is lower in molecules with sialic 
acid molecules bound to each other (GD1b) than in molecules in which they are 
bound to separate monosaccharides (GD1a) (Ladisch et al. 1992). Furthermore, a 
fully intact sialic acid structure is not required for the immunosuppressive activity 
since both α (2,3)-KDN and α(2,6)-KDN derivatives of GM3 and GM4, which contain 
a 3-deoxy-D-glycero-D-galacto-2-nonulopyranosic acid instead of N-acetylneuraminic 
acid, are as active as the native forms (Ladisch et al. 1995). The size of oligosaccharide 
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is another important structural component of gangliosides that determine their  
immunosuppressive activity. Among the four monosialogangliosides—GM4, GM3, 
GM2, and GM1—the activity diminishes with increased size of the carbohydrate 
portion (Ladisch et al. 1992). In fact, the most common change in the composition of 
gangliosides shed by tumors is the simplification of carbohydrate structure 
(Hakomori and Kannagi 1983). 
 The studies of the role of ceramide structure in determining ganglioside immuno-
suppressive activity demonstrated that shorter acyl chain lengths of naturally  
occurring gangliosides and their synthetic analogs are associated with greater  
immunosuppressive activity of corresponding gangliosides (Ladisch et al. 1995).  
Gangliosides that contain shorter-chain fatty acids are known to be preferentially 
shed into the tumor microenvironment by tumor cells (Li and Ladisch 1991). 

7. Concluding Remarks 

Strategies for the rational design of antitumor therapy do not consider only differen-
tial expression of a specific molecule in malignant cells versus normal counterpart 
tissue but also the relevance of a selected target for the tumor biology. Alterations in 
gangliosides content on malignant cells seem to be a response of tumors to a selec-
tive pressure exerted by host immunosurveillance mechanisms. In vivo advantages of 
these modifications in cancer progression need further evaluations. However, in vitro 
assays clearly demonstrated that tumor-derived gangliosides posses such structural 
characteristics that promote their shedding from tumor cells and also that increase 
their immunosuppressive properties. Passive or active immunotherapies for cancer- 
considering gangliosides as selected target molecules are currently under evaluation 
with the goal to eliminate malignant cells and/or restore immune response in tumor- 
bearing patients.    
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Abstract. Under the influence of dimeric glucosaminylmuramyl pentapeptide (diGMPP), a 
component of bacterial cell wall, macrophages undergo certain changes similar to those asso-
ciated with dendritic cell (DC) maturation. The effect of diGMPP on DCs resulted in matura-
tion and expression of CD83. Macrophages treated with diGMPP displayed reduced phago-
cytic activity and elevated ability to kill ingested bacteria. Reduced phagocytosis may be due 
to phenotypic changes that occur in macrophages during the maturation process, such as re-
duced expression of receptors that mediate ingesting of microorganisms (CD16, CD64, and 
CD11b). Down-regulated expression of pattern-recognizing receptors (TLR2, TLR4,  
and CD206) was accompanied by elevated expression of antigen-presenting (HLA-DR) and 
costimulating  molecules (CD86 and CD40), similar to alterations observed  in maturating 
DCs. In addition, diGMPP treatment of macrophages resulted in enhanced synthesis of IL-12, 
TNF-α, and IL-1β. 

1. Introduction 

Macrophages and dendritic cells (DCs) are professional antigen-presenting cells that 
serve as an effective link between the innate and adaptive immunity. In normal con-
ditions, DCs are presented either in immature or mature state. Immature DCs are 
unable to present antigen and stimulate T cells though can ingest antigens by means 
of phagocytosis, pinocytosis, and receptor-mediated capturing. Mature DCs cease 
antigens capturing but acquire the ability to present previously ingested antigenic 
material and to induce cellular response that is due to markedly increased expression 
of HLA and costimulating molecules (Thery and Amigorena 2001; Rescigno et al. 
1999). Bacterial products and proinflammatory cytokines (e.g., IL-1 and TNF-α) 
stimulate DC maturation (Henderson et al. 1997; Thurnher et al. 1997; Reis e Sousa 
et al. 1999). In vivo experiments revealed a similar process of macrophage matura-
tion.  Resident macrophage from mice peritoneal cavity isolated on the second day 
following bacillus of calmette and guérin (BCG) infection exhibited high phagocytic 
activity though poor ability to generate nitric oxide and to produce TNF-α. Murine 
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2. Experimental Procedures 

Buffy coats from 15 healthy donors 20–50 years old were obtained from the De-
partment of Blood Transfusion, Russian Oncology Research Center, Moscow. 
Mononuclear cells were isolated by Ficoll–Paque density gradient centrifugation. To 
deplete platelets, cells were washed five times (130 × g, 5 min). Mononuclear cells 
were left for adhesion in Petri dishes for 1 h in RPMI 1640 medium with 1% AB 
human serum, 2 mM glutamine, sodium pyruvate, vitamins, and 80 μg/ml gentamy-
cin at 37˚C. Non-adherent cells were removed, and adherent monocytes were cul-
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peritoneal macrophages isolated on the 12th day exhibited low phagocytic activity 
though produced high levels of reactive nitrogen intermediates and class II major his to 
compatibility class (MHC) molecules (Hamerman and Aderem 2001). The goal of our 
study was to demonstrate that macrophages prepared from human peripheral blood 
monocytes undergo functional changes similar to DCs after their treatment with a 
bacterial cell wall component, dimeric glucosaminylmuramyl pentapeptide (diGMPP).  

For isolation of diGMPP, acetone-dried Ty2 strain of  Salmonella typhi (S. typhi) cells 
was twice extracted with 45% aqueous phenol at 65˚C–68˚C for 30 min. After wash-
ing, the pellet was re-suspended in 2% acetic acid and boiled for 2 h to decompose 
potential traces of LPS. Lipid A contamination was removed by washing in methanol 
and then in methanol/chloroform (1:3). Obtained cell walls were treated by Lysozyme 
(Sigma) (50:1, 24 h, 37˚ C) in 0.1 M ammonium acetate buffer (pH 8.3). The major 
component, a cross-linked diGMPP, and two minor components, glucosaminylmu-
ramyl tetrapeptide and glucosaminylmuramyl tripeptide, were isolated using G50 
chromatography (Pharmacia) equilibrated with 0.05 M ammonium acetate buffer. 
Quantitative analysis of diGMPP was carried out using amino acid analyzer 
(Biotronic) after hydrolysis (4 M HCl, 6 h, 100˚C). The ratio of GlcN:MurA: 
Ala:Glu:DAP was 1.0:0.9:2.3:0.9:0.85. The 13С-NMR spectrum data (Bruker 250) 
confirmed the presence of specific amino acids and monosaccharide residues. 
Molecular weight of diGMPP (2004 m/z) was determined by MALDI-TOF-mass 
spectrometry. These data proved the presence of two muramic acid residues, N-
acetylglucosamin, glutamic acid, diaminopimelic acid, and 6 alanine residues. 

Phagocytic activity of macrophages was assessed as described (Mazurov and 
Pinegin 1999). Cells (180 × 103/well) and  FITC-labeled Staphylococus aureus 
(S. aureus) (9 × 106/well) were incubated for 30 min at 37˚C, washed in ice-cold 

tured for 7 days in complete medium with granulocyte-macrophage colony stimulat-
ing factor (GM-CSF) (80 ng/ml, Shering-Plough). For DC preparations, monocytes 
were cultured with GM-CSF and IL-4 (20 ng/ml, R&D).  diGMPP (100 μg/ml) was 
added to cell cultures on day 7 and 24 h later cell-free supernatant were collected and 
frozen, while cells were analyzed by flow cytometry using the following antibodies: 
CD16-FITC, CD32-FITC, CD64-FITC, CD83-FITC, CD86-FITC, CD40-FITC, 
CD54-FITC, HLA-DR, CD11b (Caltag), CD206 (Immunotech), TLR2-PE, and 
TLR4-PE (eBioscience).  
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Cytokines were measured by ELISA kits: IL-12 р70 (Pharmingen), IL-1β, and 
TNF-α (Proteinovy Kontur). Paired Student t-test was used to determine the statisti-
cal significance of the data. p value <0.05 was chosen for rejection of the null hy-
pothesis. 

3. Results  

In a first series of experiments, we evaluated the effects of diGMPP on the matura-
tion process of DCs using a CD83 marker known to reflect DCs maturation in vitro 
(Zhou and Tedder 1996; Lechmann et al. 2002). As a positive control, we used DCs 
matured with 20 ng/ml TNF-α and 250 ng/ml PgE2 as described (Jonuleit et al. 
1997). The results revealed no differences in CD83 expression on DCs matured with 
diGMPP or TNF-α + PGE2. 

Functional analysis of control and DiGMPP-stimulated macrophages revealed 
that the percentage of FITC+ cells in cultures of non-stimulated macrophages co-
incubated with FITC-S. aureus was 87.0 ± 12.2, whereas this value decreased to 73.0 
± 13.2 (р < 0.05) in DiGMPP-stimulated cultures. Furthermore, bactericidal ability 
of control macrophages was 24.0 ± 4.5% and increased to 40.0 ± 17.7 (p < 0.05) in 
diGMPP-stimulated cells. Thus, decreased phagocytic activity of diGMPP-
stimulated macrophages was associated with simultaneous increase in their bacteri-
cidal activity.  

Next, we focused on the effects of DiGMPP on phenotype of cultured macro-
phages and revealed that DiGMPP markedly down-regulated expression of the pat-
tern-recognition receptor CD206, receptors interacting with peptidoglycane and 
lipopolysaccharide (TLR2 and TLR4), receptors mediating interactions with immu-
noglobulins (CD16 and CD64) and complement receptor CD11b. At the same time, 
expression of CD32 remained unchanged, while expression of costimulatory mole-
cule CD86 and CD40 and CD54 molecules was significantly elevated on macro-
phages treated with diGMPP. These alterations of macrophage phenotype were seen 
in all tested donors (n = 15) although up-regulation of HLA-DR on macrophages was 
detected only in 11 donors.   

Since cytokine production is an important function of macrophages, we next 
tested whether DiGMPP affects cytokine synthesis in these cells. Macrophage-
derived IL-12 plays a key role in regulating Th1/Th2 balance (Trinchieri 2003). Our 
results demonstrated that although non-stimulated macrophages did not synthesize 
IL-12 р70, diGMPP induced IL-12 production by macrophages. Similarly, no release 
of IL-1β and TNF-α was detected in cultures with non-stimulated macrophages 
(Table 1). However, addition of DiGMPP resulted in significant up-regulation of 
their concentrations in macrophage-conditioned medium.  
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PBS, and analyzed by FACScan. Bactericidal activity of macrophages was assessed 
after 3 h of incubation with FITC-labeled bacteria by flow cytometry analysis of PI- 
stained bacteria released from lyzed cells. 
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4. Discussion 

We have demonstrated here that diGMPP-stimulated human macrophages experi-
ence similar alterations when compared to DCs stimulated by proinflammatory cyto-
kines and PgE2. Treatment with diGMPP reduced the ability of macrophages to 
phagocyte S. aureus but enhanced their capacity to kill ingested bacteria. Moreover, 
DiGMPP-stimulated macrophages displayed decreased expression of pattern-
recognizing receptors TLR2, TLR4, and CD206, as well as of the receptors involved 
in phagocytosis, such as CD16, CD64, and CD11b. However, expression of costimu-
latory molecules and the molecules comprising immunological synapse (CD86, 
HLA-DR, CD40, CD54) was markedly up-regulated. Finally, diGMPP enhanced 
production of proinflammatory cytokines IL-12, IL-1β, and TNF-α by macrophages.  

Based on these and other data, we speculate that DiGMPP-treated cultures of 
macrophages comprise both mature and immature macrophages. It seems possible 
that diGMPP first activates TLR2 and NOD2 causing NF-κB activation and synthe-
sis of proinflammatory cytokines. Indeed, the ability of muramyl peptides to interact 
with TLR2 and NOD and activate NF-κB was reported (Girardin et al. 2003; Inohara 
and Nunez 2003). Later on, due to the production of cytokines, macrophages are 
activated and mature by an autocrine manner (Bastos et al. 2004; Hehlgans and  
Pfeffer 2005).  

There are two ways to activate macrophages, classical and alternative, which re-
sult in IFN-γ or IL-4/IL-13 production, respectively (Bach et al. 1997; Nelms et al. 
1999). The classical way is also characterized by enhanced expression of MHC class 
II molecules, reduced expression of mannose receptor, elevated bactericidal action of 
macrophages, and increased expression of TNF-α (Gordon 2003; Ma et al. 2003). 
Our data allowed us to suggest that diGMPP- stimulated maturation of macrophages 
through the classical pathway of activation. Interestingly, it has been shown in vitro 
that macrophages could digest bacteria and secret muramyl peptides (Majcherczyk 
et al. 1999; Moreillon and Majcherczyk 2003; Wehner and Gray 1991). Similar 
processes of bacteria digestion and generation of biologically active muramyl pep-
tides was observed in in vivo setting as well (Kool et al. 1994; Johannsen 1993). 
Marked immunostimulatory potential of muramyl peptides allowed considering them 
to be the peculiar vitamins of the immune system (Ellouz et al. 1974). 

TABLE 1. diGMPP induces cytokine production by macrophages 
 

 IL-12  
(pg/ml) 

IL-1β  
(pg/ml) 

TNF-α 
(ng/ml) 

Spontaneous 10.0 ± 10.5 8.0 ± 5.4 0.7 ± 1.21 

diGMPP 

(p
 
<

 
0.05)1

 

169.0 ± 102.91
 556.0 ± 178.71 3.2 ± 1.371 
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Abstract. The development of tumor-specific T cell tolerance is largely responsible for tumor 
escape. Accumulation of myeloid-derived suppressor cells (MDSCs) in animal tumor models 
as well as in cancer patients is involved in tumor-associated T cell tolerance. In recent years, it 
has become increasingly evident that MDSCs bring about antigen-specific T cell tolerance by 
various mechanisms, which is the focus of this chapter. 

 

1. Introduction   

Successful cancer immunotherapy relies on the effective function of antigen-
presenting cells (APCs) and T cells. This strategy is based on the concept that the 
quantitative and qualitative characteristics of a T cell response to an antigen depend 
on the signals that the T cell receives from an APC. The ability of a T cell to mount 
an immune response against a foreign pathogen or a cancerous cell forms the basis of 
immunity. Failure of such a response is one of the major problems of tumor immu-
nology. This failure in part can be explained by the fact that T cells cannot react to 
the antigen due to the prevailing tumor environment (Wells 2003). 

One group of mechanisms affecting tumor escape involves the dysfunction of  
T cells (Finke et al. 1999). Tumor-induced T cell abnormalities include antigen-
specific nonresponsiveness (anergy/tolerance), deletion of T cells by apoptosis, and 
nonspecific suppression of T cell function. In both animal models of cancer and 
clinical settings, unresponsiveness to the specific antigens has been shown to be an 
early event in tumor progression (Gabrilovich and Pisarev 2003). It is now evident 
that this inadequate function of host immune system is one of the major mechanisms 
of tumor escape from immune control as well as an important factor limiting the 
success of cancer immunotherapy. More recently, it has become clear that there is an 
accumulation of myeloid cells in cancer patients and in mouse tumor models.  
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2. Myeloid Suppressor Cells  

In mice, these myeloid cells are characterized as Gr-1+CD11b+ cells. Myeloid lineage 
differentiation antigen Gr-1 (Ly6G and C) is expressed on myeloid precursor cells, on 
granulocytes, and transiently on monocytes (Hestdal et al. 1991). CD11b receptor 
(Mac-1) is αM integrin that is expressed on the surface of monocytes/macrophages, 
dendritic cells (DCs), granulocytes, and activated B and T lymphocytes. Gr-1+CD11b+ 
cells represent about 30–40% of normal bone marrow cells and only 2–4% of all nu-
cleated normal splenocytes. Morphological analysis demonstrated that these cells are 
composed of a mixture of myeloid cells such as granulocytes and monocyte–
macrophages as well as myeloid precursor cells at various stages of differentiation. In 
the presence of appropriate growth factors and/or cytokines, Gr-1+ cells from tumor-
bearing host could be differentiated in vitro into DCs or macrophages (Bronte et al. 
2000; Kusmartsev et al. 2003; Li et al. 2004). It is clear that these cells could differen-
tiate both in lymphoid organs and inside the tumor bed. In the lymphoid organs, these 
cells differentiate predominantly into APCs including DCs and macrophages, whereas 
in the tumor microenvironment, they become tumor-associated macrophages and/or 
endothelial cells. Inoculation of transplantable tumor cells (Subiza et al. 1989; Bronte 
et al. 1999; Kusmartsev et al. 2000; Gabrilovich et al. 2001) or spontaneous develop-
ment of tumors in transgenic mice with tissue-restricted expression of oncogenes (Melani 
et al. 2003) results in marked systemic expansion of these cells. The proportion of this 
myeloid cell population in spleen of tumor-bearing mice may reach up to 50% of all 
splenocytes (Kusmartsev et al. 2003). Less impressive but significant transient increase 
of the Gr-1+CD11b+ cells was also demonstrated in normal mice after immunization 
with different antigens (Bronte et al. 1998; Cauley et al. 2000; Kusmartsev et al. 2003) 
or in mice with bacterial and parasitic infections (Mencacci et al. 2002). 

Recent data from a number of groups have demonstrated that myeloid cells ac-
cumulating in tumor-bearing hosts play an important role in tumor non-
responsiveness by suppressing antigen-specific T cell responses (Kusmartsev et al. 
2000; Pandit et al. 2000; Almand et al. 2001; Bronte et al. 2001; Melani et al. 2003; 
Gabrilovich 2004; Kusmartsev and Gabrilovich 2005). These cells contribute to the 
failure of immune therapy in patients with advanced cancer and in tumor-bearing 
mice. Since Gr-1+CD11b+ cell population displays features of undifferentiated mye-
loid cells and contains precursors of different myeloid cell subsets and have the abil-
ity to suppress T cell function, these cells have been termed as myeloid-derived 
suppressor cells (MDSCs).    

In cancer patients, MDSCs are defined as cells that express the common mye-
loid marker CD33 but lack expression of markers of mature myeloid and lymphoid 
cells and the MHC class II molecule HLA-DR (Almand et al. 2001). An accumula-
tion of MDSCs was associated with the decreased number of DCs in the peripheral 
blood of patients with head and neck, lung, or breast cancer (Almand et al. 2000). 
Advanced-stage cancer was found to promote the accumulation of these cells in the 
peripheral blood, whereas surgical resection of the tumor decreased the number of 
MDSCs. A similar effect of tumor resection was observed in mouse tumor models 
(Salvadori et al. 2000). 
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Several recent publications pointed to MDSCs as a source of endothelial cells 

and their direct role in tumor vasculogenesis. Yang and coworkers (2004) have  
demonstrated that Gr-1+CD11b+ cells could be incorporated into the vascular endo-
thelium, promoting tumor vascularization and tumor progression. Furthermore,  
Gr-1+CD11b+ cells derived from tumor-bearing mice produced high levels of metal-
loproteinase-9 (MMP-9), which is involved in the regulation of angiogenesis. Au-
thors suggested that MMP-9 produced by those immature cells regulates the 
bioavailability of VEGF in tumors and promotes tumor angiogenesis and vascular 
stability. Selective deletion of MMP-9 in Gr-1+CD11b+ cells eliminated their ability 
to promote tumor growth and led to the inhibition of tumor formation. The authors 
observed that Gr-1+CD11b+ cells constituted about 5% of the total cells in tumor 
tissues and could represent a significant source of endothelial cells inside the tumor. 
A study by Young (2004) demonstrated that tumors could skew differentiation of 
CD34+ progenitor cells into endothelial cells. CD34+ cells cultured in the presence of 
LLC tumor-conditioned medium under conditions that support myeloid lineage cells 
skewed the differentiation of these precursor cells toward endothelial cells express-
ing CD31 and CD144. In vitro differentiation of CD34+ cells into endothelial cells 
was dependent on angiopoietin-1 in the tumor-conditioned medium. Adoptive trans-
fer of LacZ+ CD34+ cells into tumor-bearing mice resulted in the accumulation of 
LacZ+ cells within tumor mass. Differentiation of CD34+ cells into endothelial cells 
was confirmed by coexpression of CD31 and CD144 by donor’s LacZ+ cells (Young 
2004). MDSCs may contribute to tumor growth directly by differentiating toward 
endothelial cells and by producing proangiogenic factors.  

Functional activity of MDSCs involves the inhibition of IFN-γ production by CD8+ 
T cells in response to peptide epitopes presented by MHC class I in vitro and in vivo 
(Gabrilovich et al. 2001). This antigen-specific T cell tolerance depends on MHC class 
I, is not mediated by soluble factors, requires direct cell–cell contact, and is mediated 
by reactive oxygen species (ROS) (Kusmartsev et al. 2004, 2005). Interestingly, 
freshly isolated MDSCs were not able to suppress CD4+ T cells, whereas when 
MDSCs were incubated for several days in vitro, they acquired the ability to eliminate 
CD4-mediated T cell responses via induction of apoptosis (Bronte et al. 2003).  

Accumulation of Gr-1+ MDSCs in tumor-bearing mice is a gradual time-
dependent process, which directly correlates with time and tumor mass. Tumor-
derived factors play a direct role in dysregulation of myelopoiesis in tumor host, 
inhibition of DC differentiation, and expansion of MDSCs in peripheral organs. 
Indeed, several tumor-derived factors including VEGF, GM-CSF, IL-10, IL-6, 
TGF-β, prostaglandins, and gangliosides have been implicated in this phenomenon.  
Importantly, these different tumor-derived factors affect myeloid cells at various 
stages of differentiation. The list of tumor-derived factors that affect myeloid cell 
differentiation is not complete and is constantly growing.  

Several other potential mechanisms for tumor-induced immune suppression me-
diated by MDSCs have been described.  MDSCs have been linked to the induction of 
T cell dysfunction in cancer through the production of TGF-β (Young et al. 1996; 
Beck et al. 2001; Terabe et al. 2003), ROS (Otsuji et al. 1996; Schmielau and Finn 
2001; Kusmartsev et al. 2004), L-arginine metabolism (Young et al. 1996; Kusmartsev 
et al. 2000; Pelaez et al. 2001; Bronte et al. 2003; Liu et al. 2003; Rodriguez  
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et al. 2004; Bronte et al. 2005; Zea et al. 2005), and peroxynitrites (Kusmartsev et al. 
2000; Bronte et al. 2003; De Santo et al. 2005). 

3. TGF-β 

Early studies of Young and colleagues (Young et al. 1996) have demonstrated that 
myeloid progenitor cells derived from tumor-bearing mice produced increased 
amounts of TGF-β. These cells were immune suppressive and inhibited in vitro 
T cell proliferation induced by anti-CD3 antibodies. TGF-β, but not nitric oxide 
(NO), mediated the suppression of T cell proliferation by MDSCs. Beck and col-
leagues (2001) suggested that MDSCs derived from a tumor-bearing host acquire 
immune suppressive features and prevent cytotoxic T lymphocyte (CTL) response 
after contact with TGF-β present in blood serum. Terabe and colleagues (2003)  
described a pathway that might negatively regulate tumor immunity through MDSC- 
produced TGF-β. These cells were found to be a major source of TGF-β in tumor-
bearing mice. They proposed that tumor inoculation in mice induced IL-13 produc-
tion by CD4+ CD1d-restricted T cells. MDSCs express IL-13 receptor, which is  
required for MDSCs to produce TGF-β that inhibits CTL induction. 

4. L-Arginine Metabolism 

Arginine metabolism in myeloid cells is linked to tumor-associated T cell dysfunction.
L-Arginine serves as a substrate for two enzymes: NO synthase, which generates 
NO and citrulline, and arginase, which converts L-arginine into urea and L-ornithine. 
Recent publications of Ochoa’s group suggested a close correlation between the avail-
ability of arginine and the regulation of T cell proliferation (Rodriguez et al. 2002, 
2003). They demonstrated that the increased activity of arginase I in myeloid cells led 
to enhanced L-arginine catabolism. The shortage of the non-essential amino acid 
L-arginine regulates T cell function through the modulation of CD3ζ expression 
(Rodriguez et al. 2002). Tumor growth is associated with upregulated expression and 
increased activity of arginase I in splenic myeloid cells (Bronte et al. 2003; Liu et al. 
2003; Rodriguez et al. 2004), and especially in tumor-associated macrophages (TAMs) 
that are particularly effective in inhibition of T cell response including CTL- and 
antigen-induced T cell proliferation (Kusmartsev et al. 2005). Human prostate cancer 
(Bronte et al. 2005) and various murine tumors (Kusmartsev et al. 2005) have been 
shown to employ this mechanism to avoid T cell attack.  As shown, in the murine 
tumor model, T cell deletion in tumor site could be mediated by TAMs (Saio et al. 
2001; Kusmartsev and Gabrilovich 2005). This effect was dependent on STAT1 sig-
naling, which controls iNOS and arginase I activity in TAMs. 
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5. Reactive Oxygen Species 

Myeloid cells in tumor hosts produce high levels of reactive oxygen species. Oxi-
dative stress, caused by MDSCs derived from tumor-bearing mice, inhibited 
ζ-chain expression in T cells and inhibited antigen-induced cell proliferation 
(Otsuji et al. 1996). Recent studies demonstrated that MDSCs freshly isolated from 
tumor-bearing mice but not their control counterparts were able to inhibit antigen-
specific response of CD8+ T cells (Kusmartsev et al. 2005). MDSCs obtained from 
tumor-bearing mice had significantly higher levels of ROS than MDSCs isolated 
from tumor-free animals. Since ROS production by MDSCs can be blocked by 
arginase inhibitors, it appears that arginase I activity played an important role in 
ROS accumulation in these cells. This suggests that arginase could be involved in 
mechanisms of T cell inhibition through the generation of ROS and may be linked 
with the role of arginase I in T cell deletion observed in the tumor site. What could 
be the potential mechanism of the link between arginase I activity and ROS pro-
duction? Arginase catalyzes the hydrolysis of L-arginine to urea and L-ornithine.  
L-Arginine is used by NO synthase as a substrate for generation of NO (Wu and 
Morris 1998). However, low concentrations of L-arginine result in low NO forma-
tion and high generation of superoxide (O2

–) (reviewed in Boucher et al. 1999). 
Thus, it is possible that high arginase activity in MDSCs may have lowered the 
level of L-arginine and resulted in increased production of O2

– instead of NO. Su-
peroxide itself is very unstable and is converted to H2O2 and oxygen. This is con-
sistent with our data showing that in MDSCs ROS accumulates primarily in the 
form of H2O2 but not O2

– (Kusmartsev et al. 2004).   
Inhibition of ROS in MDSCs completely abrogated the negative effect of these 

cells on T cells. This suggested that MDSCs generated in tumor-bearing hosts could 
suppress CD8+ T cell response via the release of ROS. Interaction of MDSCs with 
antigen-specific T cell in the presence of specific but not control antigens resulted in 
a significant increase of ROS production. That increase was independent of IFN-γ 
production by T cells but was mediated by integrins CD11b, CD18, and CD29. 
Blockage of these integrins abrogated ROS production and MDSCs-mediated sup-
pression of CD8+ T cell responses. Importantly, no T cell apoptosis or T cell deletion 
has been observed (Kusmartsev et al. 2004).  

Schmielau and Finn (2001) observed that, in peripheral blood samples from 
cancer patients, an unusually large number of myeloid cells with a granulocyte 
phenotype co purified with low-density peripheral blood mononuclear cells 
(PBMCs). They found that reduced CD3ζ expression and decreased cytokine 
production by T cells correlated with the presence of activated myeloid cells in 
the PBMC population. Freshly isolated granulocytes from healthy donors, if 
activated, could also inhibit cytokine production by T cells. This action was 
abrogated by the addition of an H2O2 scavenger, catalase, implicating H2O2 as 
the effector molecule. 
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6. Peroxynitrites 

Peroxynitrite (ONOO–) is a product of NO and superoxide (O–
2) reaction. Peroxyni-

trite is a powerful oxidant that can inhibit T cell activation and proliferation by im-
pairment of tyrosine phosphorylation and apoptotic death. We demonstrated that 
ONOO– was involved in T cell inhibition by Gr-1+ MDSCs derived from tumor-
bearing mice (Gabrilovich 2004). It has been demonstrated that peroxynitrite produc-
tion by myeloid cells could play a major role in preventing an antigen-stimulated  
T cell expansion in tumor-bearing hosts. Bronte and colleagues (2005) reported that 
human prostatic adenocarcinomas are infiltrated by terminally differentiated CTLs. 
These lymphocytes, however, are in an unresponsive status. Authors demonstrated 
the presence of high levels of nitrotyrosines in prostatic tumor infiltrating lympho-
cytes (TILs), suggesting a local production of peroxynitrites. Restoration of TIL 
responsiveness to tumor could be achieved by simultaneous inhibition of iNOS and 
arginase activity. Thus, local peroxynitrite production could represent one of the 
important mechanisms by which tumor escapes immune response. 

Different signaling pathways may alter myeloid cell differentiation and matura-
tion via different surface receptors. It is possible that signaling from various recep-
tors converge on common signal transduction pathway, for instance Jak2/STAT3. 
Tumor-derived factors can activate the production of ROS and inhibit transcription 
factors NF-κB. In addition, these pathways may interact with each other. For in-
stance, ROS may activate STAT3 and NF-κB, STAT3 can inhibit NF-κB, and acti-
vation of STAT3 may result in an increased synthesis of the members of NADPH 
complex, which in turn may result in an increased production of ROS. More studies 
are needed to clarify these complex interactions. In order to improve cancer vaccina-
tion strategies and enhance immune response against tumors, it is critically important 
to identify molecular targets and signaling pathways utilized by tumor-derived fac-
tors, which affect the process of differentiation and/or the function of APCs. This 
probably will be the focus of research in the near future. 

7. Improvement of Antitumor Immunity Through MDSC 
Elimination or Stimulation of Their Differentiation 

Since expansion of MDSCs in tumor-bearing mice is associated with profound 
inhibition of antitumor immune response, it seems logical that elimination of those 
immune suppressive cells may help enhance the immune defense mechanisms. In-
deed, earlier experiments from Schreiber group (Seung et al. 1995) demonstrated that 
depletion of Gr-1+ cells significantly improved CD8+ T cell immune response and 
allowed for eradication of the tumor. Berzofsky’s group demonstrated that depleting 
of Gr-1+ myeloid cells or blocking TGF-β in vivo prevented the tumor recurrence, 
implying that TGF-β produced by MDSCs is necessary for downregulation of tumor 
immunosurveillance (Terabe et al. 2003). 

Another promising approach to reduce the proportion of MDSCs in tumor-bearing 
hosts might be the use of agents that promote the differentiation of myeloid progenitors. 

218 



22. Myeloid-Derived Suppressor Cells
 

1-α 25-dihydroxyvitamin D3 (1α,25(OH)2D3), a biologically active metabolite of 
vitamin D3, is known as a stimulator of myeloid cell differentiation. In a series of 
publications, Young and colleagues demonstrated that in both clinical and experimen-
tal settings vitamin D3 is effective in diminishing the levels of immune suppressive 
myeloid cells and increases the effectiveness of tumor immunotherapy (Young and 
Lathers 1999; Wiers et al. 2000; Lathers et al. 2004). When DCs were generated from 
the CD34+ cells in vitro in the presence of 1α,25(OH)2D3, their antigen-presenting 
ability was enhanced (Young and Lathers 1999). Treatment of lung cancer-bearing 
mice with vitamin D3 led to reduced tumor production of GM-CSF and lowered pro-
portion of myeloid immune suppressive cells (Young et al. 1995). Administration of 
vitamin D3 in combination with adoptive immunotherapy significantly reduced metas-
tases in mice with established tumors, and also reduced metastases and recurrence after 
surgical excision of the primary tumors (Wiers et al. 2000). Studies in cancer patients 
with head and neck cancer also demonstrated the ability of 1α,25(OH)2D3 to promote 
differentiation of myeloid cells and to reduce the proportion of immature myeloid 
immune suppressive cell population in peripheral blood (Lathers et al. 2004). 

Another compound that is able to stimulate differentiation of the myeloid pro-
genitors into myeloid DCs is vitamin A or retinoic acid (Gabrilovich et al. 2001; 
Hengesbach and Hoag 2004). Mice with vitamin A deficiency (Kuwata et al. 2000) 
and mice treated with a pan-RAR antagonist (Walkley et al. 2002) show accumula-
tion of Gr-1+CD11b+ myeloid cells similar to the MDSCs that accumulate in cancer 
patients. Physiologic concentrations of all-trans retinoic acid (ATRA) induced in 
vitro differentiation of MDSCs in humans and mice (Gabrilovich et al. 2001; Mirza 
et al. 2006). In vivo administration of ATRA significantly reduced the presence of 
MDSCs in two different tested tumor models. This was not caused by direct anti-
tumor effect of ATRA or decreased production of growth factors by tumor cells. 
Experiments with adoptive transfer demonstrated that ATRA differentiated MDSCs 
in vivo into mature DCs, macrophages, and granulocytes. Decreased presence of 
MDSCs in tumor-bearing mice noticeably improved CD4- and CD8-mediated tumor-
specific immune response. Combination of ATRA with two different types of cancer 
vaccines in two different tumor models significantly prolonged the antitumor effect 
of the treatment (Kusmartsev and Gabrilovich 2003). These data suggest that elimi-
nation of MDSCs with ATRA may open an opportunity to improve the effect of 
cancer vaccines (Sinha et al. 2005).  

Immune suppression mediated by MDSCs requires the presence of three factors: 
MDSCs, activated antigen-specific CD8+ or CD4+ T cells, and tumor-associated 
antigen. This hypothesis may also explain the difficulties in generating tumor-
specific immune response to vaccination in cancer patients. MDSCs in tumor-
bearing hosts have full access to tumor-associated antigens used for vaccination and 
are able to inhibit the very same tumor-specific immune response a vaccination is 
trying to induce. This underscores the necessity of combining cancer vaccines with 
strategies to eliminate MDSCs.   

Understanding of precise mechanisms that tumors use to affect differentiation of 
APCs from myeloid precursors and inhibit T cell responses could help develop new 
approaches to cancer therapy and substantially improve the efficiency of existing 
cancer vaccination strategies. 
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Abstract. Natural killer (NK) cells are lymphocytes of the innate immune system that are 
critical in host defense. They are best known for their ability to mediate cytotoxicity, which 
involves a coordinated series of events resulting in the directed secretion of lytic granules onto 
a target cell.  This process requires the formation of an immunological synapse in NK cells. 
The NK cell immunological synapse involves the reorganization of the actin cytoskeleton and 
clustering of certain cell surface receptors in the NK cell at the interface with the target cell. 
The lytic NK cell immunological synapse, specialized for mediating cytotoxicity, is further 
distinguished by the polarization of lytic granules, which are then secreted through this region 
onto the target cell. These events unfold in a definitive sequence and lead to critical check-
points that provide regulatory control at specific stages in the formation of the NK cell lytic 
synapse. 

1. Introduction—Natural Killer Cells 

Natural killer (NK) cells are lymphocytes that mediate cytotoxic activity, proliferate, 
provide costimulation to other cells, produce cytokines, and participate in inflamma-
tory responses after being activated through receptors encoded in their germline 
DNA (Lanier 2005; Moretta et al. 2002). Thus, unlike T cells and B cells, they do 
not undergo genetic recombination events to attain specificity and are considered 
part of the innate immune system. NK cells are the most abundant innate immune 
lymphocytes representing 5–15% of the total human peripheral blood lymphocyte 
pool (Comans-Bitter et al. 1997). They do not express a T cell or B cell receptor 
complex and are characterized by the expression of a number of cell surface mole-
cules including CD56 (NCAM1), the CD158 family (KIR or killer cell immu-
noglobulin-like receptors), the NKG2 family of C-type lectin-like receptors, and the 
natural cytotoxicity receptor family (NCR—CD335, CD336, and CD337) among 
others (reviewed in Orange and Ballas 2006). Importantly, the major subset of hu-
man NK cells expresses high levels of the pore-forming molecule perforin, which is 
contained within specialized organelles that serve as secretory lysosomes (also 
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known as lytic granules). Lytic granules also contain granzymes, granulysins, and 
other molecules that can facilitate cell death. The directed secretion of lytic granules 
onto a neighboring cell enables NK cells to perform their best-known function: cell-
mediated cytotoxicity. 

NK cells function in the surveillance and destruction of tumor cells, as well as in 
protection against microbial pathogens (reviewed in Miller 2001; Tay et al. 1998). 
Induction of NK cell activity has been observed during infection in humans and other 
mammals (Biron et al. 1999; Tay et al. 1998) and the importance of NK cells in 
defense against viruses in particular is substantiated by the large number of specific 
strategies that viruses have evolved to evade NK cells (Orange et al. 2002a). Defini-
tive roles for NK cells in protection against viral infection have been demonstrated 
experimentally using both the animal model depleted of NK cells and that geneti-
cally deficient in NK cells, as well as by the fact that enhancement of NK cell activi-
ties can result in favorable outcomes (Biron et al. 1999).     

In humans, the importance of NK cells has been brought to light by a variety of 
NK cell deficiencies, which are generally associated with susceptibility to infection 
(reviewed in Orange 2002, 2006). Some of these human NK cell deficiencies occur 
in the context of a broader immunodeficiency syndrome that affects other compo-
nents of immunity, but others appear to affect NK cells in isolation. This latter cate-
gory of isolated NK cell deficiencies is very rare, but informative. In particular, there 
appears to be a definitive association with susceptibility to severe or recurrent infec-
tion with herpes viruses in these patients. Although a direct causal relation for NK 
cells in defense against viruses cannot be established in humans, in vivo enhance-
ment of NK cell activities has been shown to improve cytotoxicity and antiviral 
defense (Fehniger et al. 2002; Smith 2001).  

2. NK Cell Function 

NK cell function results from the signals generated after the ligation of one or more 
NK cell receptors having various specificities. Since NK cell receptors will induce 
either activating or inhibitory signals, a critical balance between these is exploited to 
induce or restrain NK cell functions (Lanier 2005).  The best known of the inhibitory 
receptors are the KIR family that recognize class I MHC and block activation signal-
ing by inducing dephosphorylation (Moretta and Moretta 2004). To induce cytotoxic 
function and the secretion of lytic granules (also known as degranulation), NK cell 
activating receptors must be ligated in excess of NK cell inhibitory receptors. The 
exact ratios of ligated activation receptor to ligated inhibitory receptors required for 
degranulation have not been established and are likely to depend on the particular 
receptors ligated.  

Experimentally, the ligation of some activating receptors in isolation can induce 
degranulation. These receptors include members of the NCR family, NKp30 
(CD337) and NKp46 (CD335), which utilize signaling partners that contain immuno-
tyrosine-based activation motifs (ITAMs). In the case of NKp30 and NKp46, the 
signaling partner is CD3ζ (Pende et al. 1999; Pessino et al. 1998), but other activa-
tion receptors can utilize different molecules, such as FcεRIγ or DAP12.  Signals 
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generated by these ITAM-containing partners then recruit kinases such as Syk or 
Zap70, which facilitate further downstream events that induce degranulation.  Other 
receptors that do not partner with ITAM-containing molecules can also participate in 
inducing NK cell cytotoxicity or cytokine production and even degranulation under 
appropriate circumstances, but more commonly serve a costimulatory function. This 
group includes the C-type lectin-like NKG2D (Lanier 2005) and members of the 
CD2 subgroup of the immunoglobulin superfamily (Bryceson et al. 2005). These 
receptors utilize a variety of signaling intermediates including DAP10 (by NKG2D). 
DAP10 can induce phosphatidylinositol-3-kinase activity (Wu et al. 1999) but con-
tributes to NK cell activation most likely by amplifying other concomitant signals. 
Thus, signals resulting from both ITAM-recruiting activating receptors and costimu-
latory receptors promote NK cell functions in most cases. 

3. NK Cell Cytoskeleton and the Immunological Synapse 

A major paradigm of NK cell function dependent on activating receptors is the im-
munological synapse (IS). The IS defines the dynamic arrangement of molecules at 
interface between an immune cell and the cell that it is engaging (Davis and Dustin 
2004). To form an IS and ultimately generate functions such as cytotoxicity, NK 
cells rely upon rearrangements of the cell cytoskeleton. The cytoskeleton consists of 
structural and regulatory components that maintain or alter cell shape, approximate 
structures within cells, traffic specific organelles, and coordinate endocytosis and 
secretion. Key amongst the cytoskeletal proteins are actin, which is the chief compo-
nent of the microfilaments (Pollard and Borisy 2003), and tubulin, which constitutes 
the microtubules (Desai and Mitchison 1997). These proteins have specific charac-
teristics in immune cells (Vicente-Manzanares and Sanchez-Madrid 2004) and can 
be arranged to promote cell function as well as rearranged in response to appropriate 
signals to induce a different cell function. The dependence of NK cells on the cy-
toskeleton was originally demonstrated through the use of small-molecule inhibitors 
of cytoskeletal elements that interfere with NK cell activity. In particular, inhibition 
of actin filament reorganization by cytochalasins and depolymerization of micro-
tubules by colchicine can completely abrogate NK cell cytotoxicity in a concentra-
tion-dependent manner (Ito et al. 1989; Katz et al. 1982; Lavie et al. 1985; Quan  
et al. 1982). Concentrations of these inhibitors that block cytotoxicity do not reduce 
NK cell conjugation with target cells (Ito et al. 1989; Katz et al. 1982). A key illus-
tration of the importance of the cytoskeleton in NK cell cytotoxicity is that a major 
target of inhibitory KIR signaling is the central cytoskeletal activator Vav1 (Stebbins 
et al. 2003). Similarly, inhibitory signaling induced by a different NK cell inhibitory 
receptor, NKG2A, has also been shown to disrupt filamentous actin (F-actin)  
reorganization (Masilamani et al. 2006). Thus, NK cell inhibition can occur through 
the specific blockade of NK cell cytoskeletal reorganization that would be induced 
normally by an activation receptor. 

When visualized directly, F-actin networks and the microtubule organizing center 
(MTOC) accumulate at the NK cell IS formed with a susceptible target cell (Blom  
et al. 2001; Carpen et al. 1983; Graham et al. 2006; Kupfer et al. 1983; Lou et al. 
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2001; McCann et al. 2003; Poggi et al. 1996; Radosevic et al. 1995; Sancho et al. 
2000; Vyas et al. 2001). The collection of molecules at the IS is defined as the su-
pramolecular activation cluster (SMAC) and is organized into a peripheral SMAC 
(pSMAC) and central SMAC (cSMAC). One purpose of the cytoskeletal rearrange-
ments at the activating NK cell IS is to deliver lytic granules directionally via micro-
tubules to the IS so that they can be secreted onto a target cell and mediate cytotoxic-
ity (Davis and Dustin 2004; Trambas and Griffiths 2003). This particular type of IS 
defines a lytic NK cell IS and is where the directed secretion of lytic granules occurs 
(Bryceson et al. 2005; Davis et al. 1999; Orange et al. 2002b). 

In order for focused actin and microtubule reorganization to occur in an NK cell 
after it binds to a susceptible target cell, a number of cytoskeletal events must unfold.  
In the case of actin, monomers are joined to existing actin filaments at 70° angles to 
create branch points via the Arp2/3 complex (Goley and Welch 2006). These 
branches are essential for actin reorganization and require the Wiskott–Aldrich syn-
drome (WAS) protein (WASp). WASp approximates Arp2/3 and an actin monomer 
and thus enables branch formation. WASp can be found in an inactive, “closed,” or 
autoinhibited conformation and can be “opened” to mediate function. At least 22 
proteins have been found to interact with WASp under different conditions (re-
viewed in Orange et al. 2004). This creates a complex protein unit required to generate
functional alteration of the cytoskeleton, which can be referred to as the “actinosome”.

4. Sequential Steps in Formation and Function  
of the Lytic NK Cell IS 

Formation of the lytic NK cell IS requires that cytoskeletal events required for IS 
generation in NK cells occur in a sequential manner with specific stages and check-
points (Bryceson et al. 2005; McCann et al. 2003; Orange et al. 2003; Vyas et al. 
2004; Wulfing et al. 2003). Based on these data and others, the specific stages in 
formation and function of the lytic NK cell IS can be considered to include but are 
not limited to a number of steps. These are: (1) adhesion receptor ligation and 
resulting signaling; (2) activation receptor ligation; (3) activation receptor signal-
ing; (4) actinosome formation and F-actin rearrangement; (5) receptor clustering;  
(6) possible additional activation receptor ligation and signaling (to result in an am-
plification loop by going back to step 4); (7) MTOC movement; (8) motor protein 
(such as kinesin)-dependent granule movement along microtubules to the IS;  
(9) granule transit through the IS, fusion with the cell membrane, and release of 
contents; and (10) IS down modulation (Figure 1).  Study of the IS in T cells also 
reveals the existence of these specific steps in IS formation and function including 
(1) adhesion and signaling (Freiberg et al. 2002; Lee et al. 2002); (2) receptor ligation 
(Grakoui et al. 1999); (3) activation signaling (Barda-Saad et al. 2005; Krummel et al. 
2000); (4) actinosome formation (Badour et al. 2003); (5) receptor clustering (Wulfing 
and Davis 1998); (6) amplification (Mossman et al. 2005; Purtic et al. 2005); 

protein-dependent granule movement (Burkhardt et al. 1993; Clark et al. 2003);  
(7) MTOC movement (Kuhn and Poenie 2002; Stinchcombe et al. 2006); (8) motor 
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(9) granule fusion/release (Feldmann et al. 2003); and (10) downmodulation (Lee  
et al. 2003). Although the results in T cells are not always the same as those in NK 
cells, they do offer parallels that underscore a series of distinct steps in IS formation. 
Importantly, the lytic NK cell IS is a sequential process with many potential check-
points that can regulate cytolytic function. 

5. Conclusions 

Through their cytolytic activity NK cells participate in host defense and immu-
noregulation. Normal function of the lytic NK cell IS is required for both. Basic 
investigation of NK cell function and the cell biology of NK cell IS have provided 
insight into how these critical processes are regulated. This is instrumental in un-
derstanding diseases in which the process of NK cell IS formation is interrupted as 
well formulating strategies to improve formation and function of the lytic IS when 
more would be advantageous. As there are likely to be differences between NK 
cells and other types of cytolytic cells, specific studies of the lytic NK cell IS are 
important and may uncover regulatory mechanisms of general importance not 
found in T cells.  

 

FIGURE 1. Proposed Sequential steps in the Formation and function of the secretory immu-
nological synapse (IS). The specific steps are explained by numerical sequence in the text. 
The symbols are defined in the legend box on the right. The Natural killer (NK) cell is repre-
sented on the left and the target cell is on the right (in outline). The rectangles in the target cell 
represent ligands for the NK cell receptors. Jagged arrows represent intracellular signaling 
pathways and standard arrows depict influence or directionality.  
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Abstract. Perforin, a pore-forming protein toxin synthesized and stored in the cytoplasmic 
vesicles of cytotoxic T lymphocytes (CTLs) and natural killer (NK) cells, is secreted when 
these effector lymphocytes encounter virus-infected or neoplastic cells. Perforin is encoded by 
a single-copy gene and is critical for immune homeostasis and defense of the organism against 
intracellular sepsis. A complete deficiency of perforin expression in either mice or humans is 
associated with a syndrome of immune insufficiency and severely deregulated lymphoid 
homeostasis. Humans who inherit inactivating mutations of perforin or defects in various parts 
of the cellular machinery that delivers perforin to the target cell suffer from familial hemo-
phagocytic lymphohistiocytosis (FHL), a fatal condition necessitating bone marrow transplan-
tation, usually in infancy. In mice, a high incidence of spontaneous B cell lymphoma has also 
been noted as the animals age. Across human populations, a number of polymorphisms that 
result in measurable, but suboptimal CTL activity have been noted, and some of these predis-
pose to attenuated FHL or susceptibility to infectious disease, but in many cases, to no dis-
cernible disease predisposition. This chapter discusses the significance of human perforin 
polymorphisms, particularly those associated with diseases other than FHL, and recent ad-
vances in our understanding of perforin biology and function. 

1. Introduction 

Although virtually all vaccine-induced immunity to viruses depends on the genera-
tion of neutralizing antibodies, once a virus enters and becomes established inside a 
cell, antibodies are ineffective and a cognate cytotoxic T lymphocyte (CTL) response 
must be raised in order to kill both the virus and the cell harboring it. CTLs share 
with natural killer (NK) cells the capacity to kill such cells by various contact-
dependent cell death pathways that culminate in target cell apoptosis.   

In the first pathway, ligands of the TNF family (FasL/CD95L and TRAIL) se-
creted or expressed on the CTL/NK cell surface induce the clustering of their recep-
tors (Fas/CD95 and DR4/5) on the target cell, generating within it a caspase-
dependent apoptotic cascade. Studies in mutant mice have shown that this pathway is 
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most critical for maintaining immune (particularly lymphoid) homeostasis (Smyth  
et al. 2001). The second pathway, to be considered in some depth here, is known as 
the granule exocytosis mechanism, and defects of this pathway have been shown to 
cause marked susceptibility to various viruses and other intracellular pathogens, for 
example, Listeria (Trapani and Smyth 2002). Following T cell receptor-mediated 
conjugate formation, preformed toxins packaged within cytotoxic granules of the 
CTL migrate to the site of cell contact along the microtubular apparatus where a 
complex vesicle machinery facilitates its fusion with the plasma membrane to liber-
ate toxins that include a pore-forming protein (perforin) and a battery of serine prote-
ases (granzymes) into the synaptic cleft (Menager et al. 2007). Although its mecha-
nism of action is poorly understood, perforin is responsible for admitting the 
granzymes into the target cell cytosol, where the cleavage of key substrates (includ-
ing pro-caspases and molecules that result in mitochondrial destabilization) results in 
apoptosis (Bird et al. 2005; Trapani and Sutton 2003). The most potent proapoptotic 
granzyme is the Asp-ase, granzyme B; however, other granzymes such as granzyme 
A induce target cell death through parallel, non-caspase-dependent pathways 
(Lieberman and Fan 2003). 

2. Molecular and Cellular Functions of Perforin: A Putative 
Domain Structure 

The membrane pores formed by polymerized perforin are reminiscent of comple-
ment pores at an ultrastructural level, and perforin shares both antigenic cross-
reactivity and limited amino acid similarity with the central portion of complement 
component C9. The structures of both perforin and C9 remain to be solved; however, 
it is predicted that the central region of both proteins forms an amphipathic alpha 
helix that spans the lipid bilayer (Lichtenheld et al. 1988; Liu et al. 1995). The action 
of perforin is entirely dependent on its prior binding of calcium ions, a function per-
formed by a C2-domain motif at its carboxy terminus (see below) (Voskoboinik  
et al. 2005a). The final few residues of this region are not required for calcium bind-
ing but are crucial for the appropriate folding and acquisition of perforin’s lytic func-
tion. It is believed that this “tailpiece” is cleaved, along with a bulky N-linked glycan 
when perforin reaches the secretory granules; however, the protease responsible for 
this processing is, as yet, unidentified (Uellner et al. 1997). The function of a  
cysteine-rich EGF-like motif is unknown, while synthetic peptides corresponding to 
the extreme amino terminus have been shown to possess some membranolytic prop-
erties (Rochel and Cowan 1996). While strongly conserved in perforins from species 
as diverse as fish and humans (Hwang et al. 2004), the remainder of the sequence, or 
about half of the 534 amino acid protein, is unique to perforin.  

The development (by us and others) of robust expression methodologies for per-
forin over the past few years has for the first time enabled a meaningful mutagenic 
analysis of the perforin backbone (Shiver and Henkart 1991; Voskoboinik et al. 
2004). This has enabled us both to rapidly assess the effects of inherited perforin 
mutations on its function, and permitted site-directed mutagenesis to determine the 
role of specific residues in functions such as calciumbinding (Voskoboinik et al. 
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2005a, b). Accordingly, we have confirmed that up to four calcium ions are coordi-
nated by each perforin monomer through an ionic interaction with a “basket” of 
negatively charged aspartate residues in the C2 motif (Voskoboinik et al. 2005a). As 
aspartate residues are predicted to be uncharged at the acidic pH of secretory gran-
ules (5.5–6.0), perforin is effectively stored as an inactive (thus, harmless) protein 
until it is released into the synaptic cleft, an efficient and effective means of protect-
ing the CTL/NK cell from inadvertent lysis prior to perforin release. It has also been 
elegantly recently shown that perforin release also requires the fusion of two distinct 
types of granule in the CTL: perforin- and granzyme-rich lysosome-like Rab11+ 
vesicles, and endosome-like Munc13-4 and Rab27a-containing vesicles required for 
final exocytosis of the granule contents (Menager et al. 2007). 

3. Congenital perforin deficiency and other causes of FHL 

Perforin is absolutely critical for the function of the granule exocytosis pathway. It is 
encoded by a single-copy gene PRF1, whose inactivation or deletion causes pro-
found immunodeficiency in both humans and mice (Kagi et al. 1994; Stepp et al. 
1999); this reflects perforin’s pivotal and unique role in facilitating intracellular 
access for the granzymes. Gene-engineered perforin-deficient mice die of a variety 
of virus infections, are more susceptible to transplantable tumors, and develop spon-
taneous B cell lymphoma as they age, suggesting an additional role for perforin-
dependent pathways in immune surveillance of transformed cells, particularly  
B lymphocytes (Street et al. 2004). In humans, congenital perforin deficiency is more 
generally associated with markedly disordered immune homeostasis arising in in-
fancy, and less commonly with intractable virus infection (Katano and Cohen 2005; 
Voskoboinik and Trapani 2006). Familial Hemophagocytic Lymphohistiocytosis 
(FHL) is an autosomal recessive disorder characterized by early onset (<24 months) 
liver, spleen, and lymph node enlargement due to their engorgement with activated 
lymphocytes and macrophages secreting large quantities of inflammatory cytokines. 
Red cell phagocytosis by activated macrophages in the bone marrow is common and 
contributes to progressive anemia (Henter et al. 1998; Janka and Zur Stadt 2005; 
Janka 1989) (Figure 1). The condition can be treated with cytotoxic agents and  
immunosuppressants, but patients often relapse, requiring a bone marrow transplant 
(Henter et al. 2002). There are a number of FHL subtypes described, but the form 
associated with perforin gene mutation is known as Type 2 (Stepp et al. 1999). 

4. Perforin Alleles Encoding Partial Loss of Function 

Some perforin mutations can result in FHL-like syndromes with delayed onset and a 
variable degree of severity. Most commonly in full-blown disease, nonsense or 
frame-shift mutations in the gene result in protein truncation and invariably, a null 
phenotype. In such cases, disease manifestations are severe and the illness frequently 
commences prior to 6 months of age. Missense mutations (leading to single-amino 
acid substitutions) can also lead to disease (Voskoboinik et al. 2006). To date, the 
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expressing it in rat basophil leukemia (RBL-2H4) cells (which are equipped to proc-
ess, store, and secrete perforin upon conjugation with a target cell) (Shiver and 
Henkart 1991; Voskoboinik et al. 2004), or by complementing perforin function in 
lymphocytes isolated from perforin-deficient mice (our unpublished data). We have 
also pioneered the use of perforin purified from baculovirus-infected insect cells, 
providing a source of perforin whose lytic and proapoptotic capacities can be as-
sessed by direct application to target cells in the presence or absence of granzyme B, 
respectively (Voskoboinik et al. 2004; Waterhouse et al. 2005). We have found that 
while the majority (about 80%) of missense mutations lead to protein instability and 
degradation, some lack function due to an inability to lyse the target cell membrane 
following secretion (Voskoboinik et al. 2005b). Unlike protein truncation, missense 
mutations frequently result in partial preservation of function, and by reviewing the 
clinical presentations of many such patients, we have found a close relationship 
between the residual degree of perforin function and the age of disease onset 
(Voskoboinik et al. 2006). As a “rule of thumb,” if RBL cells expressing the mutated 
perforin have significant cytotoxic capacity and/or a patient’s CTLs retain measurable 

FIGURE 1. A mechanism for the pathogenesis of familial hemophagocytic lymphohistiocy-
tosis (FHL). Immune competent cytotoxic lymphocytes release the content of cytotoxic gran-
ules into the immune synapse. The synergy between perforin and granzymes results in apop-
totic target cell death. Effector cells with dysfunctional perforin or impaired degranulation 
pathway due to mutations in PRF1 or UNC13-4 genes, respectively, cannot clear the target 
causing uncontrolled activation and proliferation of T cells and macrophages and a marked 
release of inflammatory cytokines, resulting in hemophagocytosis.  

function of more than 30 missense mutations has been analyzed in surrogate cytotox-
icity assays. Typically, perforin function in a cellular context can be assessed by 
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lytic activity in vitro, disease onset may be delayed, typically to beyond 24 months 
of age, and as late as teenage or beyond (Voskoboinik et al. 2006). 

5. Ala91Val, a Common Hypomorphic Perforin Allele 

A number of independent population studies have found 9–17% of subjects to pos-
sess at least one perforin allele encoding the apparently conservative Ala91Val 
(A91V) substitution (Mehta et al. 2006; Zur Stadt et al. 2004). This high-frequency 
and the semiconservative nature of the substitution had led most to predict that the 
function of A91V would be equivalent to wild-type (Mehta et al. 2006). However, 
two recent studies have shown the A91V allele to impose a considerable loss of 
function. First, the NK cells of homozygous subjects have reduced cytotoxicity 
(Mancebo et al. 2006), and secondly, A91V-perforin expressed in RBL cells or pri-
mary mouse lymphocytes showed a similar reduction in function (Trambas et al. 
2005; Voskoboinik et al. 2005b). We have recently found that while wild-type per-
forin expressed in baculovirus-infected insect cells is strongly lytic and remains 
potent with storage, A91V perforin has markedly reduced function (our unpublished 
observations). These findings collectively confirm the fact that A91V-perforin func-
tion is not normal and explain the observation that A91V-heterozygous individuals 
can develop an attenuated FHL-like syndrome when their second allele is either null 
or also encodes severely dysfunctional perforin (Busiello et al. 2004; Clementi et al. 
2002). By contrast, individuals (such as the parents of FHL patients) who inherit one 
normal and a second null allele invariably remain healthy and immunocompetent. 
The possible association of A91V and cancer predisposition remains controversial 
(Mehta et al. 2006; Santoro et al. 2005). In the only large study to date, involving 
more than 1300 individuals with acute lymphoblastic leukemia, there was no in-
creased frequency of A91V. However, A91V was significantly more common in a 
small subgroup of children with the Philadelphia chromosome translocation (Mehta 
et al. 2006).  

Perforin mutations were also found in several patients with atypical forms of 
FHL and/or with various types of hematological cancer (Mehta et al. 2006; Santoro 
et al. 2005; Clementi et al. 2006; Clementi et al. 2002, 2005; Katano et al. 2004). To 
establish potential causative links between these mutant perforins and a disease, the 
properties of these mutants would have to be investigated on the molecular level. 
However, a partial loss of function would suggest a role for the cytotoxic granule-
mediated pathway in tumor immune surveillance in humans, a mechanism that has 
been well documented in experimental animal models but has never been formally 
proven to exist in humans. 

6. Conclusions 

Over recent years, it has become increasingly possible to evaluate the effect of inher-
ited point mutations on perforin function. In addition, it is now possible for a re-
searcher to design specific mutations to test the role of individual perforin residues. 
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Overall, we have found that approximately 80% of missense mutations resulting in 
FHL cause a presynaptic defect in perforin function, usually manifested as reduced 
protein stability as a result of misfolding and/or mistrafficking. In the remainder of 
cases, the protein is synthesized, packaged, and released normally but possesses a 
postsynaptic defect that limits target cell lysis and/or the capacity to deliver pro-
apoptotic granzymes to the target cell cytosol. Despite this recent progress, the mo-
lecular and cellular functions of most of perforin’s putative domain remain unknown, 
and studies of this nature have been severely hampered by a lack of structural data 
(particularly X-ray crystallographic data) on monomeric and poly- perforin. Our 
group and a number of others are currently pursuing this endeavor with considerable 
enthusiasm. 
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Abstract. Natural killer T (NKT) cells are a newly identified unique subset of cells that ex-
press both αβ T cell receptor and NK cell markers. We investigated the role of NKT cells in 
modulating adaptive T cell responses in chlamydial infections using human-disease-related 
chlamydial species. Our study provides in vivo evidence that even closely related pathogens 
may activate different functional NKT subsets, which can further polarize CD4+ and CD8+ 
cells in adaptive immune responses. 

1. Introduction 

Natural killer T (NKT) cells are a newly identified unique subset of T cells, which 
express both αβ T cell receptor and NK cell markers. NKT cells are capable of rec-
ognizing lipid antigens in the context of CD1, a molecule belonging to the non-
MHC- encoded, MHC class I-like gene family. The CD1-dependent NKTcells are 
characterized by semi-invariant αβ TCR expression. Based on whether it responds to 
α-galactosylceramide (α-GalCer), NKT cells can be classified as type 1 or type 2 
NKT cells. Type 1 NKT cells are the classical NKT cells that express αβ TCR with 
the use of Vα14 and Jα18, where as type 2 NKT are less common and often express 
Vα3.2-Jα9. α-GalCer in the context of CD1 can activate type 1 NKT cells, but not 
type 2 NKT cells. 

2. NKT Cells 

NKT cells have been found to be able to play an important role in immune regulation 
(Godfrey et al. 2005; Bendelac et al. 2007). The immune regulatory function is be-
lieved to be largely dependent on their capacity to quickly produce large amount of 
cytokines following activation, which can regulate both Th1 and Th2 responses. 
NKT cells are also found to play important roles in tumor rejection and the prevention 
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of autoimmune diseases. The role of NKT in host defense against various infections 
including virus, parasites, and bacteria has also been reported. For example, studies 
on NKT with α-GalCer inhibited hepatitis B viral replication in HBV transgenic 
mice while CD1 gene-knockout mice (lack of NKT) showed substantial impairment 
in antiviral response to encephalomyocarditis virus infection and herpes simplex type 
1 virus infections. Moreover, α-GalCer treatment significantly enhanced protective 
antimalarial immunity and reduced bacterial burden and tissue injury in Mycobacte-
rium tuberculosis mouse models. Furthermore, CD1 gene-knockout mice have been 
found to be less resistant to Borrelia burgdorferi infection and fail to eradicate Pseu-
domonas aeruginosa infection.  
 Chlamydiae are obligate intracellular bacteria with a unique developmental cycle. 
Two chlamydial species, C. pneumoniae and C. trachomatis, commonly cause hu-
man diseases. C. pneumoniae is the causing agent of a wide spectrum of acute and 
chronic respiratory diseases such as bronchitis, sinusitis, and pneumonia, where as  
C. trachomatis causes ocular, respiratory, and sexually transmitted diseases. Chlamy-
dial infections are very prevalent worldwide. In particular, up to 70% of healthy human 
individuals are positive for serum antibodies specific for C. pneumoniae. More re-
cently, C. pneumoniae has been implicated in the pathogenesis of atherosclerosis, 
Alzheimer’s disease, and multiple sclerosis. No vaccine is available for human chla-
mydial infections. A clear understanding of the adaptive and innate immune responses 
to chlamydial infection is critical in the rational development of an effective vaccine to 
this infection. The differences in T cell cytokine patterns have been correlated with the 
severity of disease progression in both human subjects and animal models.   

3. NKT Cells in Chlamydial Lung Infection 

Our laboratory has recently studied the role of NKT in chlamydial lung infection 
mouse models (Bilenki et al. 2005; Joyee et al. 2007). We investigated the potential 
role of NKT cells in modulating adaptive T cell responses in chlamydial infections 
using the two human-disease-related chlamydial species, C. pneumoniae and  
C. trachomatis. The C. pneumoniae strain used in the study is AR-39 while the  
C. trachomatis strain is mouse pneumonitis (MoPn), more recently called C. muridarum. 
The role of NKT cells was examined using the combinational approaches of NKT-
knockout (CD1d-knockout and Jα18-knockout) mice and specific NKT activation by 
α-GalCer treatment. NKT-deficient mice showed exacerbated susceptibility to  
C. pneumoniae infection, but more resistance to C. trachomatis (MoPn) infection. 
Consistently, activation of NKT using α-GalCer reduced C. pneumoniae in vivo 
growth but enhanced MoPn infection. Since only classical type 1, but not type 2 
CD1-dependent NKT cells are responsive to α-GalCer stimulation, the results suggest 
that the NKT cells that play immunomodulatory role during chlamydial infection are 
type 1 NKT cells.  
 More detailed cytokine analyses on NKT and T cells were performed to examine 
the linkage between NKT cytokine production and T cell cytokine responses. We 
performed a direct cellular level analysis on NKT kinetics and cytokine patterns 
using ligand-loaded CD1d tetramer. NKT cells showed an expansion of about  
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fivefold after chlamydial infection. The number and percentage of NKT in the lungs 
peaked at day 3 postinfection (p.i.), after which decreased and reached basal levels 
about days 9–10 p.i. Intracellular cytokine staining of lung and spleen NKT cells at 3 
days p.i. from the wild-type mice for IFN-γ and IL-4 showed significantly increased 
proportion of IFN-γ-producing cells compared with that in the uninfected mice, es-
pecially in NKT cells from infected organ (lung). Thus, these results suggest that  
C. pneumoniae infection can skew the cytokine response of NKT cells to IFN-γ 
polarization. In contrast, NKT cells from the lung of MoPn-infected mice showed 
predominant IL-4 production. To further evaluate whether NKT cells influence T 
cells (CD8+ and CD4+) in the context of cytokine response to chlamydial infection, 
we analyzed the cellular cytokine patterns of CD4+ and CD8+ T cells in the wild-type 
and NKT knockout mice in the adaptive immune phase following C. pneumoniae 
infection. Intracellular cytokine staining for IFN-γ and IL-4 showed distinct pattern 
in the IFN-γ production by CD8+ T cells between the wild-type and NKT-knockout 
mice. The wild-type mice showed significantly higher proportion of IFN-γ-producing 
CD8+ T cells than did NKT-knockout mice following C. pneumoniae infection. In 
addition, CD4+ T cells of wild-type mice showed a Th1 cytokine pattern with signifi-
cantly higher IFN-γ and lower IL-4 levels, while CD4+ T cells from NKT-knockout 
mice showed a Th2-like pattern with more IL-4, but less IFN-γ following the infec-
tion. Overall, these results suggested that different NKT subsets are activated by 
different chlamydial species and that NKT cells could modulate the cytokine pattern 
of both CD8+ and CD4+ T cells. 
 The findings that different NKT subsets are activated by different chlamydial spe-
cies and that the cytokine patterns of NKT are correlated with host susceptibility to the 
infections have significant implications in our understanding of the host defense 
mechanisms against infectious diseases. NKT cells represent the intermediate phase of 
immune responses between innate and adaptive immunity following infectious agents’ 
exposure to the host. They are expected to play a protective role in the early stage of 
infection by quick response to infectious agents. Indeed, numerous studies have dem-
onstrated the potent protective roles of NKT cells in various infection models. It is also 
true in the host resistance to C. pneumoniae infection. However, in the model of  
C. trachomatis infection, NKT cells appear to promote chlamydial infection. There-
fore, NKT cells play various roles in host susceptibility to infections depending on the 
nature of the infectious agents. Notably, some previous studies have generated different 
conclusions by using different approaches in investigating the role of NKT in a particu-
lar infection. For example, a recent study showed that CD1-knockout mice exhibited 
minimal change in susceptibility in M. tuberculosis infection. In contrast, the treatment 
of mice with α-GalCer remarkably improved protection against M. tuberculosis infec-
tion. To our knowledge, our study is the first showing the suppressive role of NKT in 
an infection using both gene-knockout (CD1d-knockout and NKT-knockout) mice and 
α-GalCer treatment approaches. Our data provide in vivo evidence for functionally 
diverse role of NKT cells and the correlation of the cytokine profile of NKT cells with 
the T cell cytokine patterns following chlamydial infection. It is particularly interesting 
that distinct NKT subsets are activated by even relatively closely related pathogens and 
that NKT cells play opposite roles in immune responses to different chlamydial  
species. Since NKT cells clearly influence the direction of adaptive immune responses, 
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including CD4 and CD8 T cells, to chlamydial infection in vivo, the results indicate 
that NKT cells function not only in the innate immune phase but also in bridging to the 
phase of acquired immune responses.  
 The results which showed that the type of immune response enhanced by the 
same NKT stimulator, α-GalCer, may vary depending on the nature of the exposed 
pathogens give alert to the experimental therapeutic approaches attempting to acti-
vate NKT cells. Encouragingly, a single injection of α-GalCer before intranasal 
infection substantially reduced C. pneumoniae loads in the lungs and enhanced type1 
immunological responses, thus showing protective effect. However, in the model of 
MoPn infection, the administration of α-GalCer enhanced type2, instead of Th1, 
responses, leading to promotion of infection. Therefore, particular attention has to be 
given on how to preferentially induce preferable type of immunity when using α-
GalCer as an adjuvant for immunotherapy.  

3. Conclusions 

Our study provides in vivo evidence that even biologically, closely related pathogens 
may activate different functional NKT subsets, which can further polarize the im-
mune cells in adaptive immune responses, such as CD4+ and CD8+ cells. Further 
studies revealing the nature of pathogens/stimuli involving the development and/or 
promotion of differential NKT responses will greatly enhance our understanding on 
the linkage between innate and adaptive immune responses in infectious diseases.  

Acknowledgments 

The study was supported by grants from Canadian Institutes of Health Research, 
Canada Research Chair Program, and Manitoba Health Research Council. Several 
laboratory members are involved in this study, including Antony George Joyee, 
Laura Bilenki, Hongyu Qiu, Shuhe Wang, Yijun Fan, and Jie Yang. We are thank-
ful to Dr. Y. Koezuka, Kirin Pharmaceuticals, Japan, for kindly providing  
α-galactosylceramide and NIH tetramer facility for providing CD1d tetramer. 

References 

Bendelac, A., Savage, P.B. and Teyton, L. (2007) The biology of NKT cells. Annu. Rev. 
Immunol. 25, 297–336. 

Bilenki, L., Wang, S., Yang, J., Fan, Y., Joyee, A.G. and Yang, X. (2005) NK T cell activation 
promotes Chlamydia trachomatis infection in vivo. J. Immunol. 175, 3197–3206. 

Godfrey, D.I., McCluskey, J. and Rossjohn, J. (2005) CD1d antigen presentation: treats for 
NKT cells. Nat. Immunol. 6, 754–756. 

Joyee, A.G., Qiu, H., Wang, S., Fan, Y., Bilenki, L. and Yang, X. (2007) Distinct NKT cell 
subsets are induced by different Chlamydia species leading to differential adaptive immu-
nity and host resistance to the infections. J. Immunol. 178, 1048–1058. 

246 



 

26 
Memory T Cells in Allograft Rejection 

Anna Valujskikh  

The Cleveland Clinic Foundation, Department of Immunology, Cleveland, OH, USA,  
valujsa@ccf.org 

 

Abstract. T cell repertoire of many humans contains high frequencies of memory T cells 
specific for alloantigens. The increasing evidence implicates these cells as a barrier to allograft 
survival and to the induction of transplantation tolerance. This review discusses several as-
pects of memory T cell immunobiology pertinent to their role in transplantation.   

1. Memory T Cells: Generation, Phenotype, and Functions 

In response to an invading pathogen, T cell receptors (TCRs) recognize pathogen-
derived peptide determinants that are bound to MHC molecules on the surface of 
professional antigen-presenting cells (APCs). If appropriate costimulatory signals are 
provided through CD28 and CD154 molecules, such recognition results in T cell 
activation, multiple rounds of cell division, and differentiation into effector T cells 
(Bradley et al. 2000; Seder and Ahmed 2003). During these events, the T cells 
upregulate expression of activation markers CD25 and CD69 and the adhesion mole-
cule CD44, and downregulate expression of the lymph node homing receptors, 
CD62L and CCR7 (Garcia et al. 1999; Perrin et al. 1999; Bradley et al. 2000). Such 
phenotypic changes permit the activated T cells to circulate widely to the peripheral 
organs where re-encounter with the same MHC–peptide complex expressed on an 
infected parenchymal cell triggers T cell effector functions (Masopust et al. 2001; 
Reinhardt et al. 2001). The tools employed by effector T cells include the production 
of proinflammatory cytokines and chemokines, cytotoxicity, activation of macro-
phages and subsequent mediation of delayed-type hypersensitivity (DTH) responses, 
and provision of B cell help for induction of antibody isotype switching. The result is 
destruction of infected parenchymal cells and, ultimately, control of the infection.  

Upon resolution of the infection, the residual effector T cells rapidly undergo 
apoptosis leaving behind only a small proportion of memory T cells. There is an 
ongoing debate in current literature on whether memory T cells develop directly 



Anna Valujskikh 
 
from effector T cells or whether the separate line of memory T cells is committed 
during the initial activation events (reviewed in Kaech et al. 2002; Sprent and Surh 
2002). Regardless of origin, these memory T cells are smaller than typical effector 
cells and generally have a CD25loCD69loCD44hi phenotype (Dutton et al. 1998; 
Lanzavecchia and Sallusto 2001, 2002).  

A dichotomy within memory T cell population has been observed based on the 
expression of surface markers, trafficking patterns, and functional properties. A 
model was proposed in which some memory T cells express high levels of CD62L 
and CCR7 (receptors for lymph node-specific adhesion molecule PNAd and 
chemokines CCL19 and CCL21, respectively) that allow these cells to migrate effi-
ciently to peripheral lymph nodes, maintain the memory on a cell population level, 
and give rise to a second wave of effector T cells. Another population of memory T 

However, more recent studies of memory CD8 T cells demonstrated that both 
central and effector subsets had similar abilities to produce cytokines and exhibit 
cytotoxicity (Unsoeld et al. 2002; Ravkov et al. 2003; Wherry et al. 2003). These 
findings led to the conclusion that CCR7 or CD62L expression is not a reliable 
marker of memory CD8 T cell function but may be valuable for defining the ana-
tomical location of these cells. Furthermore, factors defining the distribution and func-
tions of memory CD4 T cells may be distinct from those described for memory CD8 
T cells. Supporting this notion, recently published study (Kassiotis and Stockinger 
2004) argues against a strong correlation between CD62L expression and preferential 
migration of memory CD4 T cells into the lymphoid or nonlymphoid compartments.  

Despite massive apoptosis at the end of the immune response, the precursor fre-
quency of antigen-specific memory T cells is significantly higher than that of naïve  
T cells, a fact that partially accounts for the stronger immune response after re-
challenge with antigen (Dutton et al. 1998; Sprent and Surh 2002; Seder and Ahmed 
2003). On a per-cell basis, memory T cells are more metabolically active than naïve 
T cells. This translates into their ability to rapidly enter cell cycle and to migrate into 
nonlymphoid tissues and express effector function faster than naïve T cells.  Our 
laboratory, among many others, has previously shown that memory T cells produce 
effector cytokines, such as IFN-γ and IL-4, much faster than naïve cells (4–6 h vs 
3–5 days), and we use this feature as one approach to differentiate memory from 
naïve T cells in our studies (Matesic et al. 1998; Cho et al. 1999; Zimmermann et al. 
1999). Memory T cells can also kill antigen-expressing targets within hours after  
re-activation, whereas naïve T cells generally require several days of differentiation 
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cells—CD62LloCCR7lo—expresses receptors that direct migration to inflamed sites, 
including CCR1, CCR3, CCR5, and β1 and β2 integrins (Sallusto et al. 1999) and is 
typically found in nonlymphoid tissues where these cells can rapidly control invad-
ing pathogens. These subsets can be detected in both humans and mice and are gen-
erally referred to as “central” and “effector” memory T cells (Seder and Ahmed 
2003; Lanzavecchia and Sallusto 2005). Consistent with the proposed model, mem-
ory CD4 T cells derived from nonlymphoid tissues predominantly secrete effector 
cytokines such as IFN-γ and IL-4 while central memory CD4 T cells primarily pro-
duce IL-2 (Reinhardt et al. 2001). Similarly, within the CD8 memory T cell popula-
tion, effector memory cells have higher cytotoxic activity when compared with cen-
tral memory cells (Masopust et al. 2001).   
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in vivo before they exhibit the same level of cytotoxicity (Watschinger et al. 1994; 
Kaech et al. 2002; Sprent and Surh 2002; Seder and Ahmed 2003). Memory CD4 T 
cells can efficiently provide help for antibody isotype switching, where naïve T cells 
have poor helper function (Swain 1994). Furthermore, upon reactivation, memory T 
cells are capable of reaching the inflammation site much faster than naïve cells—in a 
few hours versus several days (Kedl and Mescher 1998). All of these functions are 
essential for efficient host defense. However, it is becoming increasingly clear that 
the same features of memory T cells that are important for protection from pathogens 
represent significant hurdles for survival of transplanted organs and tissues.  

2. Alloreactive T Cell Memory 

T lymphocytes specific for allogeneic MHC molecules and polymorphic minor his-
tocompatibility antigens are found at high frequency and are key mediators of al-
lograft rejection (Lindahl and Wilson 1977; Matesic et al. 1998; Suchin et al. 2001). 
Theoretically, sensitization to alloantigens is not as common as immunizations and 
infections. Nonetheless, the immune repertoire of many humans contains memory T 
cells reactive to a variety of alloantigens (Heeger et al. 1999).  These memory T cells 
were presumably primed through pregnancy, through blood transfusion, or by expo-
sure to an infectious agent or immunization that cross-reacts with alloantigens (so-
called heterologous immunity). In addition, recent studies in rodents demonstrated 
that T cells with memory phenotype can arise during homeostastic proliferation 
following lymphoablative therapy (Taylor et al. 2004).  

The same features of memory T cells that permit rapid and efficient protection 
from pathogens are deleterious for transplanted organs. After reactivation, donor-
specific memory CD8 and CD4 T cells rapidly proliferate and differentiate into sec-
ondary effectors that directly damage the graft tissue. In addition, memory CD4 cells 
can provide efficient help for the induction of naïve T cell responses reactive to the 
donor and for alloantibody production. Under selected circumstances, these down-
stream mechanisms can be responsible for memory T cell-initiated graft loss. Finally, 
interactions of memory T cells, especially memory CD8 T cells, with donor endothe-
lium can lead to upregulation of adhesion molecules and chemokine expression, thus 
promoting infiltration of recipient’s immune cells into the graft.  

Because of the redundancy of effector mechanisms, controlling memory T cells 
in transplant setting represents a very challenging task. As a result, animals that have 
rejected an allograft (and have a pool of alloreactive memory T cells) reject a second 
graft from the same donor with accelerated kinetics (“second set rejection”) (Nedelea 
et al. 1975; Gordon et al. 1976). Human recipients of multiple transplants following 
immune-mediated failure of the first graft also have poorer graft survival than recipi-
ents of first transplants (Cecka 2001). There is accumulating evidence that higher 
frequencies of alloreactive T cells prior to transplantation correlate with an increased 
risk of acute rejection episodes and inferior graft function (Heeger et al. 1999).   
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3. Memory T Cells and Costimulation 

3.1. Classical Costimulatory Pathways 

When compared with naïve T cells, polyclonal memory T cells exhibit lower ac-
tivation thresholds and lower costimulatory requirements for activation (Flynn and 
Mullbacher 1996; Mullbacher and Flynn 1996; Pihlgren et al. 1996). However, care-
ful examination of these issues became possible only with use of TCR transgenic 
mice which allowed direct comparison of naïve and memory T cells of the same 
specificity. Using this approach, it has been confirmed that TCR transgenic memory 
CD4 T cells are activated when exposed to lower antigen doses and with lower 
costimulatory requirements relative to naïve cells (Rogers et al. 2000). Memory CD4 
T cells proliferate and produce cytokines when the antigen is presented by resting B 
cells, macrophages, and even endothelial cells that do not express high levels of 
costimulatory molecules (Croft et al. 1994; Khayyamian et al. 2002). In contrast, 
naïve CD4 cells can only be activated by professional APCs—dendritic cells and 
activated B cells (Croft et al. 1994). Studies using CD40-deficient or CD80/86-
deficient APCs demonstrated that unlike naïve cells, CD4 memory T cells do not 
require signaling through these pathways for proliferation and cytokine production 
(Dutton et al. 1998; London et al. 2000). 

In transplantation, blockade of T cell costimulation through CD28/CD80/86 
and/or CD40/CD154 pathways seems to be one particularly effective tool for induc-
ing long-term graft survival and, in some cases, donor-specific tolerance in a variety 
of model systems (Wekerle et al. 2002). Costimulatory blockade-based tolerance 
inducing protocols are generally effective in naïve animals with naïve T cell reper-
toires. However, as memory T cells have pre-committed cytokine profiles, lower 
thresholds for T cell activation, and lower costimulatory requirements than naïve 
cells (Dutton et al. 1998; Kaech et al. 2002; Sprent and Surh 2002), they are likely to 
be resistant to the effects of costimulatory blockade and subsequently to tolerance 
induction. Indeed, we and others have demonstrated that both CD4 and CD8 memory 
T cells induced either by previous exposure to donor antigens or by cross-reactive 
antimicrobial immunity prevented the beneficial effect of costimulatory blockade on 
prolonging allograft survival (Pantenburg et al. 2002; Valujskikh et al. 2002; Adams 
et al. 2003; Brehm et al. 2003). Our published data indicate that despite costimula-
tory blockade, alloreactive memory CD4 T cells contribute to allograft rejection 
through multiple pathways. Upon reactivation, memory CD4 T cells not only can 
become effector cells themselves but can also provide help for the priming of naïve 
T and B lymphocytes that in turn mediate graft destruction (Chen et al. 2004). In 
general, alloreactive memory T cells interfere with long-term allograft survival in-
duced through conventional costimulatory blockade. This issue is highly relevant to 
clinical transplantation because memory T cells are present in human transplant 
recipients, costimulatory blockade-based trials in humans are ongoing, and initial 
results in humans and primates suggest that their efficacy is significantly lower than 
in naïve mice.  
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3.2. Alternative Costimulatory Pathways 

Newly recognized alternative costimulatory pathways may be required for optimal 
restimulation of memory CD4 T cells. These receptors include members of the immu-
noglobulin superfamily represented by inducible T cell costimulator (ICOS) and the 
tumor necrosis factor receptor superfamily, including CD134 (OX40), CD27, CD137 
(4-1BB), CD30, and herpes virus entry mediator (HVEM). Most of these molecules are 
expressed only upon T cell activation, suggesting a particularly important role in the 
effector/memory phases of T cell response rather than the initial T cell priming. Several 
lines of evidence indicate that memory T cells may rely on such alternative costimula-
tory molecules for activation, survival, or effector functions. 

One of the recently characterized pathways is interaction of ICOS on T cells with 
the B7RP-1 molecule on APCs (Yoshinaga et al. 1999; Tafuri et al. 2001). Studies of 
autoimmune responses demonstrated that costimulation through ICOS is crucial for 
activating previously primed (but not naïve) T cells and that blocking ICOS costimu-
lation after the onset of the disease ameliorates signs of experimental allergic en-
cephalomyelitis (EAE) and collagen-induced arthritis (Sporici et al. 2001; Iwai et al. 
2002). In transplantation, the expression of ICOS is significantly upregulated dur-
ing acute heart allograft rejection. Blockade of the ICOS/B7RP-1 costimulatory path-
way prolongs allograft graft survival in unsensitized rodents and synergizes with 
DST/anti-CD154 therapy (Ozkaynak et al. 2001). Recently, Sayegh and colleagues 
demonstrated that blocking the ICOS/B7RP-1 pathway prolongs allograft survival in 
rodents even if the blockade is administered at a delayed time point after transplanta-
tion, suggesting that it interferes with the recall of primed T cells (Harada et al. 
2003). These studies further revealed that blockade of ICOS or B7RP-1 limited ex-
pansion of alloreactive CD4 T cells, inhibited generation of CD8 effector cells, and 
decreased production of alloantibodies.  

We investigated how therapeutic interference with ICOS/B7RP-1 costimulatory 
pathway affects functions of allospecific memory CD4 T cells during allograft rejec-
tion. Treatment with blocking anti-ICOS monoclonal antibody synergized with do-
nor-specific transfusion plus anti-CD154 antibody therapy (DST/MR1) and pro-
longed murine cardiac allograft survival despite the presence of donor-reactive 
memory CD4 T cells. However, we found that ICOS blockade acted downstream of 
memory CD4 T cell reactivation. While anti-ICOS antibody had little effect on the 
expansion of pre-existing memory CD4 T cells or the induction of allospecific effec-
tor T cells, it inhibited T cell recruitment into the graft. Furthermore, anti-ICOS 
antibody treatment in combination with DST/MR1 entirely prevented B cell help 
provided by memory CD4 T cells and production of donor-specific IgG antibody. 
These results could be utilized to rationally combine ICOS blockade with other graft-
prolonging strategies in sensitized transplant patients. 

4. Altering Memory T Cell Trafficking 

In general, factors determining the migration patterns of memory T cells are poorly 
understood. Recent findings implicated sphingosine-1-phosphate as a potent   
lymphocyte chemoattractant for naïve T and B cells. The concentration of S1P in 
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blood and lymph is higher than in the lymphoid organs, thus causing lymphocytes to 
leave the lymphoid tissues and enter the circulation (Goetzl and Graler 2004; Hla 
2004; Lo et al. 2005). Although five different S1P receptors have been described in 
mammals, T lymphocytes predominantly express type 1 S1P (S1P1) receptor (Hla  
et al. 2001). The significance of S1P/S1P1 receptor interactions for lymphocyte 
recirculation was lately emphasized by the findings that S1P1 receptor-deficient T 
cells were permanently trapped in the thymus or secondary lymphoid organs 
(Matloubian et al. 2004). In addition, S1P1 receptor is transiently down regulated 
after T cell activation, thus ensuring proper T cell priming and differentiation within 
lymphoid compartments (Matloubian et al. 2004; Chi and Flavell 2005).  

Extensive studies of S1P receptor-mediated migration were prompted by the dis-
covery of an immunosuppressive agent FTY720. Unlike other immunosuppressants, 
FTY720 does not inhibit activation and proliferation of T cells or induction of hu-
moral immune responses (Pinschewer et al. 2000; Xie et al. 2003). Instead, in vivo 
FTY720 is converted to its phosphate ester metabolite that binds to S1P1 receptor 
with higher affinity than the natural ligand S1P. This interaction results in internali-
zation of S1P1 receptor and prevents lymphocytes from leaving the secondary  
lymphoid organs and from infiltrating the inflammation sites.  

Despite being the subject of intensive studies, the potential effect of FTY720 on 
the trafficking of antigen-experienced T cells is controversial. In theory, the ability 
of FTY720 to sequester T cells in the lymphoid organs depends on the ability of 
these cells to migrate into lymphoid organs. While FTY720 effectively inhibits the 
recruitment of newly generated effector T cells to peripheral tissues and thus pro-
longs survival of solid organ allografts, it has been reported to have no significant 
effect on pre-existing memory T cells (Pinschewer et al. 2000; Xie et al. 2003). 

We have lately explored the possibility of controlling deleterious donor-reactive 
memory CD4 T cells through lymphoid sequestration (Zhang et al. 2006). We 
showed that FTY720 induces relocation of circulating memory CD4 T cells into 
secondary lymphoid organs. Lymphoid sequestration of donor-reactive memory CD4 
T cells prolonged the survival of murine heterotopic cardiac allografts and syner-
gized with conventional costimulatory blockade to further increase graft survival. 
Despite limited trafficking, memory CD4 T cells remained capable of providing help 
for the induction of anti-donor CD8 T cell and alloantibody responses. Elimination 
of anti-donor humoral immunity resulted in indefinite allograft survival, proving the 
pathogenicity of alloantibody under these conditions. These findings emphasize that 
memory CD4 T cells can influence anti-donor immune responses regardless of lym-
phoid sequestration and that additional strategies may be required to control alloanti-
body-mediated graft injury under these conditions. 

5. Conclusions 

Initially developed for enhanced host protection against pathogens, memory T cells 
endanger life-saving organ and tissue transplants. Moreover, donor-reactive memory 
responses enhance multiple redundant effector mechanisms of allograft rejection. 
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Understanding immunobiology of memory T cells in general and allospecific mem-
ory T cells in particular is essential to rational and efficient control of these cells in 
allograft recipients. 
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Abstract. Dendritic cells (DCs) are key antigen-presenting cells (APCs) for initiating immune 
responses. However, in recent years, several groups have shown the defective function of DCs 
in tumor-bearing mice and in cancer patients. Our aim was to study the effects of lymphoma 
on DC differentiation and maturation and to assess the input of the tumor microenvironment 
and intravasation of tumor cells on DC precursors. EL-4 lymphoma cells were administrated 
via different routes (intraperitoneal, subcutaneous, and intravenous) and DC phenotype was 
investigated. Bone marrow-derived DCs and APCs obtained from the spleen were examined 
by flow cytometry, and immunohistochemical analysis of lymphoma, lungs, livers, and 
spleens was also performed. Intravenous administration of lymphoma cells induced 
suppression of DC differentiation and maturation assessed as a significant decrease of the IAb, 
CD80, CD86, CD11b, and CD11c expression on DCs and IAb on splenic APCs.  Up-
regulation of APC differentiation was observed in animals after subcutaneous and 
intraperitoneal administration of lymphoma cells determined as increased expression of CD40 
and CD86 in spleen APCs. These data suggest that the development of antitumor immune 
response might differ in the host receiving tumor vaccines via different injection routes.  

1. Introduction 

Dendritic cells (DCs) are key antigen-presenting cells (APC) regulating immune 
responses and play a central role in antitumor immunity by taking up tumor antigens 
and stimulating antigen-specific T cells (McKechnie et al. 2004). In recent years, the 
defective function of DCs in tumor-bearing mice and in cancer patients has been 
repeatedly reported (Della Bella et al. 2003; Gabrilovich et al. 1997; Ishida et al. 
1998; Tsuge et al. 2005; Gabrilovich et al. 1996b; Pospisilova et al. 2005; Gerlini  
et al. 2004). The major finding of these studies was the lack of expression of 
costimulatory molecules and activation markers, such as CD40, CD80, CD86, and 
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CD83, in tumor-associated DCs, consistent with the phenotype of immature and 
nonactivated DCs (Nestle et al. 1997; Chaux et al. 1996, 1997; Neves et al. 2005; 
Shurin et al. 2002). In agreement with these reports, DC function was impaired in 
patients with breast, head and neck, and lung cancer. The defective APC function in 
cancer patients was associated with the dramatic decrease of immunocompetent DCs 
in the peripheral blood and accumulation of cells lacking maturation markers 
(Almand et al. 2000).  

Our aims were to study the effects of lymphoma on DC differentiation and 
maturation and evaluate the input of such factors as tumor microenvironment and 
intravasation of tumor cells on APCs. The EL-4 lymphoma model was used and 
tumor cells were administrated intraperitoneally, subcutaneously, and intravenously. 

2. Experimental Procedures 

To detect the effects of route of tumor administration on function and phenotype of 
DCs, three groups of C57BL/6 mice (Taconic, USA; N = 6/group) were studied. 
Group A was injected intraperitoneally (IP), group B subcutaneously (SC), and 
group C intravenously (IV) in the tail vein with 105 syngeneic EL-4 lymphoma 
cells in 0.2 ml of PBS. Three animals from each group were killed on the 7th and 
14th day after lymphoma cell administration, and immunohistochemistry of lungs, 
livers, and spleens and of tumor tissue (in case of SC transplantation) was 
performed. Tumor-free mice were used as a control. All experiments were repeated 
and the results are given as mean ± SD. Differences between experimental and 
control values were assessed by Student’s t-test or ANOVA after evaluating for 
normal distribution. 

Murine bone marrow cells were obtained from flushed marrow cavities and 
depleted of B and T cells by incubating with anti-B220, anti-CD4, and anti-CD8 
monoclonal antibodies plus rabbit complement for 1 h at 37°C. After washing and 
removing adherent cells, enriched population of hematopoietic precursors were 
cultured in RPMI 1640 complete medium with 1000 U/ml GM-CSF and 1000 U/ml 
IL-4 (PeproTech, USA) for 6–7 days. 

For splenocyte isolation, the spleens were homogenized in RPMI 1640 medium 
and filtered through 70-µm nylon mesh (BD, USA), and red blood cells were 
removed with lysing buffer (Sigma, USA). Next, DCs and splenocytes were washed 
in PBS, and 3 × 105 cells/tube were suspended in FACScan buffer double stained for 

Immunohistochemical analysis of lymphoid and nonlymphoid tissues was 
performed using 4-µm cryostat sections, and after the application of avidin/biotin 
blocking kit (Vector Laboratories, USA) CD11c (PharMingen, USA), and NLDC-
145 (Serotec, USA), mAbs were used followed by biotinylated secondary mouse 
anti-rat antibodies (Jackson ImmunoResearch Laboratories Inc., USA). The color 
reaction was developed using the peroxidase chromogen kit (BioMega Corp., USA) 
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30 min with the following monoclonal antibodies (mAbs): IAb, CD86, CD80, CD40, 
CD11c, and CD11b (PharMingen, USA). Samples and the appropriate isotype-
matched controls were fixed in 2% PFA and analyzed on the FACScan (BD, USA). 
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and all sections were counterstained with hematoxylin. The number of positive cells 
per tissue sections was determined semiquantatively as follows: 0, no positive 
staining; +, weak but positive staining of scattered cells; ++, positive staining; ++++, 
strongly positive staining; and +++, a staining intensity between ++ and ++++. 

3. Results  

We have observed disseminated lymphoma growth upon IV administration, local 
growth upon SC, and partially circumscribed growth upon IP injection. After SC 
injection, EL-4 lymphoma cells disseminated in the skin and regional lymph nodes. 
Mice died on 24th–28th day after SC injection and no distant metastases were 
observed; the tumor was encapsulated and located at the place of injection. After IP 
administration of lymphoma cells, ascites was developed and tumor growth was 
restricted within the abdominal cavity and mesenteric lymph nodes. However, IV 
administration of tumor cells led to the systemic cell distribution, and on the 24th 
day after injection, we observed lymphoma infiltration in mesenteric, inguinal, and 
axillary lymph nodes, 10–20% of lymphoma cells in spleen, and tumor formation in 
the liver and, in some cases, in the kidneys.  

The results of the immunohistochemical analysis showed the increase in CD11c 
expression in the spleen 7 days after SC and IV lymphoma cell injections, in the 
lungs after IP and IV administration, and in the liver after IV administration (Table 1). 
On day 14, CD11c expression was decreased in the spleen and lymph nodes in all 
groups irrespectively of the route of administration but was increased in the liver 
upon IV administration. In the tumor tissues, CD11c+ cells were revealed in mice 
receiving SC injections of tumor cells on day 7 but were undetectable by day 14 
(Table 1). These data suggest marked redistribution of mature CD11c+ DC in tumor-
bearing host with significant attenuation of these cells with tumor progression. 
Furthermore, on day 14, expression of NLDC-145 (DEC205) increased in the spleen 
in IV and IP groups, while it decreased in SC group of mice. However, on day 14, 
expression of NLDC-145 decreased in the lymph nodes in all groups when compared 
with tumor-free control tissues (Table 1).  

The flow cytometry analysis of splenocyte phenotype revealed considerable 
decrease of IAb levels on splenic CD11c+ DC on day 7 after IV injection of 
lymphoma cells, while expression of the IAb was similar to control values upon SC 
and IP administration of tumor cells (Table 2; Figure 1). 

Interestingly, the phenotype of bone marrow-derived DCs differed substantially 
in all tumor-bearing groups when compared with tumor-free mice (Table 3). The 
dramatic decrease of IAb, CD80, CD86, CD11b, and CD11c expression on DCs was 
revealed in IV group, while 42% increase in CD86 and 73% increase in CD40 
expression was observed in DCs obtained from mice with Subcutaneously injected 
lymphoma cells. In addition, 35% increase in CD40 expression was shown in IP 
group (Table 3). 

Thus, expression of all tested markers on bone marrow-derived DCs (IAb, CD80, 
CD86, CD40, CD11b, and CD11c) obtained from mice after IV administration of 
tumor cells and associated with systemic tumor spreading and multiple  metastases was 
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significantly different from their expression on DCs obtained from mice after SC or 
IP administration of lymphoma cells (p < 0.001). These data suggest that the route of 
lymphoma cell administration determines the tumor effects on differentiation and 
maturation of DCs. 

 
TABLE 2.  FACScan analysis of splenocytes isolated 7 days after lymphoma cell administration 
through the different routes  
 

Expression of markers on spleen cells  Route of lymphoma cell 
administration IAb CD86 
Control 13.68 ± 1.07 0.18 ± 0.06 
SC 15.43 ± 2.03 0.21 ± 0.04 
IV 6.65 ± 0.80*** 0.16 ± 0.03 
IP 17.54 ± 2.62 0.27 ± 0.06 
     *** p < 0.001 vs. tumor-free controls. 
 

Markers 
CD11c NLDC-145 

 
 

Organs and 
route of tumor 
cell injection  

7th day of 
lymphoma 

growth 

14th day of 
lymphoma 

growth 

7th day of 
lymphoma 

growth 

14th day of 
lymphoma 

growth 
Spleen     

Control +++ +++ ++ ++ 
SC ++++ 0 ++ + 
IP +++ + ++ +++ 
IV ++++ ++ ++ +++ 

Lung     
Control 0 0 0 0 
SC 0 0 0 0 
IP + 0 0 0 
IV ++ 0 0 0 

Liver     
Control 0 0 0 0 
SC 0 0 0 0 
IP 0 0 0 0 
IV + + 0 0 

Lymph nodes     
Control ++ ++ +++ +++ 
SC – + – + 
IP – + – 0 
IV – + – 0 

Tumor:     
SC + 0 0 0 

 TABLE 1. Immunohistochemical analysis of dendritic cell (DC) markers in lymphoid and
non-lymphoid tissues in lymphoma-bearing and tumor-free mice  
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TABLE 3. Phenotype of bone marrow-derived dendritic cells (DCs) generated from 
hematopoietic precursors harvested from mice 14 days after lymphoma cell administration 
 

Expression of markers on DC (in %) Route of tumor 
injection IAb CD86 CD80 CD40 CD11b CD11c 
Control 42.9 ± 

1.5 
28.4 ± 

2.2 
28.1 ± 

3.9 
15.4 ± 

2.3 
38.1 ± 

1.9 
51.8 ± 

1.5 
SC 48.6 ± 

1.7* 
40.2 ± 
1.4* 

31.3 ± 
1.2 

26.7 ± 
2.9* 

31.0 ± 
1.5* 

50.7 ± 
1.5 

IV 21.5 ± 
1.1* 

15.4 ± 
1.8* 

17.7 ± 
2.0* 

14.9 ± 
1.5 

17.3 ± 
1.0* 

31.0 ± 
2.2* 

IP 49.4 ± 
2.1* 

32.9 ± 
3.0 

31.1 ± 
2.3 

20.8 ± 
1.3* 

39.4 ± 
2.9 

56.4 ± 
1.6* 

     * p < 0.05 vs. tumor-free controls. 

4. Discussion 

Although DCs are able to induce cytotoxic T lymphocyte reaction against tumors, there 
are a number of mechanisms by which tumor cells can avoid detection and destruction 
by the immune system. This includes downregulation of HLA class I expression on the 
surface of tumor cells, down-regulation of tumor antigen processing and expression, 
lack of costimulatory molecules on tumors cells, release of immunosuppressive factors, 
and other mechanisms (Platsoucas et al. 2003). Some of the tumor-derived factors, 
such as vascular endothelial growth factor (VEGF) (Gabrilovich et al. 1996a; Ohm and 
Carbone 2001), transforming growth factor-beta (TGF-β) (Weber et al. 2005), 
cyclooxygenase-2 (Sharma et al. 2003), IL-6 (Hegde et al. 2004), and IL-10 (Qin et al. 
1997; Yang and Lattime 2003), are able to downregulate the production and maturation 

FIGURE 1. Flow cytometric analysis of murine splenocytes isolated and purified from control 
(tumor-free) and lymphoma-bearing mice 7 days after tumor cell administration. Cells were 
stained for the expression of IAb and CD86 markers (  axis, columns 1 and 3 and 2 and 4, 
respectively) and CD11c (Y axis). 

X
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Site of the origin has been described as a prognostic factor that determines 
clinical outcome of some tumors, such as T cell lymphomas, an anaplastic large cell 
lymphoma, cutaneous diffuse large B cell lymphoma, and others (ten Berge  et al. 
2000; Goodlad et al. 2003; Ko et al. 2004). We showed here that the route of 
lymphoma cell administration determined the patterns of tumor growth and 
distribution: lymphoma disseminated predominantly to the skin and regional lymph 
nodes upon SC administration, migrated to mesenteric lymph nodes and abdominal 
organs upon IP administration, and spread to different organs after IV injection. 
Furthermore, our results revealed that the effect of lymphoma cells on DC 
maturation and distribution also depended on the route of tumor cell administration. 
We have observed significant decrease in IAb, CD80, CD86, CD11b, and CD11c 
expression on bone marrow-derived DCs and lowering of IAb levels on splenic 
CD11c+ DCs after IV administration of lymphoma cells. CD80 (B7-1) and CD86 
(B7-2) are important costimulatory molecules in DC–T cell interaction (Caux et al. 
1994). A low level of B7 molecules on DC in patients with cancer, however, may 
play a certain role in tumor evasion of host defencses (McKechnie et al. 2004). 

CD11c is usually expressed at high density on DCs and is considered to be a 
marker of bone marrow-derived DCs (Hart 1997). The slight increase in CD11c 
expression on day 7 after lymphoma cell injection might be associated with DC 
activation, which was abrogated with tumor progression to day 14. Increase in 
NLDC-145+ cell numbers in the spleen on day 14 after IP and IV injection of EL-4 
cells may be due to the increase in infiltration macrophages of that also express 
NLDC-145 molecules (Hart 1997). 

Therefore, DC differentiation and maturation were downregulated upon IV 
injection of lymphoma cells, although some characteristics of DC activation were 
seen in mice that received SC or IP injections of EL-4 cells. These observations may 
reflect an initiation of the immune response in a more favorable microenvironment 
for DCs after SC or IP inoculations of tumor cells. Inhibition of DCs shown upon IV 
administration of tumor cells can be explained by the more aggressive and 
generalized disease process as lymphoma cells spread and disseminate to many 
organs. Thus, intravascular location of the lymphoma cells leads to the inhibition of 
DC maturation and activation and thus may result in the failure of immune 
surveillance and therefore worse clinical prognosis of the lymphoma process. Our 
findings are in agreement with Ferreri et al. (2004), who analyzing intravascular 
lymphoma, characterized by a predominant growth within the lamina of blood 
vessels, reported that patients with the disease limited to the skin (“cutaneous 
variant”) exhibited a significantly better outcome and improved survival. 

In summary, our results demonstrate that the effects of lymphoma cells on DC 
differentiation, activation, and distribution in vivo depend on the route of lymphoma 
cell inoculation and that IV administration of tumor cells induced the strongest 
downregulation of DC maturation. These data also suggest that antitumor immune 
response may significantly depend on the route of tumor cells administration, which 
will be a crucial notion for designing and testing novel tumor cell vaccines. 

of DCs or to induce DC apoptosis. More aggressive tumors induce higher levels of DC 
apoptosis and, therefore, more significant inhibition of antigen recognition, processing, 
and presentating by APCs, which are necessary for the initiation and maintenance of 
effective antitumor immune response (Esche et al. 1999). 
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Abstract. Angiogenesis, or generation of new blood vessels from pre-existing vessels, is an 
integral part of many physiological or pathological processes, including tumor growth. Physio-
logical angiogenesis is a complex process controlled by different proangiogenic as well as 
antiangiogenic factors. For angiogenic induction, the balance between these pro- and anti-
angiogenic factors in the microenvironment has to shift in favor of proangiogenic factors, 
either by upregulation of these pro-angiogenic factors or by downregulation of angiogenic 
inhibitors. Proinflammatory cytokines, such as IL-1 and TNFα, were found to be major pro-
angiogenic stimuli of both physiological and pathological angiogenesis. The IL-1 family 
consists of pleiotropic proinflammatory and immunoregulatory cytokines, namely, IL-1α and 
IL-1β, and one antagonistic protein, the IL-1 receptor antagonist (IL-1Ra), which binds to IL-1 
receptors without transmitting an activation signal and represents a physiological inhibitor of 
preformed IL-1. Previously, we described an important role for microenvironment IL-1, 
mainly IL-1β, in tumor angiogenesis.  In this chapter, we analyze the role of microenviron-
ment host- and tumor cell-derived IL-1 on angiogenesis and the role of inflammation in patho-
logical angiogenesis. 

1. Introduction 

Angiogenesis comprises the formation of new capillaries from pre-existing vessels 
by endothelial cell migration and proliferation (Carmeliet and Jain 2000; Carmeliet 
2003). This represents a complex series of events that include the local degradation 
of the basement membrane, directional migration of the underlying endothelial cells, 
invasion of the surrounding stroma, endothelial cell proliferation, capillary tube 
morphogenesis, coalescence of small capillaries into larger vessels, vascular pruning, 
and acquisition of a periendothelial coating. The angiogenic process has been con-
sidered to represent the outcome of a straightforward interaction of angiogenic fac-
tors with specific signaling receptors of the endothelial cell surface (Folkman and 
D’Amore 1996; Folkman 2003). Endothelial cells may be quiescent and inactive 
during months or years, and only upon angiogenic activation, they proliferate.  The 
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loss of quiescence is a common feature of different conditions, such as inflammation, 
atherosclerosis, restenosis, angiogenesis, and various types of vasculopathies, and 
might be a pathogenic mechanism, linking different diseases that are associated with 
endothelial cell activation.  Blood vessel formation is downregulated in the healthy 
adult, compared to the embryo, and is manifested in steady-state homeostasis mainly 
in the female menstrual cycle and in wound healing or in pathological conditions. 
These include chronic inflammation, diabetic retinopathy, brain and myocardial 
infarction, other forms of severe ischemia and tissue damage, and tumor growth, 
when angiogenesis is induced by microenvironment factors in response to hypoxia 
(reviewed in Hanahan and Folkman1996; Carmeliet 2003; Fiedler and Augustin 
2006). 

Cross-talk between endothelial cells and microenvironment cellular elements (fi-
broblasts and other stromal cells and leukocytes) is a key mechanism of the angio-
genic response, in both physiological and pathological conditions. In situ, in hypoxia, 
the net balance between pro- and antiangiogenic factors induces or inhibits the an-
giogenic switch. Proangiogenic factors include vascular endothelial growth factor 
(VEGF), platelet-derived growth factor, basic fibroblast growth factor, and pro-
inflammatory molecules, while antiangiogenic factors include thrombospondin-1, 
interferon α/β, angiostatin, and endostatin. Inflammatory cells are major players in 
angiogenesis, as they secrete various cytokines and chemokines and induce the ex-
pression of adhesion molecules, thus affecting the physiology of endothelial cells. 
Thus, a close connection between inflammation and angiogenesis has been suggested 
in different experimental models and in patients (see below). Although previously it 
was thought that new blood vessel growth in the adult occurs only through angio-
genesis, which is defined as the sprouting of new vessels from existing structures, it 
has now become widely recognized that circulating endothelial progenitor cells 
(EPCs) and other bone marrow-derived precursor cells can be recruited to injured 
ischemic tissue and form new blood vessels through a process of postnatal vascu-
logenesis (Moldovan and Asahara 2003; Ishikawa and Asahara 2004; Asahara and 
Kawamoto 2004). These hemopoietic precursor cells can either differentiate into 
endothelial cells that are incorporated into newly formed blood vessels or serve as 
accessory cells for the process of blood vessel formation (Murayama et al. 2002; 
Rafii et al. 2002). Studies on the mechanism of neovasculogenesis have only recently 
started to emerge. 

2. IL-1 and Inflammation 

IL-1 is a pleiotropic cytokine that is mainly involved in inflammation, immune regu-
lation, and hemopoiesis. Three major gene products of the IL-1 family have been 
thoroughly studied, two agonistic proteins, namely, IL-1α and IL-1β, and one an-
tagonistic protein, the IL-1 receptor antagonist (IL-1Ra). IL-1Ra, which binds to IL-1 
receptors without transmitting an activation signal, represents a physiological inhibi-
tor of preformed IL-1 (reviewed in Dinarello 1996; Apte and Voronov 2002; Apte 
et al. 2006 a, b). 
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Many cell types produce and secrete IL-1α, IL-1β, and IL-1Ra upon activation 
with microbes, microbial products, cytokines, and other environmental stimuli.  
Mononuclear cells secrete the highest levels of IL-1α and IL-1β, whereas non-
phagocytic cells secrete IL-1 in only a very limited fashion, mainly IL-1β. As IL-1α 
is secreted to a much lesser extent than IL-1β, even in activated macrophages, it is 
not commonly detected in body fluids, except in severe inflammatory responses, in 
which case it is probably released by necrotizing cells.   

Secreted IL-1 (mainly IL-1β), at low local doses, induces limited inflammatory 
responses followed by activation of specific immune mechanisms, while at high 
doses, broad inflammation accompanied by tissue damage and tumor invasiveness is 
evident (Song et al. 2003).  

In distinct experimental systems, the association between neoangiogenesis and 
inflammation has been established and proinflammatory cytokines were shown to be 
involved in the control of angiogenesis, mainly by affecting endothelial cell prolif-
eration and function. Of special relevance to angiogenesis are IL-1 and TNFα that 
are considered as “alarm cytokines”; they are generated by macrophages immedi-
ately after confronting inflammatory stimuli. IL-1 and TNFα cause inflammation, 
but more importantly, they induce the expression of proinflammatory genes in di-
verse stromal/inflammatory cells, which ultimately results in a local cascade of cyto-
kines and small effector molecules that propagate and sustain inflammation (re-
viewed in Dinarello 1996; Balkwill 2002; Apte and Voronov 2002; Apte et al. 
2006a,b). Of major importance are cyclooxygenase type 2 (COX-2), inducible nitric 
oxide synthase (iNOS), IL-6, and other cytokines/chemokines. In addition, IL-1 and 
TNFα increase the expression of adhesion molecules on endothelial cells and leuko-
cytes, which promote leukocyte infiltration from the blood into tissues. IL-1 was 
shown to affect the physiology of endothelial cells, directly or through other  
cytokines and other proangiogenic molecules that it induces, for example, VEGF 
(Mantovani and Dejana 1989; Ben-Av et al. 1995; El Awad et al. 2000; Jung et al. 
2001). The effects of IL-1 on neovasculogenesis are less characterized. However, IL-
1 has pronounced and diverse effects on hemopoiesis, especially myelopoiesis, in the 
bone marrow and in extramedullary sites that are possibly involved in neovascu-
logenesis (Apte et al. 2006a,b). 

3. IL-1 and Tumor Angiogenesis 

The tumor microenvironment consists of malignant cells, immune, stromal, and 
inflammatory cells, all of which produce cytokines, growth factors, and metallopro-
teinases and induce expression of adhesion molecules that could promote tumor 
angiogenesis, progression, and metastasis. IL-1 is an abundant mediator at tumor 
sites, being produced by stromal/inflammatory cells, as well as by the malignant 
cells.  In experimental tumors and in cancer patients, a positive correlation between 
local levels of IL-1, tumor invasiveness, and poor prognosis has been established 
(Apte et al. 2006a,b). We have shown that malignant cells overexpressing and secret-
ing IL-1β are more invasive and metastatic than the parental cells (Song et al. 2003). 
IL-1β of tumor cell origin was shown to potently promote tumor angiogenesis, which 

267 



Elena Voronov et al. 
 
largely account for the malignant phenotype of the cells.  In addition, tumor-cell 
derived IL-1β was shown to promote extramedullary expansion of immature myeloid 
cells (Gr1+/CD11b+) that, on the one hand, induce tumor-mediated suppression and, 
on the other hand, were recently shown to promote angiogenesis by mechanisms not 
yet understood (Song et al. 2005). We have shown the critical role of microenviron-
ment-derived IL-1β in the process of carcinogenesis and tumor invasiveness (Song  
et al. 2003, 2005; Krelin et al. 2007). Thus, IL-1β-deficient mice were much less 
susceptible to the development of fibrosarcomas than control mice, following treat-
ment with the carcinogen 3-methylcholantrene (MCA). This was evidenced by rela-
tively low frequency of tumors and the long lag period before tumor development. 
On the contrary, mice lacking the natural inhibitor of IL-1, the IL-1 Ra, developed 
tumors more quickly than did control mice. In the process of 3-MCA carcinogenesis, 
IL-1β-induced inflammatory responses consisted initially of neutrophils and later of 
macrophages and were directly correlated to tumor development. The role of IL-1β 
in tumor invasiveness was manifested by the inability of transplantable tumor cell 
lines to develop tumors in IL-1β-deficient mice, mainly due to the failure of inducing 
the angiogenic switch (Voronov et al. 2003). Most strikingly, 3-MCA-induced  
fibrosarcoma cells from IL-1β-deficient mice failed to form tumors in control mice, 
due to the inability to initiate an IL-1-dependent inflammatory response. Thus, IL-1β 
of both the malignant cell and the host are essential for tumor invasiveness, largely 
through inducing a local inflammatory response that promotes angiogenesis and 
other phenomena characteristic of the malignant process. IL-1α, which is largely 
cell-associated and almost not secreted, is less important for carcinogenesis and 
tumor invasiveness. 

The IL-1Ra has been routinely used for alleviating clinical symptoms of rheuma-
toid arthritis patients, due to its anti-inflammatory features. We have hypothesized 
that it also has the potential to intervene in tumor growth. Indeed, we have shown 
that treatment of tumor-bearing mice with IL-1Ra, in controlled-release systems, 
reduced tumor growth and angiogenesis (Bar et al. 2004). These results were also 
confirmed by others (Elaraj et al. 2006). 

In conclusion, we have demonstrated the role of secretable IL-1 in carcinogenesis 
and tumor invasiveness and have applied the basic findings to a cancer treatment 
protocol based on the application of the IL-1Ra. This is advantageous as IL-1 is an 
upstream inflammatory mediator that induces in the tumor’s microenvironment many 
products with redundant proangiogenic function. Thus, neutralizing a single mole-
cule, secretable IL-1, has potential to prevent the inflammatory and angiogenic cas-
cade in the malignant process. Studies are being performed to optimize the use of the 
IL-1Ra as an anticancer agent, in aim to use it at the bedside in cancer patients. 
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Abstract. We have developed a modification of the ELISPOT assay that measures Gran-
zyme B (GrB) release from cytotoxic T lymphocytes (CTLs). The GrB ELISPOT assay is a 
superior alternative to the 51Cr-release assay since it is significantly more sensitive and 
provides an estimation of cytotoxic effector cell frequency.  Additionally, unlike the IFN-γ 
ELISPOT assay, the GrB ELISPOT directly measures the release of a cytolytic protein. We 
report that the GrB ELISPOT can be utilized to measure ex vivo antigen-specific cytotoxic-
ity of peripheral blood mononuclear cells (PBMCs) from cancer patients vaccinated with a 
peptide-based cancer vaccine. We compare the reactivity of patients’ PBMCs in the GrB 
ELISPOT, with reactivity in the tetramer, IFN-γ ELISPOT and chromium (51Cr)-release 
assays.  Differences in immune response over all assays tested were found between patients, 
and four response patterns were observed.  Reactivity in the GrB ELISPOT was more 
closely associated with cytotoxicity in the 51Cr-release assay than the tetramer or IFN-
γ ELISPOT assays. We also optimized the GrB ELISPOT assay to directly measure immune 
responses against autologous primary tumor cells in vaccinated cancer patients. A perforin 
ELISPOT assay was also adapted to evaluate peptide-stimulated reactivity of PMBCs from 
vaccinated melanoma patients. Modifications of the ELISPOT assay described in this chap-
ter allow a more comprehensive evaluation of low-frequency tumor-specific CTLs and their 
specific effector functions and can provide a valuable insight into immune responses in 
cancer vaccine trials. 

1. Immunological Assays for Monitoring Cancer Vaccine Trials 

Active specific immunotherapy is a promising but investigational modality in the 
management of cancer patients. Currently, several cancer vaccine formulations 
such as peptides, proteins, antigen-pulsed dendritic cells, and whole tumor cells, 
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in combination with various adjuvants and carriers are being evaluated in clinical 
trials (Wang and Rosenberg 1999; Rosenberg 2001; Kwak 2003). Monitoring T 
cell responses in the course of clinical trials is widely used to assess the efficacy 
of cancer immunotherapy. Selection of an ex vivo monitoring method that pro-
vides the best measure of immune reactivity is important in determining correla-
tions between clinical and immunological responses to specific immunotherapy. 
Standard immunological assays, such as cytokine induction and cell prolifera-
tion, can detect immune responses in vaccinated patients but are not suitable for 
evaluation of individual effector cell reactivity. The chromium-release assay 
(51Cr-release) has long been the standard assay to measure natural killer (NK) 
and cytotoxic T lymphocyte (CTL) cytotoxicity; however, the traditional 51Cr-
release assay provides only semiquantitative data unless limiting dilution assays 
are performed and has a relatively low level of sensitivity. The tetramer assay 
identifies the number of epitope-specific CTLs (Altman et al. 1996), but to quan-
titate functional cells, it should be combined with intracellular cytokine staining.  
Assays that can monitor both CTL frequency and function, such as the IFN-γ 
ELISPOT assay, have gained increasing popularity for monitoring clinical trials 
(Scheibenbogen et al. 1997 a, b; Keilholz et al. 2002). The ELISPOT assay, a 
modification of the ELISA, utilizes antibody-coated membranes to detect locally 
secreted cytokines or other immune proteins by individual cells. The release of 
immune proteins from activated cells results in spot formation. At appropriate 
cellular concentrations, each spot formed represents a single reactive cell. Thus, 
the ELISPOT assay provides both qualitative (type of immune protein) and quan-
titative (number of responding cells) information. The assay is both reliable and 
highly sensitive as its detection limit is 1/105 peripheral blood mononuclear cells 
(PBMCs). However, the IFN-γ ELISPOT assay is not an exclusive measure of 
CTL activity as non-cytotoxic cells can also secrete IFN-γ (Bachmann et al. 
1999).  Additionally, CTLs with lytic activity do not always secrete IFN-γ.  A 
more relevant approach to assess functional activity of CTLs would be to meas-
ure the secretion of molecules associated with lytic activity. 

2. Granzyme B ELISPOT Assay as an Alternative to 51Cr Release 

One of the major mechanisms of cell-mediated cytotoxicity involves exocytosis of 
preformed granules from the effector toward the target cell. These granules contain a 
number of cytotoxic proteins, including the pore-forming protein perforin and a 
family of serine proteases called granzymes, including Granzyme B (GrB).  Gr B and 
perforin are present mainly in the granules of CD8+ CTL and NK cells and the re-
lease of these factors in response to the appropriate target may be used as a surrogate 
to evaluate cell-mediated cytotoxicity. 

274 



29. New Approaches for Monitoring CTL Activity in Clinical Trials

native to the 51Cr-release assay for measuring antigen-specific CTLs (Shafer-Weaver 
et al. 2003). We generated αFMP-CTL as a clinically relevant model system to as-
sess whether the GrB ELISPOT assay can reliably detect effector cell responses to 
specific peptides. We found excellent correlation between GrB release in the 
ELISPOT assay and cytotoxicity in the 51Cr-release assay Figure 1. 
 To evaluate specificity of the assay, we tested CTL reactivity against FMP-pulsed 
C1R.A2 (specific targets) as well as nonpulsed and MART-1-pulsed C1R.A2 cells 
(nonspecific targets) in the GrB ELISPOT assay. K562 were utilized as a control for 
NK activity (data not shown). GrB secretion was antigen specific as only wells with 
CTLs and FMP-pulsed CIR.A2 contained a substantial number of spots Figure 2. To 
further confirm that we were measuring CTL activity, we removed CD8+ cells from 
the cultures using anti-CD8 mAbs and magnetic beads. After depletion, the percent-
age of CD8+ cells in the cultures was decreased from 24.8 ± 2.9% to 2.7 ± 0.4%. GrB 
secretion was assessed for both total and CD8+-depleted CTL cultures. With CD8+ 
cell depletion from the CTL cultures, there was almost complete abrogation of GrB 
measured in the ELISPOT. This demonstrates that CTLs are the main producers of 
GrB and confirm the specificity of the GrB ELISPOT assay.   

 Unlike the IFN-γ ELISPOT, which is widely utilized, the application of the GrB 
ELISPOT for monitoring clinical trials has been limited. The GrB ELISPOT assay 
was previously shown to measure GrB release by GrB-transfected CHO cells, T cell 
lines, and PBMCs from patients with AIDS (Rininsland et al. 2000; Kleen et al. 
2004). Our laboratory assessed whether the GrB ELISPOT assay was a viable alter-

FIGURE 1. Granzyme B release in the ELISPOT assay correlates with cytotoxicity in the 51Cr-
release assay. Human anti-FMP-CTLs (7-day culture) were used as effector cells. Target cells 
were C1R.A2 pulsed with FMP. Closed squares, GrB ELISPOT; open squares, 51Cr-release 
assay. Representative experiment is shown. 

275 



Anatoli Malyguine et al. 
 

frequently there are limited numbers of patients’ cells available. The ELISPOT as-
says also enumerate antigen - specific lymphocyte frequency by measuring secretion 
of a specific immune protein.  Additionally, problems associated with the labeling 
efficiency of targets are not a concern with the ELISPOT assays. Therefore, the GrB 
assay is a superior alternative to the 51Cr-release assay to assess a CTL response.  
Moreover, unlike the IFN-γ ELISPOT assay, the GrB ELISPOT directly measures 
the release of a cytolytic protein. Detection of low-frequency tumor-specific CTLs 
and their specific effector functions can provide a valuable insight in to immunologi-
cal responses.  

 
FIGURE 2. Specificity of Granzyme B (GrB) secretion by αFMP-CTL in the ELISPOT assay.  
Human αFMP-CTL (7-day culture, 5 × 103 cells/well) were run alone or against various target 
cells (5 × 104 cells/well): C1R.A2, C1R.A2 pulsed with 5 µg/ml FMP or C1R.A2 pulsed with 
3 μM MART-1. Effector and target cells were incubated for 4 h at 37°C. Image from the plate 
scan generated by the CTL Analyzer is shown.  

3. Advantages of the ELISPOT Method  

Although the assays correlated, there are numerous advantages in utilizing the 
ELISPOT assays over the standard 51Cr-release assay. The ELISPOT assays use a 
lower number of effector cells to accurately assess activity.  The high sensitivity and 
specificity of the ELISPOT assays are beneficial for monitoring clinical trials where 
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several factors including the specificity, functional quality, and the magnitude of the 
induced antitumor T cell response. Therefore, we compared peptide-stimulated reac-
tivity of PMBCs from vaccinated cancer patients in the GrB and IFN-γ ELISPOT 
assays as well as in the tetramer and 51Cr-release assays. PBMCs from melanoma 
patients vaccinated with an HLA-A2*0201 binding peptide from the gp100 protein 
(gp100:209-2M) were utilized. 
 Four distinct response patterns were observed among the sixteen patients tested 
Figure 3.  Five of the 16 patients were unresponsive in all four assays. Eleven re-
sponsive patients could be further categorized.  Four were positive in all four assays, 
three were positive in the tetramer, IFN-γ, and GrB ELISPOT assays, and four were 
positive in only the tetramer and the IFN-γ assays.  These data patterns demonstrate 
that vaccination can elicit differences in immune responses among patients. Correla-
tions between the tetramer, IFN-γ GrB ELISPOT, and the 51Cr-release assays dif-
fered. The IFN-γ and tetramer assays perfectly correlated (Phi Coefficient = 1.00, p < 
0.0001), whereas the GrB ELISPOT assay was significantly associated with all three 
of the other assays (p values of 0.015, 0.015, and 0.0059 with tetramer, IFN-γ 
ELISPOT, and 51Cr-release assays, respectively). Moreover, the 51Cr-release assay 
significantly correlated only with the GrB ELISPOT. Although a limited number of 
patients were analyzed and direct comparisons were not made to clinical outcomes, 
the particular vaccination schema did not seem to correlate to discrete immune re-
sponses. Differences in the resulting vaccination-induced immune responses most 
likely are due to patient variation. Regardless, it may be speculated that vaccination 
is inducing the generation of different populations of effector cells or that the same 
effector cells are undergoing differentiation over time due to vaccination. Prelimi-
nary findings utilizing in vitro stimulated CTLs in a simultaneous GrB and IFN-γ 
dual-color ELISPOT approach show distinct populations of IFN-γ-secreting, GrB- 
secreting, or dual-secreting (both IFN-γ and GrB) populations in response to rele-
vant peptide stimulation (unpublished data).   
 Previous research has demonstrated shifts in T cell phenotype from naïve to an 
activated/effector phenotype after continued vaccination.  Tetramer-positive CD8+ T 
cells from melanoma patients vaccinated with g209 peptide maintain an effector 
memory phenotype after 1 year postvaccination (Powell and Rosenberg 2004). How-
ever, only CCR7–CD45RA–CD45RO+ tumor antigen-specific T cells produced IFN-γ 
and lysed tumor cells (Dunbar et al. 2000; Valmori et al. 2002). Although pheno- 
typic analysis was not performed in our study, the functional data suggest that
vaccination induced the generation of effector memory cells in some but not
all patients. Significantly more antigen-specific T cells produced IFN-γ than GrB,

4. Application of the Gr B ELISPOT Assay for Monitoring 
Clinical Samples 

4.1. CTL Reactivity to Cancer Vaccine Components 

We further investigated whether the GrB ELISPOT assay can be applied to monitor 
the frequency and activity of CTL in PBMCs from patients with cancer (Shafer-
Weaver et al. 2006).  The clinical efficacy of cancer vaccines is likely to depend on 
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ponents does not necessarily equate to recognition and elimination of tumor cells. 
Accordingly, immunological assays that demonstrate recognition of native tumor cells 
(tumor-specific) may be more clinically relevant than assays that demonstrate recogni-
tion of tumor protein or peptide (antigen-specific). We tested antigen-specific CTL 
responses against autologous primary tumor cells in vaccinated cancer patients. We 
utilized PBMCs directly isolated from follicular lymphoma patients vaccinated with 
tumor-derived idiotype (Id) protein as a model system because Id vaccination has been 

FIGURE 3. Granzyme B and IFN-γ release in the ELISPOT assays by peripheral blood mono-
nuclear cells (PBMCs) from gp100:209-2M-vaccinated melanoma patients, cytotoxicity in the 
51Cr-release assay and tetramer data (Collaboration with Dr. Rosenberg). Patient PBMCs 
obtained before and 3 weeks after each vaccination (Post 1–4). Tetramer data were obtained 
by Surgery Branch (NCI) and shown as the number of tetramer-positive cells per 104 CD8bright 
T cell. IFN-γ and GrB ELISPOT values are average number of IFN-γ - or GrB-secreting cells 
per 105 effector cells. The 51Cr-release assay data are presented as percent specific lysis at E:T 
ratio of 50:1. The data presented are a representative patient for each pattern of response cate-
gory.  Closed squares, tetramer assay; open squares, IFN-γ ELISPOT assay; closed triangles, 
GrB ELISPOT assay; open triangles, 51Cr-release assay. 

 

cells as surrogate T cell targets.  However, demonstration of reactivity to vaccine com-

suggesting that in addition to the magnitude of the immune response, the type of
of immune response generated to peptide vaccination may also be important. 

4.2. CTL Reactivity to Primary Tumors 

The ELISPOT assay has been primarily used for the detection of T cell responses 
against vaccine components by using peptide- or protein-pulsed antigen-presenting 
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recognize and mount an immune response to tumor cells. PBMCs from several can-
cer patients vaccinated with Id secreted significant amounts of GrB when stimulated 
with autologous tumor cells but not normal B cells (Figure 4).  Direct cyotoxicity 
was not assessed for these samples because primary tumor cells cannot be labeled 
efficiently with 51Cr. Therefore, the GrB ELISPOT is a viable alternative to measure 
CTL cytotoxic ability against primary tumors. 

4.3. Additional Applications of GrB ELISPOT  

The role of GrB in immune surveillance and rejection of tumors is still controversial.  
Rejection of spontaneous or experimental tumors by CTLs in mice was recently 
shown to be independent of GrB secretion (Smyth et al. 2000, 2003). These findings 
are in contrast to numerous studies in which GrB contributes to controlling tumors in 
vivo (Sayers et al. 1992; Motyka et al. 2000; Davis et al. 2001; Medema et al. 2001; 
Smyth et al. 2001). Regardless of the role of GrB in cell-mediated killing, GrB ex-
pression is mainly restricted to cytolytic cells, and therefore, the release of GrB is a 
more specific measure of CTL than IFN-γ.  

FIGURE 4.  Granzyme B (GrB) secretion in ELISPOT assay by patients’ peripheral blood 
mononuclear cells (PBMCs) vaccinated with Id and stimulated in vitro with CD40L-activated 
autologous follicular lymphoma cells. Pre- and postvaccine PBMC samples (1 × 105 cells/well) 
were cocultured with either autologous sCD40Lt-activated follicular lymphoma tumor cells or 
activated normal B cells (2 × 105 cells/well) for 24 h (GrB) or 48 h (IFN-γ) ELISPOT assays. 
Black bars, response to normal autologous B cells; gray bars, response to tumor cells. Data are 
presented as spots per 1 × 105 PBMCs and is representative of three separate experiments. 

shown to induce tumor-specific T cell responses, including IFN-γ secretion in the 
ELISPOT assay (Malyguine et al. 2004) in these patients.   
 In this study, PBMCs isolated prior to vaccination and at subsequent time points 
throughout the vaccination schema were stimulated with patient tumor cells (rele-
vant) or normal B cells (irrelevant) in the GrB assay.  Our findings demonstrated that 
the GrB ELISPOT assay can be successfully applied to enumerate CTLs that can 
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T lymphocytes from two of five nonvaccinated hepatocellular carcinoma patients 
produced GrB against the NY-ESO-1b peptide (Shang, et al. 2004). Additionally, 
immunization of patients with acute myeloid leukemia led to increased GrB secretion 
in the ELISPOT assay but only after patients’ PBMCs were prestimulated for 8 days 
with specific peptide or Id (Hasenkamp et al. 2006). 
 Our study utilized the GrB ELISPOT assay to evaluate the response of PBMCs 
(no preactivation) from cancer patients vaccinated with an MHC I-restricted peptide.  
We demonstrated that antigen-specific CTLs can be enumerated directly from pe-
ripheral blood samples without further in vitro manipulation including cell enrich-
ment, expansion, or prolonged stimulation. This is an important finding because in 
vitro stimulation can hinder the accuracy of monitoring the frequency, phenotype 
and functions of T cells elicited to vaccination in vivo (Faure et al. 1998; thor Straten 
et al. 2000). Therefore, the GrB ELISPOT can directly assess vaccine-specific T cell 
frequency in vivo. Additionally, the 51Cr-release assay significantly correlated only 
with the GrB ELISPOT, demonstrating that the GrB ELISPOT is a viable alternative 
for clinical monitoring of T cell cytolytic ability. 

5. Development of a Perforin ELISPOT Assay 

As mentioned earlier, one of the major mechanisms of cell-mediated cytotoxicity 
involves exocytosis of cytoplasmic granules from the effector toward the target cell. 
The granules contain, among others, the pore-forming protein perforin that is present 
mainly in the granules of CD8+ CTL and NK cells (Trinchieri and Perussia 1984; 
Masopust et al. 2001), and therefore, similar to GrB, the release of this factor in 
response to the appropriate target may also be used to evaluate cell-mediated cyto-
toxicity by specific antitumor CTLs generated by vaccination. Since the release of 
perforin facilitates GrB entry into the target cell and its subsequent cytoxic effector 
functions (Froelich et al. 1996; Jans et al. 1996; Shi et al. 1997; Smyth et al. 2001; 
Trapani and Smyth 2002), perforin may be a better measure of overall cytolytic 
capability. Currently, the perforin ELISPOT assay has only been used to evaluate 
anti-viral immunity (Zuber et al. 2005; Burton et al. 2006). We compared peptide-
stimulated reactivity of PMBCs from vaccinated cancer patients in the Perforin and 
GrB ELISPOT assays. PBMCs from melanoma patients vaccinated with an HLA-
A2*0201 binding peptide from the gp100 protein (gp100:209-2M) were utilized as 
effectors. Our preliminary data show that perforin release by PBMCs from vacci-
nated melanoma patients correlated with GrB release Figure 5.  Further comparison 
of these assays using more clinical samples may help us understand their relative 
values for immunological monitoring.

Currently, limited studies have utilized GrB ELISPOT assay to measure immune 
responses in cancer patients. In one study, CD4+ T lymphocytes from one melanoma 
patient vaccinated with MHC II-restricted MART-1 peptide secreted GrB in the 
ELISPOT assay after ex vivo stimulation (Wong et al. 2004). In another study, CD8+ 
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It is important to emphasize that the 51Cr-release assay and the ELISPOT assays 
measure different aspects of cell-mediated killing—target cell death and effector cell 
function, respectively. Therefore, these assays do not replace each other but could be 
used in concert. We believe even though the GrB and perforin ELISPOT assays 
indirectly measure cytolytic activity, they are still preferential for clinical monitoring 
because they provide both quantitative and qualitative information, are more sensi-
tive than 51Cr-release assay, utilize lower numbers of cells, and do not require target 
cell labeling that could be problematic in the clinical setting. 
 The particular immunological responses following vaccination needed for an 
effective response against cancer have not been fully elucidated.  Detailed knowl-
edge of specific immune responses that correlate with positive clinical outcomes will 
help identify better strategies to effectively activate the immune system against tu-
mors. Taken together with published data, our results show that the simultaneous use 
of the ELISPOT assay with other immunological assays may provide additional 
immunological insight into patient responses to cancer vaccines.   

FIGURE 5. Secretion of perforin and Granzyme B in the ELISPOT assays by PBMCs from 
gp100:209-2M vaccinated  melanoma patients. Patient PBMC obtained before (Pre) and 3 
weeks after each vaccination (Post 1–2). ELISPOT values are average number of perforin- or 
GrB-secreting cells per 1 × 105 effector cells. Representative experiment shown.   
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Abstract. Cellular immunity plays a central role in immune response to chlamydial infection, 
and soluble forms of immune cell membrane antigens take part in the regulation of immune 
response. Using an immunoenzymatic method, we determined serum levels of soluble HLA 
molecules (sHLA-I and sHLA-DR) and soluble CD25 molecules (sCD25) in patients with 
genital chlamydial infection. Specimens from patients with nonspecific inflammation of the 
urogenital tract were studied and healthy volunteers served as controls. We revealed that 
serum levels of sHLA-DR and sCD25 increased 3.5- and 2.3-fold, respectively, during chla-
mydial infection, while the levels of sHLA-I were not changed. Nonspecific inflammation of 
the urogenital tract was characterized by a 1.5-fold increase in sHLA-I, a 1.6-fold decrease in 
sCD25, and no changes of sHLA-DR levels in comparison with healthy volunteers. We con-
cluded that Th1 immune responses might dominate during genital chlamydial infection con-
trary to the state of nonspecific inflammation of urogenital tract. 

1. Introduction 

The obligate intracellular bacterium Chlamydia trachomatis is the etiological agent 
of a common sexually transmitted disease—genital chlamydial infection. The fre-
quent insidious infections and the increasing incidence of severe irreversible compli-
cations, which may be the first symptoms of an infection, support the rising concern 
that genital chlamydial disease poses a major threat to human reproduction and well-
being. The central role in immune response to chlamydial infection is played by 
immune cells. Activation of T cells in the genital mucosa involves obligatory inti-
mate interaction with accessory infected and noninfected cells via the cell surface 
molecules that include the gene products of the major histocompatibility complex 
(MHC), coreceptors, costimulatory, adhesion molecules, and receptors for cytokines. 
A detailed knowledge of the precise role of each of these cellular and molecular 
mechanisms in the overall host response against chlamydia is important for under-
standing the immune response to this disease. 
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MHC molecules on the cell surface present antigen peptides to T cell receptors. 
However, HLA class I and II molecules may be found in both membrane-bound and 
soluble forms. The mechanisms of appearance of soluble HLA class I and class II 
molecules (sHLA-I and sHLA-DR, respectively) involves the shedding of full-length 
molecules containing the hydrophobic transmembrane region, proteolytic cleavage 
from the cell surface, and alternative splicing of mRNA (Claus et al. 2000). Other 
membrane proteins may also be seen in a soluble form. Indeed, IL-2 receptor has a 
soluble form (sCD25), which binds with IL-2 and prevents its binding to the mem-
brane IL-2 receptor (CD25). Increased expression of sHLA-I, sHLA-DR, and sCD25 
may be associated with cell activation, and elevated serum levels of these molecules 
were found in different diseases (Symons et al. 1988; Brieva et al. 1990; Moore et al. 
1997; Aultman et al. 1999). Increased production of soluble forms of MHC and  
IL-2R molecules might served as a sign of immune activation (Dummer et al. 1992; 
Carbone et al. 1996), and alterations of their concentrations in serum may be associ-
ated with bacterial infections, as was reported in patients with active pulmonary 
tuberculosis and syphilis (Inostroza et al. 1994; Vyasmina et al. 2001).  

The aim of this study was to assess serum levels of sHLA-I, sHLA-DR, and 
sCD25 in patients with genital chlamydial infection and control patients with non-
specific inflammation of the urogenital tract. 

2. Experimental Design 

Thirty-five serum samples from patients with urogenital chlamydiosis and 33 serum 
samples from patients with nonspecific urogenital inflammation were studied. All 
patients were negative for HBV, HCV, syphilis, HIV, mycoplasma, ureaplasma, 
herpes simplex, cytomegalovirus, and gonorrhea. Serum samples from 151 healthy 
volunteers served as controls. Serum was stored at minus –60оС until the analysis. 

The levels of sHLA-I, sHLA-DR, sCD25 molecules were determined using 
ELISA with the following monoclonal antibodies (mAbs): α-chain of HLA class I 
(ICO-53), HLA-DR (ICO-1), β2-microglobulin (β2m;ICO-216), CD25 (ICO-105), 
and goat polyclonal antibodies to human peripheral mononuclear cell surface anti-
gens. Heterodimer β2m-HLA class I was assessed using mAbs against α-chains of 
HLA class I and mAbs against β2 conjugated with horseradish peroxidase (Lebedev 
et al. 2003). sHLA-DR and sCD25 antigens were determined using goat polyclonal 
antibodies against human peripheral blood mononuclear cell surface antigens and 
mAb ICO-1 against HLA-DR antigen conjugated with horseradish peroxidase and 
mAb ICO-105 against CD25 antigen conjugated with horseradish peroxidase. Sam-
ples from healthy volunteers with a high content of tested soluble antigen have been 
used for calibration curve. The results are expressed in Units per milliliter. Results are 
reported as mean ± SEM.  < 0.05 was considered significant. p
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3. Results 

Healthy volunteers express 987.2 ± 96.0 U/ml of sHLA-I and 115.7 ± 21.9 U/ml 
sHLA-DR in serum. Patients with genital chlamydiosis demonstrated no alterations 
in serum levels of sHLA-I (Figure 1), while serum levels of sHLA-DR were signifi-
cantly increased up to 3.5 times (475.9 ± 101.1 U/ml, p < 0.05). Levels of sCD25 in 
serum obtained from healthy donors were 113.4 ± 17.1 U/ml, while genital chlamy-
diosis was associated with their elevation in 2.3-fold (p < 0.05). In contrast to genital 
chlamydiosis, nonspecific inflammation of urogenital tract was characterized by 
increased levels of sHLA-I up to 150% (p < 0.05 vs. healthy controls), although the 
levels of sHLA-DR did not differ from control values (Figure 1). Serum sCD25 was 
decreased in 1.6-fold and was equal to 71.7 ± 42.0 U/ml. Concentrations of sCD25 in 
specimens obtained from patients with genital chlamydiosis and patients with non-
specific inflammation were significantly different. 

Thus, serum concentrations of sHLA-I, sHLA-DR, and sCD25 molecules were 
differentially changed in patients with genital chlamydiosis or nonspecific inflamma-
tion of the urogenital tract. 

4. Discussion 

Protective immunity against C. thrachomatis can be associated with two pathways. In 
spite of the questionable role of CD8+ cytotoxic T cells in genital chlamydial infection 
due to a vacuolar localization of chlamydiae, some authors considered that CD8+  
T cells play the major role. Indeed, Cap 1 protein of C. thrachomatis associated with 
vacuolar membrane could be presented by HLA-I–peptide complex. Furthermore, five 
clones of HLA class I-restricted CD8+ cytotoxic T cells specific for MOMP, the major 
outer membrane protein of C. thrachomatis, were identified in patients with genital 
tract infection. In addition, protective cytotoxic T lymphocytes could be produced in 
mice infected with Chlamidia thrachomatis and CD8+ T lymphocytes could mediate 
lysis of chlamydia-infected target cells in vitro (Igietseme et al. 1994; Starnbach et al. 
1994; Bhushan et al. 1997; Morrison and Caldwell 2002). 

FIGURE 1. Serum level of sHLA-I, sHLA-DR, and sCD25  molecules in patients with  
nonspecific inflammation (left panel) and urogenital chlamydiosis (right panel). 
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induces ICAM-1 on epithelial cells, leading to enhanced epithelial/T cell interactions 
(Bevilacqua 1993). Thus, the antichlamydial effect of Th1 cytokines, such as IFN-γ, 
may be elaborated at multiple levels, including upregulation of co-stimulatory and 
adhesion molecules, and induction of antimicrobial processes, such as tryptophan 
catabolism, iron deprivation and nitric oxide secretion (Bhushan et al. 1997;  
Bilinska, Frydecka, and Podemski 2001). In fact, we have shown earlier significant 
elevation of soluble adhesion molecules in serum in patients with chlamydial infec-
tion (Egorova et al. 2003). 

Thus, genital chlamydial infection in humans is characterized by increased con-
centrations of serum sHLA-DR and sCD25 and normal levels of sHLA-I molecules. 
These and other data allowed us to speculate that Th1 immune response predomi-
nates during genital chlamydial infection. 
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in protective immunity. In accordance with this, CD4+ Th1 cells activating macro-
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Abstract. The clinical utility and capacity to evaluate immunologic function has evolved 
significantly over the past few decades. This chapter summarizes screening methods and more 
sophisticated approaches to assess the immune system when there is a suspicion of an immune 
deficiency. 

1. Introduction 

The clinical utility and capacity to evaluate immunologic function has evolved sig-
nificantly over the past few decades in parallel with the marked increase in under-
standing the human immune system (Fleisher and Oliveira 2004). In addition, the 
expanding range of characterized primary immune deficiency diseases and the sec-
ondary immunodeficiency pandemic resulting from HIV have added impetus to the 
development of new approaches for evaluating immunologic function.  
 Obtaining a thorough clinical history is the appropriate starting point to direct any 
laboratory evaluation for immunodeficiency. For example, a history of recurrent 
infections with encapsulated bacteria (e.g., Haemophilus influenzae and Streptococ-
cus pneumoniae) usually affecting the sinuses and lungs suggests an antibody defi-
ciency (Ballow 2002). In contrast, a clinical picture of recurrent infections with op-
portunistic organisms (e.g., Pneumocystis jiroveci, candida species, and 
cytomegalovirus) should focus the initial evaluation toward a T cell abnormality 
(Buckley 2002). The more recent identification that persistent nontuberculous myco-
bacterial (NTB) infections can be associated with defects in the IFN-γ–IL-12/23 
circuit has opened a new appreciation of immune deficiencies that affect the inter-
face between the adaptive and the innate immune systems (Filipe-Santos et al. 2006). 
In addition, the critical role of natural killer cells in host defense has been clarified 
more recently based on studies of patients demonstrating increased susceptibility to 
herpes family viruses (e.g., EBV and HSV) and in some cases accompanied by un-
controlled inflammation (Nichols et al. 2005; Filipovich 2006; Orange 2006).  
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Abnormalities in Toll-like receptor (TLR) function recently has been defined in 
patients with a specific pattern of bacterial infections (Ku et al. 2005). These findings 
suggest that additional innate immune defects impacting this early response pathway 
are likely. Innate immune defects affecting neutrophil function typically result in 
cutaneous and deep-seated abscesses, pneumonia, periodontitis, and osteomyelitis 
(Rosenzweig and Holland 2004). These infections are often caused by characteristic 
bacteria (e.g., Staphylococcus aureus and Serratia marcesens) and/or fungi (e.g., 
Aspergillus and Nocardia species). Congenital defects in specific complement com-
ponents often are associated with autoimmunity as well as recurrent bacterial infec-
tions similar to the antibody deficiencies (Walport 2001). In addition, abnormalities 
of the late complement components are associated with a unique increase in suscep-
tibility to Neiserrial infections (Figueroa and Densen 1991). 

Thus, the clinical history and presentation should direct the immunologic 
evaluation and it is necessary to consider HIV infection in the differential diagnosis 
with appropriate questions during the history and laboratory testing. There are now 
more than 120 genetically linked immune disorders, so a careful family history is 
also extremely important (Notarangelo et al. 2006). Finally, the physical examination 
may provide clues regarding specific primary immunodeficiencies (e.g., typical 
facies in the hyper-IgE [Job] syndrome and scars from abscess drainage sites) and 
secondary immune disorders (e.g., oral hairy leukoplakia or Kaposi’s sarcoma in 
HIV infection). 

2. Screening Tests of Immune Function 

The standard method for screening antibody-mediated immune function involves 
measuring the three major immunoglobulin classes: IgG, IgA, and IgM. These re-
sults must be compared with age-matched reference ranges and interpreted with the 
understanding that reference ranges are usually 95% confidence intervals, meaning 
that 2.5% of controls are above and below the stated range. Furthermore, serum 
immunoglobulin levels are the net of protein production, utilization, catabolism, and 
loss, so decreased levels can result from increased consumption or loss as well as 
from decreased production. 

Measurement of a functional antibody response is particularly useful when the 
total immunoglobulin levels are modestly depressed or normal in the face of a strong 
history of recurrent bacterial infection. This can include evaluating “spontaneous” 
specific antibodies (e.g., antiblood group antibodies [isohemagglutinins] and anti-
bodies to past immunizations). However, the definitive method is assessing pre- and 
postimmunization antibody levels using protein antigens (e.g., tetanus toxoid) or 
polysaccharide antigen (e.g., Pneumovac) vaccines (Go and Ballas 1996). Guidelines 
for interpreting the results are usually provided by the testing laboratory and typi-
cally consist of at least a fourfold increase in antibody and/or generation of protec-
tive antibody levels following immunization. Additional approaches to evaluating 
specific antibody production revolve around using a neoantigen such as a bacterio-
phage phi X 174 (Pyun et al. 1989). 
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An additional and readily available antibody screening test is quantitation of 
IgG subclass levels; however, in most settings detection of a laboratory finding of 
IgG subclass deficiency would still require demonstrating an abnormality in func-
tional antibody production in order to establish a clinically meaningful diagnosis. 

Screening of the T cell compartment has far fewer test options and generally in-
cludes obtaining an absolute lymphocyte count (i.e., white blood cell count with 
differential) and possibly testing the cutaneous delayed-type hypersensitivity (DTH) 
response to recall antigens. The significance of the former relates to the fact that T 
cells constitute approximately three-fourths of the circulating lymphocytes; thus, a 
substantial decrease in circulating T cells typically results in a decreased absolute 
lymphocyte count. This comparison must be made using age-matched reference 
intervals as the absolute lymphocyte count is substantially higher in infants and 
young children than in adults.  The DTH response provides an in vivo window of T 
cell function in response to previously encountered antigens (recall antigens such as 
tetanus toxoid, candida antigen, and mumps antigen) (Blatt et al. 1993). However, 
failure to respond may reflect T cell dysfunction (T cell anergy), but it also could 
indicate, that the host has not been exposed (sensitized) to the antigen(s) being used. 
Consequently, it is prudent to use more than one recall antigen for this test and the 
reliability is dependent on the antigen preparations, test application, and interpreta-
tion (evaluation) of the response.   

It is important to consider HIV infection as part of the screening process in an 
immune evaluation and this may require viral load testing in addition to serologic 
testing for antibodies to HIV.  

Screening options of the innate immune system are rather limited consisting pri-
marily of evaluating for the presence of neutrophils including reviewing their mor-
phology and obtaining a total hemolytic complement assay (CH50). 

Upon completion of medical history-directed screening tests, it may be neces-
sary to utilize more sophisticated testing to develop or confirm the final diagnosis.  
This typically would involve quantitating and characterizing cells of the immune 
system, testing in vitro immune function, and potentially performing mutation analy-
sis.  These three general categories of testing will be considered in more detail. 

3. Immune Cell Quantitation and Characterization 

The capacity to study the various cells of the immune system depends on flow cy-
tometry and is based on the surface expression of specific proteins. These can be 
detected using fluorochrome-labeled monoclonal antibodies with more than 300 
specificities currently available. In the setting of primary immunodeficiency disor-
ders, the application of this technology enables accurate determination of absent cell 
populations, cell subpopulations, or specific cell surface proteins as well as the bio-
logical effects of the primary immune deficiency. These studies are enhanced by the 
use of “multicolor” flow cytometry, and the future may see even greater possibilities 
with a recent report of 17-color analytical flow cytometry using a commercially 
available instrument (Perfetto et al. 2004). The utility of flow cytometry has been 
further extended by the introduction of intracellular flow cytometry to detect proteins 
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found within the cell but not expressed on the cell surface. This approach can also be 
applied to cell function testing, a method that will be considered in the following 
section.  
 Evaluation of lymphocyte populations is accomplished by assessing the percent-
age and number of T, B, and NK cells. This is particularly useful in identifying and 
categorizing severe combined immunodeficiency (SCID) when evaluating an infant 
with failure to thrive and/or opportunistic infections usually in the setting of lym-
phopenia (Buckley 2002). From these studies, it is possible to generate four major 
groupings: T– B– NK– SCID (typical of ADA deficiency), T– B– NK+ SCID (charac-
teristic of RAG 1/2 deficiency), T– B+ NK- SCID (found in common γ-chain and 
JAK3 deficiency), and T  B+ NK+SCID (seen with IL-7 receptor alpha-chain defi-
ciency). Low T cell percentage and number is also found in severe DiGeorge syn-
drome. Low CD8 T cell number in the setting of recurrent infection is compatible 
with ZAP70-deficient combined immune deficiency. In the setting of recurrent  
sinopulmonary infections, the absence of B cells (<1%) is strongly suggestive of either 
X-linked agammaglobulinemia (XLA) or autosomal recessive agammaglobulinemia 
(Figure 1) (Ballow 2002). However, it is not diagnostic as some patients with com-
mon variable immunodeficiency have very low to absent B cells.  

FIGURE 1. Panel A: Histograms from a dihydrorhodamine 123 (DHR) test showing normal 
oxidative burst (green histogram) on the left side and markedly decreased oxidative burst from 
a patient with autosomal recessive CGD (right side). Panel B: Histograms from a DHR test 
from an X-linked CGD patient (left side) and the maternal carrier (right side). 

–
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 Focusing on the lack of expression of specific cell surface proteins can be an 
important approach to establishing the diagnosis of specific immunodeficiencies. As 
a group, these disorders usually involve genetic defects that do impact cell differen-
tiation and release but also alter cell function. Examples include absence of CD40 on 
circulating B cells and monocytes or CD40 ligand (CD154) on activated CD4 T 
cells, findings characteristic of two specific forms of the hyper-IgM syndrome 
(Notarangelo et al. 2006).  
     A more recently described group of disorders characterized by recurrent non- 
tuberculous mycobacterial (NTM) infection should direct the evaluation of such a 
patient to the function of  IFN-γ and IL-12/23 circuit (Filipe-Santos et al. 2006). At 
the cell characterization level, this would involve assessment of specific cytokine 
receptor expression, but due to limited reagent availability, only specific receptor 
components can currently be evaluated by flow cytometry (e.g., IFNγR1). 
     Flow studies in a patient with recurrent bacterial infections involving the skin, 
oral cavity, and other internal organs in the face of neutrophilia and inability to form 
pus suggest a problem with β-2 integrin expression (Rosenzweig and Holland 2004). 
Decreased or absent CD18 expression is found in the leukocyte adhesion deficiency 
type 1 (LAD1) and results in diminished CD11a, b, and c on neutrophils and lym-
phocytes.  
 The application of intracellular flow cytometry has found its way into the evalua-
tion of a number of primary immune deficiencies. This approach requires fixation 
and permeabilization of the cell membrane to allow intracellular entry of the anti-
body reagent. The primary application in this setting is linked to those disorders in 
which there is a defect in a specific cytoplasmic or nuclear protein. It is important to 
recognize that this approach has the same limitation as any protein detection method 
(e.g., immunoassay) in detecting disease—the absence of the protein is essentially 
diagnostic but the presence of the protein generally does not distinguish between the 
presence of a functional and that of a nonfunctional protein. An example of intracel-
lular flow cytometry for the evaluation of an immunodeficiency is detecting the 
presence of Bruton’s tyrosine kinase (BTK) expression in monocytes or platelets 
(Lopez-Granados et al. 2005). This is a useful screening test for patients suspected of 
having XLA or in potential carriers of XLA where one would expect a mixture of 
normal (BTK expressing) and abnormal (BTK nonexpressing) monocytes or plate-
lets. This type of analysis has also been applied in the evaluation of patients sus-
pected of having Wiskott–Aldrich syndrome-testing for WASp; X-linked lym-
phoproliferative syndrome (XLP)-evaluating for SH2D1A; hemophagocytic 
lymphohistiocytosis (HLH)-assaying for perforin; immune deregulation, polyendo-
crinopathy, and enteropathy X-linked (IPEX)-testing for FOXP3; and chronic granu-
lomatous disease (CGD)-evaluating for gp91 phox and p47 phox.  
     Another approach to cell characterization focuses on evaluating the distribution of 
the T cell receptor (TCR) repertoire using reagents that distinguish between each of 
the Vβ families. This method is complementary to TcR spectratyping, a PCR-based 
method that evaluates the diversity of each Vβ family and has proven useful in char-
acterizing patient T cells in disorders such as the DiGeorge syndrome (Davis et al. 

295 



Thomas A. Fleisher 
 
1997) and Omenn syndrome as well as the response to hematopoietic stem cell  
reconstitution therapy. An additional means of evaluating T cells using flow cytome-
try has emerged to characterize the frequency of antigen-specific CD4 and CD8  
T cells based on the binding of defined MHC–antigenic peptide tetramers (mul-
timers) that are fluorescently labeled (Mallone and Nepom 2004).  
 Taken together, flow cytometry has become an effective laboratory adjunct in the 
evaluation and diagnosis of primary immune deficiencies. The addition of intracellu-
lar tests to evaluate for the presence of protein defects associated with a number of 
these disorders has expanded the utility of flow cytometry as an important tool in the 
diagnosis of immunologic disorders. 

4. Testing of Immune Function 

The standard method for ex vivo evaluation of immune function has historically 
consisted of evaluating lymphocyte proliferation in response to mitogens (e.g., PHA 
and ConA) and recall antigens (e.g., tetanus toxoid). This usually involves evaluat-
ing cell division poststimulation by measuring tritiated thymidine incorporation. In 
addition, one can assess early cell activation by evaluating specific receptor expres-
sion and later events such as cytokine production either intracellularly by flow cy-
tometry or secreted by ELISPOT at the cell level or by immunoassay to evaluate cell 
free supernatants (Letsch and Scheibenbogen 2003). Testing of cytokine expression 
and secretion have applications beyond immunodeficiency evaluations and are being 
applied in the evaluation of immunomodulatory therapy and the characterization of 
inflammatory diseases. Assessment of cytokine production forms the mainstay of the 
approach to evaluating patients with recurrent NTM infections. This also resulted in 
a new application of flow cytometry, evaluation of protein phosphorylation associ-
ated with cytokine stimulation. In the setting of patients with persistent NTM infec-
tions, quantitating STAT1 phosphorylation following IFN-γ stimulation of mono-
cytes has proven to be a very useful test in evaluating the IFN-γ–IL12/23 circuit 
(Fleisher et al. 1999). Evaluation of cell activation at the phosphorylation of intracel-
lular messengers has been expanded to include other cytokines such as IL-2 and IL-
12 and their specific signaling molecules (STAT5 and STAT3, respectively) as a 
method to assess for other possible immune defects. The list of intracellular targets 
using these methods continues to expand and has the distinct advantage of providing 
high-sensitivity results in real time.  

Cytolytic function can be evaluated in vitro and is directed at cytotoxic T 
cells, NK cells, and myelomonocytic cells. T cell-mediated cytotoxicity is MHC 
and antigenic peptide restricted that requires prior exposure to develop the cyto-
lytic function. In contrast, NK cell-mediated cytolysis and antibody-dependent 
cellular cytotoxicity do not require prior sensitization and are dependent either on 
naturally occurring receptors (NK cells) or on antibody bound to the target (NK 
cells, monocytes, and macrophages) in a process referred to as antibody-dependent 
cellular cytotoxicity (ADCC).  
 The function of the thymus in generating new T cells can be evaluated using a 
PCR-based method to assess the frequency of T cells displaying T cell receptor  
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excision circles (TRECs) (McFarland et al. 2000). These small pieces of extra  
chromosomal DNA are generated in T cells during the thymic selection process. 
Because this DNA segment is episomal, it does not increase in frequency during 
post-thymic cell division. Hence, identifying the frequency of TREC-positive T cells 
is a reflection of the number of recent thymic immigrants and likewise a measure of 
thymic output. As one would expect, TREC analysis is useful in the setting of evalu-
ating the DiGeorge syndrome as well as assessing thymic dependent immune recon-
stitution following hematopoietic stem cell and thymic transplantation. 

The third arm of the lymphoid system consists of circulating cells distinct from 
B and T cells, the natural killer (NK) cells. Deficiency in NK cell function has been 
described in a limited number of patients with recurrent herpes infections (Orange 
2006). In addition, experimental models point to a role for the NK cell in allograft 
and tumor rejection. Another category of NK cell defects found in disorders with an 
uncontrolled inflammatory response (initiated by an infection) that can lead to mul-
tiple organ damage (HLH and XLP) (Filipovich 2006; Nichols et al. 2005). Testing 
of NK cell function includes immunophenotyping NK cells by flow cytometry and 
assaying cytotoxic activity using standard in vitro assays. 

An area of intense current investigation involves the identification of disorders 
potentially associated with defective signaling by TLRs (von Bernuth et al. 2006). 
This is a family of at least 10 receptors that represent a phylogenetically more 
primitive arm of the immune system dependent on pattern recognition of bacterial, 
fungal, and viral products. An example of such a process is the activation of 
monocytes and macrophages by bacterial lipopolysaacharide (LPS). This pathway 
of activating the immune system appears to be one of the first lines in host de-
fense, as it does not require prior exposure to the pathogenic organism. Recently, 
two different clinical phenotypes have been identified with genetic defects specifi-
cally involving TLR signaling. In one, there is a genetic susceptibility to serious 
bacterial infection that presents in childhood and generally improves during ado-
lescence and is associated with an autosomal recessive defect in the intracellular 
protein IRAK4 (Ku et al. 2005). The most recently described defect is associated 
with the development of herpes simplex encephalitis and is linked to an autosomal 
recessive defect in an intracellular protein (UNC 93B). This function is part of the 
TLR signaling pathway although its exact function has not yet been definitively 
elucidated (Casrouge et al. 2006). 
 Evaluation of neutrophil function after neutropenia (including cyclic neutropenia) 
has been ruled out is generally focused on NADPH oxidase activity in patients with 
recurrent bacterial and fungal infections that is consistent with CGD. The primary 
means of testing currently involves a flow cytometry test with leukocyte loading of a 
fluorochrome precursor (dihydrorhodamine 123, DHR) that fluoresces following 
normal activation of NADPH oxidase-dependent electron transfer using an agonist 
like PMA (Vowells et al. 1995). The DHR assay is extremely reliable in diagnosing 
CGD and X-linked CGD carriers (Figure 1). Other methods have also been used to 
assess NADPH oxidase activity including the nitro blue tetrazolium (NBT) test and 
luminol-enhanced chemiluminescence. Although the clinical utility remains some-
what controversial, neutrophil-directed movement (chemotaxis) can be tested either 
in vivo using the Rebuck skin window or collection chamber technique or in vitro 
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with a Boyden chamber or a soft agar system. Abnormalities of chemotaxis have 
been observed secondary to certain pharmacologic agents as well as the leukocyte 
adhesion deficiency, Chediak Higashi syndrome, Pelger–Huet anomaly, and juvenile 
periodontitis; however, the test is not specific for any diagnosis. A hallmark clinical 
feature of significantly abnormal chemotaxis is diminished neutrophil infiltration and 
decreased inflammation. 
 Evaluation of the complement pathway begins by screening the classical pathway 
using a CH50 assay and/or the alternate pathway using an AP50 test (Walport 2001). 
Interpretation of any result demonstrating decreased complement activity assumes 
correct handling of the serum sample (complement components are very heat labile) 
and should be repeated to confirm the abnormality. The next step would be to assess 
specific components using specific immunoassays recognizing the limitation of this 
approach relative to a component being produced that is dysfunctional. Ruling this 
possibility out requires component functional testing that is available only in very 
specialized complement laboratories. 

5. Mutation Analysis 

Identifying a specific gene mutation associated with a primary immunodeficiency 
provides the most definitive means of diagnosis. There is a growing list of specific 
genetic defects associated with primary immunodeficiencies (Notarangelo et al. 
2006). Previously, screening methods (e.g., single-strand conformational polymor-
phism [SSCP] and dideoxy finger printing) were often applied in patient evaluations. 
However, with the ready availability of fluorescence-based sequencing and the ad-
vent of automated capillary sequencers, it is now practical to directly screen for 
mutations for virtually all genes associated with primary immunodeficiencies 
(Niemela et al. 2000). This is obviously applied only if there is strong evidence for a 
particular type of immunodeficiency based on a family history or a clinical history 
with definitive abnormalities on screening tests. The initial laboratory often serves to 
direct the mutation analysis by identifying specific characteristics associated with a 
diagnosis (e.g., absent or very low B cells in XLA and absent T and NK cells with B 
cells present in X-linked SCID). The information generated by mutation analysis has 
significant implications not only in establishing a definitive diagnosis but also for 
carrier assessment for prenatal diagnosis, and for offering genetic counseling. 

The clinical pattern of recurrent infections provides the critical starting point in purs-
ing a diagnosis of immunodeficiency and directing the best laboratory approaches 
for patient evaluation. Infections that are recurrent and difficult to treat or those that 
involve unusual organisms should raise suspicion of an underlying immunodefi-
ciency. HIV infection has become the most likely cause of immunodeficiency, and 
early appropriate diagnostic testing for HIV is critical. The prudent use of laboratory 
tests requires that they be used in an orderly fashion, starting with the simpler 

298 

6. Conclusions 



31. Evaluation of Suspected Immunodeficiency
 
screening tests chosen based on the patient history. The results generated are usually 
easy to interpret when they are either clearly normal or abnormal. The difficulty 
arises in determining the actual degree of immune dysfunction when the results fall 
in a gray zone, a circumstance that can be clarified by applying additional tests that 
can clarify the status of immune function or dysfunction. The increasing capacity to 
identify gene mutations linked to specific immunodeficiencies provides the most 
definitive evidence for a diagnosis and affords the opportunity to perform family 
studies and provide appropriate genetic counseling. The laboratory has emerged as 
the most critical source of diagnostic information in the characterization of primary 
immunodeficiency disorders.     
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Abstract. Frequently ill children (FIC) show persistence of infection in the nasopharynx, 
disbiosis of intestinal flora, and concomitant and allergic diseases. As per our results, FIC with 
acute respiratory diseases (ARD) frequency of 6–15 times a year plus chronic infection foci at 
the age of 2–15 y/o at the remission period have heterogeneous nature of immune system 
disorders. It depends on the age, frequency of ARD, and chronic infection foci. About 20–50% 
of children have low number of T cells and 70% of children have high number of activated T 
cells. About 5–23% of children have low level of serum IgG or IgA, while low level of saliva 
IgA has been determined in 94% of children and low synthesis of IFN-α in 80% and of IFN-γ 
in 30% of children. About 50% of kids have high level of common IgE (160–220 ME/ml) and 
diagnostic sensitization to various allergens. In contrast, only 25% of children with ARD 
frequency of 4–6 times a year without chronic infection foci had low synthesis of IFN-α, 30% 
had low IgA level in saliva, and 8.3% had low IgA level in serum. After vaccination against 
hepatitis B, antibody level to HBs-Ag and time of their circulation at FIC had been lower than 
in children with ARD frequency of 4–6 times a year. Examination of FIC at the remission 
period showed polymorphism of natural and adaptive immunity disorders associated with the 
immune system developmental delay and subsequent forming of chronic infection foci being 
an aggravating factor for these disorders.  

1. Introduction 

Frequently ill children (FIC) are kids liable to frequent respiratory infections, mainly 
due to transient deviations and age peculiarities of the child immune system, who go 
for regular medical check-up. FIC are characterized by a number of acute respiratory 
diseases (ARDs) per year (Albickiy and Baranov 1986). ARD prevalence in FIC is 
higher (once a month) than in occasionally ill children, thus being one cause for the 
frequent visits to pediatricians and hospitalization in the case of complications. Fac-
tors affecting the frequency of infections are developmental lag of the immune sys-
tem, anatomic–physiological peculiarities of children’s respiratory tract, and social 
living conditions. Localization of infection foci and nosologic forms of diseases in 
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FIC vary: (1) upper airways (nasopharyngitis, acute otitis, sinusitis, and tonsillitis), 
(2) “false” croup and laryngotracheobronchitis, and (3) inferior airway infections 
(bronchiolitis and pneumonia). Consecutive infections may be caused by (i) bacteri-
ums, (ii) viruses, or (iii) pathogenic organisms: Chlamydia pneumonia and My-
coplasma pneumonia. 
    Up to 83% of all diseases in FIC refer to the orinasal and respiratory tract pathol-
ogy. Viral infections are seen in 65–90% of cases, monoinfection in 52% of cases, 
and association of two and more infections in 36% of cases. A combination of carrier 
and sowing of Streptococcus pneumonia and Haemophilus influenzae is observed 
twice more often in FIC than in rarely sick kids (Markova et al. 2003; Makarova 
2005). 
    Here, in order to further characterize children with ARD frequency from 6 to 15 
times a year, we analyzed their immune status and evaluated the presence of im-
mune-mediated diseases. 

2. Experimental Procedures 

Two hundred seventy FIC (160 girls and 110 boys, 2–15 y/o) have been selected 
during 1–3 years and examined. Most of them were diagnosed with a combined 
pathology at the orinasal side of the upper airways (Table 1). At the beginning of 
surveillance, 37 patients (13.7%) were diagnosed with concomitant recurrent her-
petic infection (relapse number 5–9 times a year); 30 patients (11.1%) had manifesta-
tion of atopic dermatitis with localized foci. As a control, 60 children (35 girls and 
25 boys, 2–15 y/o) with ARD frequency within 4–6 times a year and without chronic 
infections were also investigated. Furthermore, 60 FIC (35 girls and 25 boys, 6–15 
y/o) without antibodies (Ab) to HBs-Ag have been vaccinated at the remission pe-
riod against hepatitis B (Ingerix B vaccine). The control was represented by 30 chil-
dren (17 girls and 13 boys, 6–15 y/o) with ARD frequency within 4–6 times a year 
and no foci of chronic infection who also received the same vaccine. 
 
TABLE 1.  Concomitant pathology in frequently ill children (FIC) 

 

Concomitant pathology  Number of children  
ARD more than 6 times 
a year 270 
Chronic adenoiditis  67 
Chronic tonsillitis 42 
Chronic otitis 62 
Chronic pharyngitis 67 
Lingering laryngotrcheitis  50 
Recurrent herpetic infection  37 
Atopic dermatitis  30 
Bowels  dysbacteriosis   200 
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 Immunodeficiency development has been estimated as described earlier (Markova 
et al. 1997). Immunoassay procedures included detection of CD3+, CD4+, CD8+, 
CD16+, CD19+, HLA-DR+, CD3+HLA-DR+, and CD4+CD45+RO+ cells, phagocyto-
sis, chemiluminescence indices, serum IgG, A, M and E, IgA in saliva, serum IFNs, 
and cellular IFN-α and IFN-γ (Khaitov et al. 1995; Ershov 1996). Cells were ana-
lyzed by FACScan (Calibur) or LKB-Wallac 1251 Luminometer. Mycoplasma pneu-
monia and Chlamydia pneumonia infections were determined by PTsR-diagnostic 
procedures (DNA-Technology, Russia). All immunoglobulins were assessed by 
ELISA (CHEMA or Vector, Russia).  

3. Results 

Bacterial infection persistence at the respiratory tract has been confirmed by a smear 
flora analysis taken from mucosa (Table 2). A single microbial agent was detected in 
40% of children, two and more agents in  47.2% of patients,  and combined  bacterial  
and fungi flora in 10% of children. The persistence of infection was less in control 
group. Antibodies to M. pneumonia (IgM titer 1:8–1:32 and IgG titer 1:16–1:64) 
were seen in 50% of children. Antibodies to C. pneumonia (IgM titer 1:8–1:64 and 
IgG  titer 1:16–1:128) were determined in 40% of kids. About 30% of children had 
combined infections. Verification of Streptococcus haemolyticus-β, Chlamydia, and 
M. pneumonia infections has been used as an indication for antibacterial therapy. 
Next, 74% of FIC had bowels dysbacteriosis, low index of Bifido- and lactobacteri-
ums, and hemolyzed and/or lactose-negative Escherichia coli sowing. Our results 
thus show that FIC at the age of 2–15 y/o during the remission period have heteroge-
neous nature at immune disorders, which might depend on the age, ARD frequency, 
and type of chronic infections (Table 3). 
 Furthermore, 20% of kids at the age of 2–7 y/o had low number of T cells (CD3+ 
CD4+), while at the age of 7–15 y/o, 50% of children had these values out of normal  

TABLE 2. Sowing microflora taken from fauces of examined children 
 

% of children with sowing agent 
Agent ARD 6–12 times a 

year 
ARD 4–6 times a 

year 
Staphylococcus spp.  
Staphylococcus aureus 
Staphylococcus haemolyticus 

           80 
           66 
           40 

           60 
           50 
           20 

Streptococcus spp. 
Sreptococcus haemolyticus-β 

           60 
           30 

           40 
             6  

Neisseria perflava             30            30 
Corynebactеrium pseudo-
diphtheriае 

        
   14              6 

Candida albicans            14            10 
Flora has not been determined            10            20 
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range.  In addition, 70% of children had high number of activated T cells 
(CD3+HLA-DR+), 15 kids (25%) with ARD frequency 4–6 times/year had down-
regulated synthesis of IFN-α, 20 children (30%) had low IgA level in saliva, and 5 
kids (8.3%) demonstrated decreased concentrations of IgA in the blood.  
     During a 2-year observation period, we detected an increase in total and specific 
IgE levels in dynamics, sensitization to allergens, and development of allergic  

TABLE 3. Immunological indices of immune system with chronic infection foci in freq-
uently ill children (FIC) 

 

Immunological parameters 
 

% of children with immune disorder 
 

IFN-α synthesis Low level in 80% of children 
IFN-γ synthesis Low level in 30% of children 
T cells 20–50% of kids have low number of CD3+ or 

CD4+ cells. 70% of kids have high number of 
activated T cells (CD3+HLA-DR+ cells) 

Macrophages Low index of spontaneous chemiluminescence in 
20% of children  

Immunoglobulins  IgG or IgA low blood level in 20% of children; 
IgA low level in saliva in 94% of children; IgE 
high level in 50% of children  

EK cells Low number of CD16+ cells in 15% of children  
B  cells  Low number of CD19+cells in 15% of children  

TABLE 4.  Antibody levels  in frequently ill children after (FIC) vaccination 
against hepatitis B 

 
Antibodies level to HBs-Ag mME/ml 

Group Before 
vaccination 

In 1 month  In 6 
months 

In 1 year 

FIC, mean ± 
SD   

    0 107 ± 1.9 113 ± 2.1 84 ± 2.5 

Control, mean 
± SD 

    0 672 ± 11.3 496 ± 10.1 440 ± 12.6 

-value   <0.001 <0.001 <0.001 

diseases: 60% of children had rhinosinusopathy, 30% allergic rhinitis, 11.1% atopic 
dermatitis, 30% recurrent  bronchitis, and 10% of children developed bronchial 
asthma; 14.8% of children had  pharyngomycosis. 
 Next, FIC and age- and gender-matched control children were vaccinated during 
the remission period and levels of specific antibodies against HBs-Ag were measured 
1, 6, and 12 months after vaccine administration (Table 4). A local reaction at the 
vaccination site was reported in five patients from control group and in three kids 
from FIC group; a system reaction — rise of temperature up to 37–37.2°C—was 
observed in two patients from control group and one child from FIC group. Antibody 
titers assessed 1, 6, and 12 months after vaccination were significantly lower in FIC 
when compared with control children.  

p
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     Evaluation of T cells in vaccinated patients (Table 5) revealed increase of abso-
lute number of CD4+CD45RO+ cells in control children 1 and 6 months after vacci-
nation (  < 0.05).  

4. Discussion 

For the first time, we reported significant abnormalities in the immune status and 
immune responses in FIC in comparison with healthy controls. This confirms our 
earlier observations of decreased functional activity of T and B cells in these chil-
dren (Markova and Kharianova 2001). High levels of IgA in the saliva and low 
levels of serum IgG and IgG1 have been reported in children with recurrent infec-
tions (Mancini et al. 1996; Hewson-Bower and Drummond 1996). Results of mul-
ticenter examination of 180 FIC from various megapoleis (Moscow, Baku, and 
Krasnoyarsk) during acute period of ARD showed low levels of IFN-γ, IL-2, IL-4, 
IL-8, IgG, and IgM, as well as increase in CD25+ T cells (Namazova et al. 2005). 
Interestingly, IFN-γ synthesis in rarely sick children has been shown to be much 
higher in fall and winter seasons, while it is lower in FIC. Systemic “early” synthe-
sis of IFN seen in FIC indicates the functional immaturity of the system and may 
be due to genetic predisposition. Indeed, decreased synthesis of IFN has been de-
termined in FIC’s mothers and sibs. Low levels of secretory IgA were reported in 

p

TABLE 5. CD45RO+ T cells (vaccination against hepatitis B) 
 

Group 
 

Indices    Before 
vaccination 

In 1 month In 6 
months 

  %    38 ± 1.9 39.6 ± 2.2 39 ± 2.8 FIC, mean 

± SD   
 

CD4+CD45+RO+ 

cells  
 

×109/l  0.84 ± 0.12 0.86 ± 0.1  0.81 ± 0.08  

  %    36.5 ± 1.9 42.7 ± 2.3 41 ± 1.9 Control, 
mean ± 
SD  

 

CD4+CD45+RO+ 

cells  

 
×109/l 
 

0.86 ± 0.07 0.99 ± 0.05 
 

0.96 ± 0.05 
 p-value   <0.05 <0.05 
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85% of FIC (Albickiy and Baranov 1986; Markova et al. 2003; Makarova 2005). It 
has been recently speculated that most chronic diseases seen in adults are the result 
of maturation abnormalities of the immune system in childhood (Holt and Sly 
2002). Our own analysis of FIC suffering from frequent ARD and chronic infec-
tion foci during remissions showed a polymorphism of natural and adaptive im-
mune abnormalities and suggests that delay of the immune system development 
and subsequent formation of chronic infection foci may be aggravating factors for 
these disorders. 
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Abstract. The ability of biological fluids to kill microbes is an important feature of the human 
immune system. Following incubation of fluorescein isothiocyanate-labeled Staphylococcus 
aureus with biological specimens and subsequent staining with propidium iodide, the propor-
tions of killed bacteria were estimated by flow cytometry. FACScan is a simple, quick and 
reliable method to evaluate bactericidal activity of biological fluids. The results of the cy-
tometric method correlated well with the results of the classic microbiological method. The 
proposed method is highly informative for evaluating bactericidal activity of sera in immuno-
compromised patients.  

1. Introduction 

The ability of sera and some other biological fluids to kill microbes is an important 
feature of the human immune system. The deficiency of bactericidal activity of sera 
may increase the susceptibility to infections (Li 1998). 
 The microbiological method was originally proposed to evaluate bactericidal 
activity of sera. This method involved incubation of serum with microbes and subse-
quent count of colony numbers (Taylor 1983). Another method is a photometric 
assay, which is based on the analysis of the optical density of bacterial cultures after 
incubation with serum. A drawback of the method is the common overestimation of 
the bactericidal activity due to sedimentation of bacteria in the cuvette (Muschel and 
Treffers 1956). Later, Fierer and colleagues designed a radiometric assay that detects 
the release of 51Cr from 51Cr-labeled bacteria. A shortcoming of this method is the 
use of γ radiation, which requires special safety procedures (Fierer et al. 1974). Laser 
flow cytometry offers considerable advantages over other methods, including low 
labor intensity, high speed (hours vs. days), and objective and accurate measure-
ments. The aim of this study was to develop a method for the evaluation of biologi-
cal fluid bactericidal activity by means of flow cytometry.  
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2. Experimental Procedures 

Serum specimens were collected from 65 healthy donors (age 18–50), 35 patients 
with multiple myeloma (21, 10, and 4 patients with IgG, IgM, and IgA types, respec-
tively, age 49–83), 2 patients with complement deficiency, and 5 children with 
Bruton’s agammaglobulinemia lacking B cells (age 2–12). Saliva obtained from 
50 healthy nonsmoking donors (age 18–50) with oral cavity sanitation was tested as 
well. Some of the patients were examined twice with a half-year interval. 
 Bactericidal activity of biological fluids was investigated using fluorescein 
isothiocyanate (FITC)-labeled Staphylococcus aureus (S. аureus, Cowan I strain, 
Tarasevich National Institute for Drugs Standardization, Russia, Moscow). S. aureus 
cultures were washed, resuspended in carbonate-bicarbonate buffer and the concen-
tration of bacteria was brought to 1×108

(1 mg/ml, Molecular Probes) was added to bacterial suspensions for 16 h at 4°C. 
S. aureus-FITC were washed, resuspended in PBS with 5% fetal calf serum (ICN 
Biomedicals) and 5% DMSO (Sigma), and diluted to 5×108 cells/ml. Aliquots of 
labeled S. aureus were stored at –70°C. 
 The assay was carried out in 96-well round-bottom plates with 90 μl of specimen 
fluid and 90 μl of S. aureus-FITC (1×106/ml) suspensions incubated at 37°C for 
various time intervals. Spontaneous death of S. aureus-FITC in PBS was used as a 
control. After incubation, S. aureus-FITC was precipitated by centrifugation at 
1000 g for 10 min, washed, and resuspended in 200 μl PBS containing 2.5 μg/ml 
propidium iodide (PI, Sigma). Ten minutes later, samples were analyzed by FACS 
Calibur (BD) using CellQuest software package. The percentages of double-positive 
(FITC+PI+) bacteria among the all FITC+ bacteria were calculated. 
 The reference assay utilized the analysis of colony formation (colony-forming 
units, CFUs) in Petri dishes with beef-extract agar (BD) after coincubation of 
S. aureus (90 μl, 1×104/ml) with serum (90 μl). Percentage of killing was calculated 
by the following formula: % killing = (CFUC – CFUE)/ CFUE*100, where CFUC is 
the number of colonies in control Petri dish and CFUE the number of colonies in 
experimental Petri dish. 

3. Results  

3.1. Bactericidal Activity of Biological Fluids from Healthy Volunteers 

Flow cytometry analysis of serum from 10 donors revealed that the percentage of bac-
teria killing were 1.14 ± 1.2%, 19.0 ± 6.6%, and 19.8 ± 10.5% for 1, 3, and 24 h of co-
incubation time, respectively. In the absence of serum, spontaneous death of bacteria 
was 0.5 ± 0.4%, 2.1 ± 0.2%, and 2.8 ± 0.1%, respectively. Thus, incubation for 3 h was 
the optimal time. The bactericidal activity of saliva markedly differed from serum 
activity: Saliva killed 23.8 ± 9.4% of bacteria after 3 h incubation and 43.3 ± 21.2% of 
bacteria after 24 h of incubation (n = 10). Considering the possibility of bactericidal 
substance release from neutrophils in the course of blood coagulation (Sorensen and 
Borregaard 1999), the bactericidal activity of serum and plasma was also compared.  

/ml according to the turbidity standard. FITC 
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 In the group of 10 healthy donors, S. aureus-FITC death caused by serum and 
plasma was 22.7 ± 13.8% and 20.8 ± 14%, respectively, suggesting that the bacteria 
killing activity of sera and plasma are comparable. 
 Next, the cytometric and the bacteriological methods of evaluation of serum 
bactericidal activity were compared in a group of 11 healthy donors. Results of the 
cytometric method strongly correlated with the results of the classic microbiological 
method (Spearman r = 0.84, p < 0.05). 

3.2. Bactericidal Activity of Biological Fluids from Patients  
with Immunological Disorders  

Bactericidal activity of serum from patients with multiple myeloma was significantly 
reduced compared with that in healthy donors: by 57.89% in patients with IgG-
secreting myeloma and by 40% in patients with IgM-secreting myeloma (p < 0.001). 
Reduction of the bactericidal activity in IgA-producing multiple myeloma was insig-
nificant when compared with healthy donors (Table 1). 
 Heating of serum obtained from patients with IgG, IgМ, and IgА multiple mye-
loma at 56°C for 30 min resulted in a marked decrease of bacteriolytic activity by 
24%, 33%, and 28%, respectively. 
 Bactericidal activity of serum from agammaglobulinemia patients was 10.4%

an the bactericidal activity observed in 
healthy donors (p < 0.01). Interestingly, bactericidal activity of serum from these 
patients did not change substantially after heating (10.4% vs. 8.4%). Finally, the 
bactericidal activity of sera from patients with complement deficiency did not differ 
from that of healthy donors and did not change considerably upon heating (Table 1).  

4. Discussion 

Heating of donors’ serum at 56°C for 30 min reduced their bactericidal activity by 44% 
on average. Heating of donors’ saliva at 56°C for 30 min did not change its bactericidal 
activity. The bactericidal activity of serum probably arises from thermolabile  

TABLE 1. Bactericidal activity of serum in patients and healthy controls 
Staphylococcus aureus killing by serum, 

% 
mean ± SD 

Patients 
 

Control Native Heated 
Healthy donors (N = 65) 2.4 ± 1.2 19.0 ± 6.6 10.6 ± 5.3 
Multiple myeloma, type IgG (N = 21) 2.5 ± 0.9 8.0 ± 2.3  6.1 ± 2.4 
Multiple myeloma, type IgM (N = 10) 2.3 ± 1.0 11.4 ± 3.2 7.6 ± 3.6 
Multiple myeloma, type IgA (N = 4) 2.5 ± 2.1 14.3 ± 3.7 10.3 ± 4.5 
Complement deficiency (N = 2) 3.5 ± 0.7 16.3 ± 10.4 13.8 ± 5.7 
Agammaglobulinemia (N = 5) 2.8 ± 1.0 10.4 ± 6.0  8.4 ± 6.7 

(n = 5). This value is significantly lower th
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bacteriolytic activity of complement and natural antibodies and thermostable activity of 
proteins and peptides, such as defensins, catelicidins, lactoferrin, lysozyme, phospholi-
pase A2, and others (Caccavo et al. 2002; Ginsburg 2004; Gronroos et al. 2002; 
Jankowski 1995). The bactericidal activity of saliva depends on thermostable proteins 
and peptides by almost 100% (Ahmad et al. 2004; Nieuw Amerongen and Veerman 
2002). It is possible that unlike healthy donors, the bactericidal activity of serum in 
patients with IgG multiple myeloma type, agammaglobulinemia, and complement defi-
ciency rely on bactericidal proteins and peptides rather than complement and antibodies. 
 We believe that the cytometric method for evaluation of the bactericidal activity 
of biological fluids will be widely applied as one of the standard methods of the 
immune status assessment. This technique shows considerable promise for assessing 
the local immunity, particularly that of oral cavity. Tanida and coworkers (2003) 
recently demonstrated that salivary gland dysfunction resulting in a decrease of sa-
liva antibacterial agents provokes candidosis.  
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Abstract. Administration of autoantigens, especially via the mucosal route, can induce toler-
ance under certain circumstances. In autoimmune diabetes, mucosal vaccination with autoan-
tigens was frequently effective in restoring tolerance in mice but has not yet succeeded in 
humans. Furthermore, in some instances, autoimmunity can be precipitated upon autoantigen 
administration. We will here briefly discuss the underlying reasons and delineate which efforts 
should be made in the future to rationally translate antigen-specific immunotherapy, for exam-
ple, by establishing better assays to reduce the risk for possible adverse events in humans. 

1. The Importance to Consider Pre-existing Autoimmunity  
When Administering Self-Antigens 

Antigens administered via mucosal surfaces and administration of autoantigens over-
all can have strong therapeutic potential. The key issue is to gather sufficient knowl-
edge to establish improved safeguards (i.e., improved predictive assays) that will 
help in directing the immune responses toward tolerogenic and away from patho-
genic pathways. This information should reduce the risk for possible adverse events 
in humans. The main reasons, why this has proven to be difficult are because immu-
nity per se comprises not one single but a multitude of potential classes of responses 
and the outcome of immunization depends on pre-existing immunity, dose and route 
of administration, and the autoantigen itself (O’Shea et al. 2002). 

The precise class or effector molecules (i.e., cytokines) expressed by activated 
immune cells determines the outcome of a given response in context with the dis-
ease or pathogen that is being targeted (O’Shea et al. 2002). Thus, autoantigen-
specific vaccination is not so much a question of immunity versus tolerance but 
rather a question of the class of response to be induced. In the absence of inflam-
matory stimuli, more TGF-β1 and other immunomodulatory cytokines are being 
produced. There are multiple reports in the literature that immune modulation is 
possible after antigenic vaccination. For example, mucosal immunization with  
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self-antigens can induce regulatory T cells (Tregs) that are capable of mediating 
tolerance in a variety of animal models for autoimmune diabetes (Faria and Weiner 
2005). In the contrary, if there is a pre-existing pool of activated effector T cells at 
the time of treatment, the autoaggressive T-helper 1 (Th1) response might not be 
altered by mucosal vaccination, and consequently, autoimmunity might become 
aggravated (Harrison and Hafler 2000). One of the paramount questions in auto-
immunity remains: How can we induce safe and long-term tolerance upon vaccina-
tion with a self-antigen? Herein, we address some of the main issues to be over-
come in order to reach this goal. 

2. Immunity Versus Tolerance Viewed in an Operational Context 

First, one should take a closer look at what “tolerance” means. In earlier days, 
tolerance to self- and foreign antigens was attributed to two major mechanisms: 
(1) deletion through activation-induced cell death, involving ubiquitously ex-
pressed self-antigens (Miller 1995; Mondino et al. 1996) and (2) tissue-specific 
functional inactivation of autoreactive lymphocytes also called anergy (Schwartz 
1996). Moreover, there is also a state referred to as immunological ignorance, in 
which the lymphocytes “ignore” the existence of their specific self-antigen because 
of limited access (Ohashi and DeFranco 2002). Most of current research focuses 
on a third and probably more important mechanism known as “immune regula-
tion,” which results in functional tolerance upon antigenic encounter. In this last 
scenario, regulation is mediated by Tregs. Tregs are classified in to two major 
categories: (1) naturally arising “professional” CD4+CD25+FoxP3+ Tregs 
(“nTregs”) (Sakaguchi et al. 1995) and (2) adaptive (inducible) Tregs (also termed 
iTregs). The iTregs are characterized by cytokine effector mechanisms and com-
prise several important subgroups such as (a) CD4+ Th2-like cells that produce IL-
4/IL-10 cytokines and antagonize the Th1 effector cells, (b) CD4+ Treg1 cells that 
function through IL-10 production and likely modulate antigen-presenting cells 
(APCs) (Roncarolo et al. 2006), (c) CD4+ Th3 cells suppressing by a TGF-β1-
dependent mechanism (Weiner 2001), and (d) CD8+ Tregs that might act and in a 
contact-dependent manner by production of TGF-β1 (Chen et al. 1994; Bisikirska 
et al. 2005). Tregs can be generated in vivo following low levels of antigenic 
stimulation by encountering special “tolerogenic” APCs in the local microenvi-
ronment where they are induced (i.e., mucosal surfaces). Importantly, they have 
the capacity to exert their suppressive activity in a nonantigen-specific fashion by a 
mechanism termed “bystander suppression.” Moreover, they have been shown to 
play a role in expanding a second “wave” of Tregs with different specificities, thus 
resulting in global amplification of suppression in vivo, a phenomenon termed 
“infectious tolerance” (Cobbold and Waldmann 1998). Other cells, especially Th2-
like Tregs, promote deviation from a Th1 to a Th2 repsonse (“immune deviation”). 
Interestingly, mucosal antigenic administration can exhibit the capacity to induce 
all of these Treg subtypes in various autoimmune disease models.  

However, it is still unclear under which circumstances immunization becomes 
detrimental in autoimmunity, forasmuch as we do not yet fully comprehend how 
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vaccination will later impact the classes of immune responses. For example, anti-
genic vaccination may lead to different outcomes depending on the following impor-
tant factors: 

• The dose injected (higher dosages might favor cellular deletion and 
lower active Treg induction)  

• The physical form (certain adjuvants such as IFA might favor tolero-
genic responses and CTB [the cholera toxin B subunit] as a carrier mole-
cule can enhance oral induction of Tregs) 

• The route of immunization (mucosal antigens might favor tolerance) 
• The affinity for the major histocompatibility complex (MHC) (lower 

avidity might favor nonpathogenic responses) 
• The timing and duration of the treatment (more frequent antigen admini-

stration appears to favor tolerance) 
• The frequency of antigen-specific precursor cells and T cell-receptor 

(TCR) repertoire and stage of the immune system (i.e., maturity or lym-
phopenia) (a pre-existing Th1 autoimmune response might be difficult 
to convert into a regulatory response). 

Due to these multiple variables, transition “from bench to bedside” has proven to 
be complicated and suitable assays that confirm the desired outcome of immuniza-
tion have to be refined and further developed. 

3. Antigenic “Drivers” Versus “Followers”  
in Autoimmunity—How to Make the Correct  
Antigenic Choice for Immunotherapy? 

During development of type 1 diabetes (T1D) for example, we know that the auto-
immune response spreads intra- as well as intermolecularly to target several autoan-
tigens, but there still is great debate as to whether only a single autoantigen (“driver” 
antigen) will be sufficient to trigger the disease (Jasinski and Eisenbarth 2005). This 
phenomenon can also be observed in antigenically induced autoimmune disease 
models such as experimental autoimmune encephalitis (EAE) (a model for multiple 
sclerosis) (Nakayama et al. 2005). The spreading hierarchy, not yet clear, seems to 
result from the activation and expansion of high-avidity β cell-reactive T cells, fol-
lowed by T cells with progressively lower avidity (Lernmark and Agardh 2005). 
Autoreactive B cells that are able to present autoantigen to autoaggressive T cells 
might participate in this process by presenting cryptic epitopes (Melanitou et al. 
2004). In T1D, autoaggressive responses develop toward insulin, glutamic acid de-
carboxylase 65 (GAD65), IA-2, heat shock protein 60 (HSP 60), and several other 
target autoantigens (Liblau et al. 1995; Tian et al. 2001; Dai et al. 2005). Current 
evidence indicates that CD8 responses to insulin develop first in nonobese diabetic 
(NOD) mice, followed by islet-specific glucose-6-phosphatase catalytic subunit-
related protein (IGRP)-specific CD8 cells and other specificities.  
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Interestingly, by using proliferation assay and/or MHC class II tetramer analysis, 
T cell responses to GAD65 and proinsulin were also found in the peripheral blood of 
diabetic patients and at-risk individuals (Mannering et al. 2004; Oling et al. 2005). In 
a different study, naturally processed islet epitopes (NPPEs) were eluted from APCs 
of patients bearing HLA-DR4 haplotypes. NPPE-induced cytokines, measured by 
enzyme-linked immunosorbent spot assay (ELISPOT), revealed an extreme polariza-
tion toward a proinflammatory Th1 responses in T1D patients while HLA-matched 
control subjects responded by secreting a regulatory cytokine IL-10 (Arif et al. 
2004). Thus, we can be rather certain that the class of effector molecules produced 
by the autoreactive T cells is more crucial than their absolute numbers in diabetes 
development. Therapeutically, this is encouraging in the sense that one could identify 
a protective response following peptide immunization. However, there are still sig-
nificant concerns, since “wrong” autoantigens (i.e., those that are already being tar-
geted by aggressive T cells or those that are not suitable for induction of Tregs or  
T cell deletion) could inadvertently be selected due to the lack of sufficient informa-
tion. Still, no reliable universally standardized T cell assay is available to identify 
detrimental outcomes following mucosal immunization with autoantigens in humans 
early on, so that clinical immunizations with islet antigens would ideally be per-
formed in those individuals first, where disease acceleration is unlikely (i.e., recent-
onset T1D). However, prevention trials using oral or nasal insulin have produced no 
adverse outcomes at this point. 

4. Human Studies of Antigen-Specific Interventions in T1D 

Based on the success of mucosal islet-antigenic vaccines in inhibiting disease pro-
gression in animal models, a number of antigen-based immunotherapies have been 
conducted in human phase I/II clinical trials. Some of them were tested within the 
Diabetes Prevention Trial-1 (DPT-1), which focused on (i) assessing the effect of 
oral insulin in prediabetes and (ii) understanding of the natural history of β-cell re-
sponses (Tian et al. 1996). It is worth noting that glucose tolerance gradually deterio-
rates in a substantial number of type 1 diabetics over a period of at least 2 years, thus 
providing a quite large therapeutic window for interventions in newly diagnosed 
patients (Bresson et al. 2006). In the DPT-1, where 7.5 mg of human insulin was 
administered orally to prediabetic patients, no significant protective effect was ob-
served. Although diabetes developed similarly in both oral insulin and placebo sub-
jects, the annualized diabetes rate was slightly higher in the placebo group when a 
subgroup analysis of patients at higher risk was performed after opening the blinded 
trial (Ostroukhova et al. 2004). This finding suggests that there might be potential for 
oral insulin to prevent T1D in humans, when given at the right time and the correct 
dose. In the upcoming years, a repeat of the DPT-1 is planned by TrialNet and will 
include those individuals at risk and possibly at a higher insulin dose based on mur-
ine studies. 

In a recent-onset diabetes trial, insulin-treated patients had similar residual β-cell 
function compared with placebo-treated controls. Moreover, the youngest patients 
(less than 15 years old) showed a tendency for a more pronounced decline of basal 
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C-peptide levels with an acceleration in the decline of β-cell function (Sherry et al. 
2005). In a second trial, higher insulin dosages did not improve efficacy (Skyler et al. 
2005; Sosenko et al. 2006). As seen with the murine models, oral insulin (as opposed 
to anti-CD3 therapy) has never been able to revert recent-onset T1D. 

More recently, intranasal insulin or carrier solution was given to individuals with 
autoantigens to one or more pancreatic autoantigens (insulin, GAD65, or IA-2). 
Immunity to islet autoantigens as well as β-cell function in response to insulin treat-
ments was studied. No local or systemic adverse effects were observed and diabetes 
developed in 12 of 38 participants. Generally intranasal insulin was associated with 
an increase in antibody and a decrease in T cell responses to insulin (Skyler et al. 
2005).  

Recently, phase II clinical data have been released by the DiamydTM company at 
http://www.diamyd.com. In a double-blind randomized placebo-controlled clinical 
trial, 35 patients recently diagnosed with T1D received two subcutaneous injections 
(on days 1 and 30) with 20 μg of either GAD65 or placebo. The GAD65 treatment 
group showed higher C-peptide levels at 15 months compared with the placebo 
group. Although these promising results need to be confirmed in a multi-center 
study, they encourage us to believe that therapy using islet-autoantigen-derived vac-
cines might be effective in clinical settings. 

5. Safety Issues  

Short-term use of intranasal insulin without absorption enhancers was well tolerated, 
the risk of hypoglycemia was minimal, and no objective adverse effects were de-
tected (Harrison et al. 2004). Progress in peptide immunotherapy for the treatment of 
diabetes has recently been hampered by reports of anaphylactic reactions in both 
mice and humans. For example, the insulin peptides InsB9–23 and B13–23, even when 
administered subcutaneously in the absence of adjuvant, can induce a dramatic hu-
moral response, leading to fatal anaphylaxis in NOD mice (Liu et al. 2002). There-
fore, peptide alterations are being introduced in order to decrease side effects. In 
addition, administration of autoantigens can, under certain circumstances, aggravate 
disease as reported in multiple sclerosis. However, such aggravation was never seen 
when the whole antigen was administered mucosally in humans and never reported 
in T1D trials. 

In NOD mice, nasorespiratory insulin can induce CD8+ α/αTCR γ/δ Tregs, 
whereas InsB9–23 and proinsulin B24-C36 peptides that bind to the MHC class II 
molecule (IAg7) induced CD4+ Tregs. It is noteworthy that most of these studies 
were conducted during early stages of the disease, between 4 and 5 weeks of age. On 
the contrary, preliminary data from our group showed an enhancement in disease 
progression when intranasal treatment with InsB9–23, its altered peptide ligand 
APL,16,19 and human proinsulin B24-C36 was started later (in 10-week-old NOD 
mice) (unpublished data Fousteri, Bresson, and von Herrath). Therefore, depending 
on the stage of the disease, similar treatments can lead to contradictory results. 
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6. Concluding Remarks 

We are still struggling with obstacles to develop standardized reliable T cell assays 
in order to detect responses toward insulin and other islet autoantigens with suffi-
cient sensitivity and precision to monitor mucosally vaccinated patients. This is 
urgently needed to predict the outcome of a given antigenic dose on a per-patient 
basis and in this way early detect potential trial failures or even adverse outcomes.  
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Abstract. IL-7 is a member of the common γ-chain family of cytokines sharing a common γ-
chain in their receptor. Beyond its long-established pivotal role in immune development, it has 
been more recently recognized as a critically important regulator of peripheral naïve and 
memory T cell homeostasis while its role in postdevelopment thymic function remains at best, 
poorly defined, and controversial. Its multiple immune-enhancing properties, most notably in 
the maintenance of T cell homeostasis, make it a very attractive candidate for immunotherapy 
in a wide variety of clinical situations. Following many years of rich preclinical data in murine 
and simian models, IL-7 is now emerging in human phase I trials as a very promising immu-
notherapeutic agent. Human in vivo data discussed here are derived from the phase I study 
initiated at the National Cancer Institute in collaboration with Cytheris, Inc., in a cohort of 
subjects with incurable malignancy. 

1. Introduction 

IL-7 is a multifunctional, hematopoietic cytokine first isolated as a 25-KDa glyco-
protein produced by a murine bone marrow stromal cell line (Goodwin et al. 1989; 
Sakata et al. 1990). IL-7 is not produced by lymphoid cells but rather in bone mar-
row stroma (Sudo et al. 1989) as well as in other cell types including thymic stroma, 
keratinocytes, neurons, lymph node follicular dendritic cells, and endothelial cells. 
Several reviews on IL-7 in vivo and in vitro activity and mechanism of action are 
available (Appasamy 1999; Fry and Mackall 2002; Hofmeister et al. 1999; 
Komschlies et al. 1995; Rodewald and Fehling 1998). IL-7 signals through its spe-
cific receptor (IL-7R). IL-7R is composed of a unique α chain (CD127) and the 
common γ chain (γc). It shares its α chain with thymic stroma-derived lymphopoietin 
(TSLP) and shares the γc with other immunoregulatory cytokines of the γc family, 
specifically IL-2, IL-4, IL-9, IL-15, and IL-21 (Noguchi et al. 1993a).  IL-7 has a 
broad range of biological activities in vivo (Komschlies et al. 1994b) that can be 
separated into broad categories of developmental and postdevelopmental. 
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1.1. IL-7 in Immune Development 

IL-7 was first recognized as an important murine B and T cell maturation and differ-
entiation factor in in vitro systems such as the Whitlock–Witte long-term marrow 
culture (Sudo et al. 1993) for B cells and in fetal thymic lobe culture for fetal and 
adult thymocytes (Murray et al. 1989). IL-7 is an essential factor in the ability of 
stromal cells to support murine B lymphopoiesis (Sudo et al. 1989). In vivo, daily 
injection into normal mice results in a reversible large increase of spleen, bone mar-
row, and lymph node cellularity mainly of B220+/S Ig—precursor B cells 
(Komschlies et al. 1994a; Morrissey et al. 1991). IL-7 transgenic mice show expan-
sion of immature B cells as well as lymphoproliferative disorders (Fisher et al. 
1995). Conversely, the gene-deficient mouse models (IL-7 or IL-7R knockout) con-
firm the critical role of IL-7 by showing profound lymphopenia (Freeden-Jeffry et al. 
1995; Peschon, et al. 1994). While IL-7 induces proliferation and differentiation 
from pro-B cell to pre-B cell on human bone marrow stroma (Dittel and LeBien 
1995), it does not appear to be critical in human B cell development. Its much less 
prominent function in human B cell development was foreseen in in vitro experi-
ments (Prieyl and LeBien 1996) but is best illustrated in the various phenotypes of 
severe combined immune deficiency (SCID) described below. 
 The critical role of IL-7 and IL-7R in early thymocyte development, first estab-
lished in vitro (Murray et al. 1989), was subsequently demonstrated most directly in 
vivo in murine IL-7R-knockout experiments that show that IL-7 signaling is neces-
sary for thymic development and normal thymopoiesis.  IL-7R-deficient mice have 
thymic atrophy and arrest of T cell development at a double-positive stage (Peschon 
et al. 1994).  In other IL-7R gene-deficient models, the animals are highly lym-
phopenic both in peripheral blood and in lymphoid organs and the thymic cellularity 
is reduced 20-fold (Freeden-Jeffry et al. 1995).  Conversely, mice transgenic for IL-7 
develop T cell lymphoproliferative/autoimmune diseases and T cell lymphomas 
(Fisher et al. 1995; Samaridis et al. 1991). The effects of IL-7 on T cell development 
are multifactorial, with at least some component due to protection from programmed 
cell death in developing lymphocytes since Bcl-2 overexpression rescues mice from 
the IL-7R-deficient phenotype (Akashi et al. 1997; Maraskovsky et al. 1997). In 
addition, in murine fetal thymocytes, IL-7 also promotes V(D)J rearrangement of the 
T cell receptor genes with sustained expression of the two genes critical in the con-
trol of gene rearrangements: RAG-1 and RAG-2 (Muegge et al. 1993). Furthermore, 
IL-7 also plays a role in the positive selection of CD8+ T cells in the thymus. The 
effects on T cell development appear to be dose dependent as demonstrated in recent 
studies of three different murine transgenic founder lines with varying degrees of IL-
7 overexpression (El Kassar et al. 2004); this phenomenon may have significant 
implications in the use of pharmacologic doses of rhIL-7 in the context of human 
immunotherapy. 
 The role of IL-7 in human T cell development was first studied in in vitro sys-
tems which suggested that defects in the IL-7 pathway may be responsible for some 
SCID phenotypes (Plum et al. 1996). The number of immature and mature T cells 
produced in neonatal human thymus culture is increased by the addition of exoge-
nous recombinant IL-7 in combination with other growth factors, and anti-IL-7 anti-
bodies inhibit T cell production (Yeoman et al. 1996). The critical role of IL-7 in 
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human immune development is however best illustrated in children with SCID.  
Murine models of IL-7 deficiency can reproduce most of the abnormalities of T cell 
development found in SCID patients.  At least three groups of children with SCID 
phenotypes have mutations involving the IL-7R or its signaling pathway. These 
phenotypes also do confirm, however, that IL-7 signaling is not essential for normal 
human B lymphocyte development. Children with X-linked SCID have a defect of 
the IL-7R γ chain. They have severe defects in development of both T and NK cells 
but have normal or even elevated numbers of peripheral blood B cells (Noguchi et al. 
1993b).  Autosomal recessive mutations of the Jak-3 tyrosine kinase (coupled to the 
receptor γc and required for γc-dependent signaling) lead to a similar SCID pheno-
type with normal numbers of B cells (Macchi et al. 1995; Russell et al. 1995). Fi-
nally, SCID patients with a defective expression of the IL-7R α chain have an ab-
normal T cell development but spared NK and B cells (Puel et al. 1998).   

1.2. IL-7 as a Homeostatic Cytokine 

The inverse correlation of IL-7 serum level with the circulating absolute lymphocyte 
count suggests a homeostatic function for IL-7. Although this correlation is well 
documented in experimental models and in many clinical settings in humans (Bolotin 
et al. 1999; Fry et al. 2001; Napolitano et al. 2001), it remains controversial whether 
it results from direct regulation of IL-7 stromal production through a lymphocyte 
mass responsive mechanism or from the variations of peripheral utilization of se-
creted IL-7 in IL-7R-expressing lymphocytes. As previously mentioned, IL-7 shares 
the receptor common γc with other cytokines of the γc family. Within this γc family, 
cytokines can be classified as activating versus homeostatic. In contrast to IL-2 that 
is the prototypic activating cytokine, IL-7 is a prototypic homeostatic cytokine. On 
the one hand, IL-2 selectively signals activated T cells, it is secreted by activated T 
cells, and IL-2 signaling upregulates its own receptor, thus amplifying the IL-2 re-
sponse during immune activation. IL-2 also activates the CD4+CD25HiFoxP3+ regu-
latory T cell subset (T-regs). On the other hand, IL-7R is expressed on resting T cells 
but, in contrast to the relationship of other immunoregulatory cytokines with their 
receptor, IL-7R is downregulated following signaling by IL-7 itself, other prosur-
vival cytokines (IL-2, IL-4, IL-6, and IL-15) (Fry et al. 2003), or following T cell 
receptor (TCR) ligation. Decreased receptor surface expression is not simply due to 
increased receptor turnover and internalization since IL-7R α-chain mRNA transcrip-
tion is reduced, in experimental models as well as in vivo in humans in our phase I 
study. This mechanism of receptor downregulation is congruent with the homeostatic 
role of IL-7 as it presumably prevents T cells that have already received a pro-
survival signal from competing with unsignaled cells for its utilization (Park et al. 
2004). IL-7 has been shown to be critical for in vivo homeostatic proliferation and 
prolonged survival of naïve T cells, the vast majority of which are circulating in a 
resting state and, in a model of IL-7-deficient host, adoptively transferred na ve T 
cells gradually disappeared over a month in the absence of IL-7 (Tan et al. 2001). Of 
note, IL-7Rα (CD127) expression on T-regs has been found recently to be constitu-
tively downregulated and FoxP3 expression is inversely correlated with CD127 
expression in these Tregs (Liu et al. 2006; Seddiki et al. 2006). 

ï
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1.3. Role of IL-7 in Modulation of Immune Responses 

Many immune-enhancing activities have been ascribed to IL-7 in in vitro murine and 
human experimental systems that could be relevant to clinical situations such as treat-
ment of infectious diseases and cancer. IL-7 has a potent costimulatory effect on puri-
fied murine mature peripheral and spleen T cells from IL-7-treated mice that have 
enhanced Con A, allogeneic mixed lymphocyte reaction, and anti-CD3 proliferative 
responses in vitro as well as an enhanced allogeneic CTL response in vivo (Komschlies 
et al. 1994b). IL-7 has been shown to augment the effects of T cell - mediated antiviral 
adoptive immunotherapy in vivo in mice (Wiryana, Bui, Faltynek, and Ho 1997). In 
the murine model, IL-7 has been show to serve as a potent vaccine adjuvant, broaden-
ing the immune response by augmenting responses to subdominant antigens and by 
improving the survival of CD8+ memory T cells (Melchionda et al. 2005). 
 IL-7’s immunomodulatory effects may be particularly relevant in the treatment of 
cancer. In murine models, IL-7 has demonstrated an ability to enhance antitumor 
immune responses both in vitro and in mice previously injected with tumor cells 
(Komschlies et al. 1994a). Subsequently, murine models have demonstrated regres-
sion of established pulmonary metastases of Renca renal carcinoma with administra-
tion of IL-7 (Komschlies et al. 1994b).  Mouse experiments modeled after the human 
clinical situation of autologous transplantation for metastatic breast cancer demon-
strated that administration of rhIL-7 post-transplant resulted not only in improved T 
cell recovery but also in additive therapeutic activity resulting in prolonged survival 
of the animals beyond what was achieved with the chemotherapy and transplant 
regimen alone (Talmadge et al. 1993). In an immunodeficient mouse model of hu-
man colon carcinoma xenograft, the injection of the combination of recombinant 
human IL-7 and human lymphocytes resulted in a significant prolongation of sur-
vival (Murphy and Longo 1997). In in vitro human systems, IL-7 induces tumori-
cidal activity of peripheral monocytes (Alderson et al. 1991), and IL-7-activated 
killer cells can lyse allogeneic and autologous melanoma cells (Bohm et al. 1994) 
although a mechanism of direct IL-7 anti-tumor activity has not been demonstrated. 
 Specifically, administration of IL-7 to humans with cancer may be useful in gen-
erating and supporting T cell antitumor responses, including those generated by 
antitumor vaccination. Alternatively, IL-7’s role in prolonging the survival of adop-
tively transferred T cells may be exploited in that clinical setting as well. 

1.4. Patterns of Immune Reconstitution 

Immune reconstitution following immune depletion has been shown to occur through 
two primary pathways. First, predominant in children, is the thymic pathway in 
which new T cell progenitors arise from pluripotent hematopoietic stem cells that 
will then home to the thymus and undergo a process of expansion, differentiation, 
and selection. The resulting T cells, which bear a naïve phenotype, display a diverse 
TCR repertoire and are poised to recognize an array of foreign antigens. The second 
pathway, which predominates in adults, is thymus independent (Mackall et al. 1993) 
consisting of the peripheral expansion of existing residual mature T cells which 
increase their number through mitotic division, driven in large part by exposure to 
their specific antigen and by homeostatic expansion. It results in a skewed T cell 
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repertoire, poorly diversified and limited mostly to T cells that encounter their spe-
cific antigen during the period of immune reconstitution. Furthermore, this process is 
unable to restore CD4+ T cell numbers to pretreatment levels (Mackall et al. 1996). 
 There is ample evidence that even short courses of standard dose chemotherapy 
have a significant impact on an individual’s residual immune function (Mackall 
2000).  In particular, absolute peripheral CD4+ T cells may remain below 200/mm3 
for several months following intensive chemotherapy (Mackall et al. 1994), but the 
recovery of other T cell populations may be delayed as well, for several months in 
some cases (Hakim et al. 1997; Mackall et al. 1997). The kinetics and the extent of 
the immune recovery correlate closely with the individual’s amount of residual 
thymic function–the children reason for recovering a population of naïve T cells via 
a thymic expansion pathway much more readily than adults (Mackall et al. 1995). 
The return of a naïve CD4+ cell population can be monitored by flow cytometry 
(CD45RO−RA+ phenotype) which correlates with other indicators of thymic function 
(Hakim et al. 2005), such as thymic size by CT scan, enumeration of TCR excision 
circles (TRECs), indicative of the thymic output of recent thymic emigrant (RTE) T 
cells having recently functionally rearranged their TCR (Douek et al. 2000) and TCR 
rearrangements spectratype patterns showing more widely distributed peaks indica-
tive of the more diversity of TCR Vβ gene species, hence of the T cell repertoire. 
Following immune-depleting chemotherapy, the increase in naïve CD4+ cells 
(CD45RO−RA+) correlates with increased thymic size, increased number of circulat-
ing TRECs, and increased normalization of TCR spectratyping patterns (Hakim et al. 
2005). 
 Following more severe immune depletion such as post hematopoietic stem cell 
transplantation, the expansion of peripheral lymphoid progenitors is similarly con-
tingent upon the functionality of the thymus (Mackall and Gress 1997). Furthermore, 
as indicated in clinical settings, the return to a normal CD4+ lymphocyte count in 
adults is predicated upon the re-emergence of a pool of naïve T cells which is de-
layed 18–24 months and may occur only in individuals younger than 50 years 
(Hakim et al. 2005; Sportes et al. 2005). 
 The clinical implications of the kinetics, nature, and extent of immune reconstitu-
tion following standard or ablative chemotherapy are probably not fully appreciated, 
particularly with regard to the current efforts in immunotherapy development. One 
can speculate, however, that individuals who have suffered an immune injury, be it 
pathologic (HIV, graft vs. host disease), iatrogenic (radiochemotherapy), or physiol-
ogic (age), may be significantly impeded in their responses to active immunotherapy 
attempts, the therapeutic potential of which may be misjudged or overlooked (Hakim 
and Gress 2005). 

2. Phase I Study of rhIL-7 in Humans 

Based on the large body of preclinical evidence pointing to its multiple immune- 
enhancing properties, investigations of the possible roles of rhIL-7 in clinical immu-
notherapy were initiated through several phase I trials in varied subject populations 
as part of a long-standing collaboration for the clinical development of rhIL-7  
between Cytheris, Inc. (Rockville, MD), and the National Cancer Institute (NIH, 

325 



Claude Sportès and Ronald E. Gress 
 
HHS, Bethesda, MD). Three phase I clinical trials were initiated at the National 
Cancer Institute. The experience from a trial in adults with incurable malignancy is 
discussed below. 

2.1. Subject Population and Study Design 

Adults diagnosed with incurable nonhematologic malignancy (except primary carci-
noma of the lung) were included and standard phase I eligibility criteria such as life 
expectancy greater than 3 months, adequate Karnofsky performance status, heart, 
lung, liver, kidney, and marrow functions were required. In addition, a mean value of 
4 peripheral CD3+ cell count determinations over a 2-week period was required to be 
above 300/mm3, with a coefficient of variation of less than 20% attesting to the sta-
bility of the peripheral lymphocyte count before therapy.   
 The study followed a classic phase I dose escalation design with four successive 
cohorts of three subjects to be expanded to six in the event of one occurrence of pre-
defined dose-limiting toxicity (DLT).  If two or more patients experienced DLT, the 
maximum tolerated dose (MTD) was deemed exceeded. The occurrence of neutraliz-
ing IL-7 antibodies in more than one subject would have been deemed unacceptable 
toxicity and prompted termination of the trial. Based on preclinical animal data, the 
four tested doses of “CYT 99 007” (rhIL-7; manufactured and provided by Cytheris, 
Inc., Rockville, MD) were 3, 10, 30, and 60 μg/kg of body weight per dose. It was 
given subcutaneously, every other day for 2 weeks (eight injections).  
 The primary study objective was the determination of safety and DLT.  Secon-
dary objectives aimed at the characterization of biological activity in humans and 
determination of a range of biologically active doses, based on known IL-7 proper-
ties from preclinical studies such as enlargement of lymphoid organs, increase in 
number of various peripheral blood lymphocyte subsets, and evidence of T cell ef-
fects by flow cytometry:  (1) increase in T cell cycling (Ki67 expression),  (2) down-
regulation of the IL-7R (CD127 expression), and (3) Bcl-2 upregulation. Possible 
antitumor effects and lymphoid organ enlargement were evaluated by CT scan at 
baseline, at the end of therapy (day 14), and at day 28, at a minimum.  Subjects with 
stable disease at day 28 had the possibility of longer follow-up until disease progres-
sion. rhIL-7 effects on various bone marrow mononuclear subsets were studied by 
H&E and immunostaining on biopsy and flow cytometry on aspirate at baseline and 
at the end of treatment. Those with significant changes noted at day 14 underwent a 
follow-up biopsy between 4 and 8 weeks. 

2.2. Results 

Twelve men and 4 women, ages ranging from 20 to 71 years (median 49), were 
treated. “CYT 99 007” was overall well tolerated clinically and MTD was not 
reached. Serum from all subjects was tested for the presence of anti-IL-7 antibodies 
on day 28. Three subjects developed non-neutralizing antibodies, but none developed 
detectable anti-IL-7-neutralizing antibodies. One subject showed a possible antitu-
mor effect, albeit minimal and questionable due to the somewhat unpredictable natu-
ral history of the rare disease. This subject with resected primary CNS  
hemangiopericytoma and recurrent abdominal metastatic disease had a substantial 
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relief of his abdominal pain and 20% shrinkage of the mass was noted 3 months after 
treatment. The abdominal disease remained stably decreased until and beyond CNS 
recurrence, 9 months after rhIL-7. All other subjects showed disease progression at 
day 28 or at the 6-week follow-up. 
 Biological activity, defined per protocol as 50% increase over baseline of periph-
eral blood CD3+ T cells, was seen with a clear dose–response effect starting with 10 
µg/kg/dose, with already a trend suggesting activity at the 3µg/kg dose (Figure 1). A 
50–80% transient drop of total circulating lymphocytes following the first injection, 
likely representing early trafficking changes and tissue redistribution as observed in 
most preclinical models, was observed in all individuals at all four dose levels. Other 
IL-7 clinical and biological ffects expected from murine and nonhuman primate 
preclinical models were seen in all subjects receiving 10 µg/kg/dose or more: spleen 
and lymph node enlargement (on CT scan), increase in circulating CD3+, CD4+, 
CD8+ populations, IL-7R α-chain (CD127) downregulation, Bcl-2 up-regulation, and 
marked increase in lymphocyte proliferation and activation markers (Ki67, CD71) by 
flow cytometry. Consistent with animal data, the IL-7Rα down-regulation was ob-
served after 1 week of treatment, not only by decreased CD127 expression on flow 
cytometry but also by a greater than 50% decline of IL-7Rα mRNA copy number in 
CD4+ and CD8+ cell-sorted populations. 
 In addition, more detailed evaluation of naïve, memory, and effector subsets in 
the CD4+ and CD8+ cell-sorted populations of T cells as well as of mature and transi-
tional B cells was performed by multicolor flow cytometry at baseline, week 1, 2 and 3. 

FIGURE 1. Kinetics of circulating lymphocytes during and after IL-7 treatment. X axis: days 
from start of treatment (treatment: days 0–14); Y axis: mean cohort value of absolute counts 
per mm3 for top (total lymphocytes) and middle panels, left (CD4+) and right (CD8+). Lower 
panels: percentage of circulating cells in cycle (Ki67+); CD4+ (left) and CD8+ (right) Cohort 1: 
3 µg/kg ● ….. ; cohort 2: 10 µg/kg ♦ – – –; cohort 3: 30 µg/kg ▲–––––; cohort 4: 60 µg/kg 
■▬▬▬ . 
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Cell numbers, cycling (Ki67+), and Bcl-2 expression were evaluated within each 
subset. RTEs, the most naïve circulating CD4+ cells, were defined as 
CD45RA+/CD31+.  Among CD4+ and CD8+ cells, the main naïve, memory, and 
effector populations were defined respectively as CD45RA+/CD27+, CD45RA–

/CD27+, and CD45RA–/CD27–. rhIL-7 induced marked proliferation in all T cell 
subsets, but, although significant proliferation was induced in effector and memory 
CD4+ and CD8+ subsets, it resulted in a smaller net population expansion than for the 
CD4+ RTE and other naïve subsets (Figure 2). The magnitude of the resulting bio-
logical effects was variable, but the kinetics were similar in all T cell subsets and at 
all effective doses. After 1 week of therapy, up to 70% of circulating CD4+ RTE and 
naïve CD4+ and CD8+ T cells were in cycle and expressed elevated levels of Bcl-2. 
The combination of high proliferation rates, for the first week, and Bcl-2 up-
regulation, sustained throughout the 2 weeks of treatment, resulted in net T cell ex-
pansion (up to 20-fold in some individuals), persisting one to several weeks after 
treatment (Figure 1). Interestingly, in spite of continuing exposure to the pharma-
cologic doses of rhIL-7 during the second week of treatment and in the absence of 
IL-7 antibodies, the proliferation rates were halved by the end of treatment in all 
subsets, coinciding with IL-7Rα downregulation, then returned to baseline by week 3 
(Figure 1), coinciding with the recovery of IL-7Rα surface expression and normali-
zation of Bcl-2 expression after the cessation of treatment.  
 The T cell increase was primarily due to IL-7-induced peripheral expansion. 
There was no dilution effect of TREC numbers per 105 CD4+ sorted cells, which, 
consistent with preclinical data, is more suggestive of cell recruitment or expansion 
but does not exclude a thymic contribution. Most importantly, this large expansion of 
naïve cells resulted in a broadening of T cell repertoire diversity demonstrated on 
spectratyping analysis of the TCR Vβ genes and, unlike what is observed with IL-2 

FIGURE 2. Expansion of CD4+ and CD8+ T cell subsets in cohorts 3 and 4 (30 and 60µg/kg). Y 
axis: mean cohort values of percentage increase over the baseline absolute number/mm3; X 
axis: Days from start of treatment.  CD4+ subsets (left):  RTE * –– .. –– .. ; Main naïve ○–––– ; 
Memory x----- ; Effectors □……; CD8+ subsets (right): Naïve ○–––– ; Memory x----- ; 
Effectors: □…… 
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therapy, this IL-7-induced expansion resulted in a relative decrease in the proportion 
of CD4+/CD25Hi/FoxP3+  T-regs.  
 Mature CD20+ B cells showed a 40–70% decrease in absolute number of circulat-
ing cells during therapy, probably the result of trafficking alterations, with a gradual 
return to baseline numbers over the 2 weeks following treatment (Figure 3).  

3. Conclusions 

Central to the potential clinical use of IL-7 are its immunorestorative and immune-
enhancing properties. As indicated above, spontaneous immune recovery following 
immune depletion, be it physiologic (age), pathologic (HIV), or iatrogenic (chemo-
therapy), requires evidence of some thymopoietic activity, in order to return to a 
normal number of lymphocytes. This has been shown to be inconsistent and often 
incomplete in adults younger than 50 years and, by and large, inexistent in individu-
als over 50. Consequently, various forms of immune therapeutic interventions under 
present or future investigations may be destined to failure if not preceded or accom-
panied by immunorestorative or immune-enhancing measures for the majority of 
concerned individuals left with an immune deficit from a variety of etiologies. 
 IL-7 may restore or even exceed the normal number of T cells in an immune 
depleted individual and, unlike IL-2, it appears to expand preferentially CD4+ RTE 
and other naïve subsets of both CD4+ and CD8+ T cells without increasing the pro-
portion of CD4+CD25HiFoxP3+ T-regs. This results in a broadening of the naïve T 
cell repertoire diversity. Therefore, IL-7 offers the prospect of returning to normal 
both the number and repertoire diversity of naïve T cells in adults with incomplete or 
inexistent potential for thymopoiesis. Furthermore, IL-7’s ability to lower the thresh-
old of immune responsiveness may allow, in combination with this broaden T cell 
repertoire, the development of new and more effective T cell anti tumor specificities 
in response to vaccines. 
 Subsequent clinical studies will need to focus on optimization of dose and deliv-
ery schedules based on the pharmacodynamics known from experimental models and 
those observed in the phase I studies as well as a better understanding of the likely 
heterogeneous relationship between dose and the various biological effects of IL-7. 

FIGURE 3. Kinetics of CD20+ B cell. X axis: Days from start of treatment; Y axis: mean co-
hort values of absolute number/mm3 (left panel) and percentage increase over baseline abso-
lute number/mm3 (right panel); cohort 1: 3 µg/kg ○; cohort 2: 10 µg/kg ◊; cohort 3: 30 µg/kg 
∆; cohort 4: 60 µg/kg □.  
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IL-7 modalities of use in the clinical arena are likely to be highly dependent on a 
variety of clinical parameters such as the degree of initial immune depletion or its 
cause (physiologic, pathologic, or iatrogenic), the intended end results (e.g., global 
immune restoration vs. enhancement of specific response to a vaccine), and the tim-
ing of such interventions. 
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Abstract. Multichain immune recognition receptors (MIRRs) represent a family of struc-
turally related but functionally different surface receptors expressed on different cells of the 
immune system. A distinctive and common structural characteristic of MIRR family mem-
bers is that the extracellular recognition domains and intracellular signaling domains are 
located on separate subunits. How extracellular ligand binding triggers MIRRs and initiates 
intracellular signal transduction processes is not clear. A novel model of immune signaling, 
the Signaling Chain HOmoOLigomerization (SCHOOL) model, suggests possible molecu-
lar mechanisms and reveals the MIRR transmembrane interactions as universal therapeutic 
targets for a variety of MIRR-mediated immune disorders. Intriguingly, these interactions 
have been recently shown to play an important role in human immunodeficiency virus and 
cytomegalovirus pathogenesis. In this chapter, I demonstrate how the SCHOOL model, 
together with the lessons learned from viral pathogenesis, can be used practically for ra-
tional drug design and the development of new therapeutic approaches to treat a variety of 
seemingly unrelated disorders, such as T cell-mediated skin diseases and platelet disorders. 

1. Introduction 

Immune cells respond to the presence of foreign antigens with a wide range of 
responses. Antigen recognition by immune cells is mediated by the interaction of 
cell surface receptors with soluble, particulate, and cellular antigens. Key among 
these receptors is the family of multichain immune recognition receptors (MIRRs) 
that are expressed on many different immune cells, including T and B cells, natural 
killer (NK) cells, mast cells, macrophages, basophils, neutrophils, eosinophils, 
dendritic cells, and platelets (Sigalov 2006). 

The most intriguing common structural feature of MIRR family members is that 
the extracellular recognition domains and intracellular signaling domains containing 
immunoreceptor tyrosine-based activation motifs (ITAMs) are located on separate 
subunits (Figure 1A). The association of the subunits in resting cells is mostly driven 
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FIGURE 1. (A) Structural and functional organization of multichain immune recognition recep-
tors (MIRRs). Transmembrane interactions between MIRR ligand-binding and signaling 
components (shown by solid arrow) play a key role in receptor assembly and integrity on 
resting cells. (B) The Signaling Chain HOmoOLigomerization (SCHOOL) model proposing 
that the homooligomerization of signaling subunits plays a central role in triggering MIRR-
mediated signal transduction. Small solid black arrows indicate specific intersubunit hetero- 
and homointeractions between transmembrane and cytoplasmic domains, respectively. Circu-
lar arrow indicates ligand-induced receptor reorientation. All interchain interactions in a 
dimeric intermediate are shown by dotted black arrows reflecting their transition state. Phos-
phate groups are shown as dark circles. (C) Molecular mechanisms underlying proposed inter-
vention by transmembrane-targeted agents. Specific blockade of transmembrane MIRR inter-
actions between recognition and signaling subunits results in “predissociation” of the receptor 
complex, thus preventing the formation of signaling oligomers and inhibiting ligand-
dependent immune cell activation. In contrast, stimulation of these “predissociated” MIRRs 
with crosslinking antibodies to signaling subunit should still lead to receptor triggering and 
cell activation (not shown). Similar mechanisms are proposed to be used by diverse viruses, 
such as human immunodeficiency virus and cytomegalovirus, in their pathogenesis to modu-
late the host immune response. See text for details. 

 
signaling components (Figure 1A) and plays a key role in receptor assembly and 
integrity (reviewed in Sigalov 2006).  

by the noncovalent transmembrane (TM) interactions between recognition and  
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Crosslinking, or oligomerization, of the receptors after ligand binding results in 
phosphorylation of the ITAM tyrosines, which triggers the elaborate intracellular 
signaling cascade. However, the molecular mechanism by which clustering of the 
extracellular recognition domains of MIRRs leads to activation and phosphorylation 
of the intracellular domain ITAMs, thus triggering specific pathways and resulting in 
a immune cell functional outcome, remains to be identified.  

MIRR-mediated signal transduction plays an important role in health and disease 
(Rudd 2006), making these receptors attractive targets for rational intervention in a 
variety of immune disorders. Thus, future therapeutic strategies depend on our de-
tailed understanding of the molecular mechanisms underlying the MIRR triggering 
and subsequent TM signal transduction.  

Despite numerous models of MIRR-mediated TM signal transduction suggested 
for particular MIRRs (e.g., T cell receptor, TCR; B cell receptor, BCR; Fc receptors, 
FcRs; and NK receptors), no current model fully explains at the molecular level how 
ligand-induced TM signal transduction commences. As a consequence, these models 
are mostly descriptive and do not reveal clinically important potential points of 
therapeutic intervention. In addition, no general model of MIRR-mediated immune 
cell activation has been suggested, thus preventing the potential transfer of therapeu-
tic strategies between seemingly disparate immune disorders. 

The central idea of this chapter is to show how the similar architecture of the 
MIRRs dictates similar mechanisms of MIRR-mediated signaling, thus building the 
basis for existing and future therapeutic strategies targeting MIRRs. In addition, this 
hypothesis significantly improves our understanding of the immune modulatory 
properties of human immunodeficiency virus (HIV) and human cytomegalovirus 
(CMV) pathogenesis and assumes that the lessons learned from a viral pathogenesis 
can be used for the development of new therapeutic approaches to treat a variety of 
seemingly unrelated disorders.  

2. SCHOOL Model of MIRR Signaling 

Recently, a novel biophysical phenomenon, the homointeractions of intrinsically 
disordered cytoplasmic domains of MIRR signaling subunits, has been discovered 
(Sigalov et al. 2004). Hypothesizing a crucial physiological role of these unique 
homointeractions, a novel mechanistic model of MIRR triggering and subsequent 
TM signal transduction, the Signaling Chain HOmoOLigomerization (SCHOOL) 
model (Sigalov 2004, 2005, 2006), suggests that MIRR engagement leads to recep-
tor oligomerization coupled with a multistep structural reorganization driven by 
the homooligomerization of signaling subunits (Figure 1B).  

The model also assumes that the diversity of the immune cell response is partly 
provided by the combinatorial nature of MIRR-mediated signaling. In other words, 
different patterns of MIRR signaling subunit oligomerization (Sigalov 2004, 2005) in 
combination with distinct functions of MIRR signaling modules and/or distinct
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(TCR ζ chain) induce qualitatively and quantitatively distinct activation signals for 
the different functional outcomes in immune cell activation and apoptosis. 

Within the model, MIRR triggering is considered to be the result of ligand-
induced interplay between (1) intrareceptor TM interactions that stabilize and main-
tain receptor integrity and (2) interreceptor homointeractions between the cytoplas-
mic domains of MIRR signaling subunits. The plausible and easily testable 
SCHOOL model is fundamentally different from those previously suggested for 
particular MIRRs and has several important advantages.  

First, this model is based on specific protein–protein interactions—biochemical 
processes that can be influenced and controlled, and specific inhibition and/or modu-
lation of these interactions provides a promising novel approach for rational drug 
design (Loregian and Palu 2005). 

Second, assuming that the general principles underlying MIRR-mediated TM 
signaling mechanisms are similar, the SCHOOL model can be applied to any particu-
lar receptor of the MIRR family. 

Third, the SCHOOL model reveals new therapeutic targets for the treatment of a 
variety of disorders mediated by immune cells. 

Finally, an important application of the SCHOOL model is that similar therapeu-
tic strategies targeting key protein–protein interactions involved in MIRR triggering 
and TM signal transduction may be used to treat diverse immune-mediated diseases. 
This assumes that clinical knowledge, experience, and therapeutic strategies can be 
transferred between seemingly disparate immune disorders or used to develop novel 
pharmacological approaches. 

3. Transmembrane Interactions as Immunotherapeutic Targets 

Since it was first published in 2004 (Sigalov 2004), the SCHOOL model has re-
vealed MIRR TM interactions as important therapeutic targets and provided a 
mechanistic explanation at the molecular level for specific processes behind “out-
side-in” MIRR signaling that were unclear (Sigalov 2004, 2005, 2006). Examples 
include molecular mechanisms of action of the therapeutically important TCR TM 
peptides (Enk and Knop 2000; Wang et al. 2002; Amon et al. 2006; Collier, et al. 
2006) first introduced in 1997 (Manolios et al. 1997) and the mechanism underly-
ing HIV-1 fusion peptide (FP)-induced inhibition of antigen-specific T cell activa-
tion (Quintana et al. 2005). The relevance of the latter mechanism has since been 
confirmed experimentally (Bloch et al. 2007).  

As suggested by the SCHOOL model (Figure 1C), specific blockade or disrup-
tion of the TM interactions between MIRR recognition and signaling subunits causes 
a physical and functional disconnection of the subunits. Peptides and their deriva-
tives, small-molecule disrupters of protein–protein interactions, site-specific muta-
tions, and other similar agents/modifications can be used to affect the MIRR TM 
interactions. Antigen stimulation of these “predissociated” receptors leads to reorien-
tation and clustering of the recognition but not signaling subunits. As a result, signal-
ing oligomers are not formed, ITAM Tyr residues do not become phosphorylated, 

activation signals provided by different ITAMs located on the same signaling module 
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and the signaling cascade is not initiated. In contrast, this “predissociation” does not 
prevent the formation of signaling oligomers when signaling subunits are clustered 
by specific antibodies (e.g., anti-CD3 antibodies for TCR and anti-Igβ antibodies for 
BCR) that trigger cell activation (not illustrated). 

Importantly, our current understanding of the MIRR structure and the nature and 
specificity of TM interactions between receptor recognition and signaling subunits 
allows us not only to block or disrupt these protein–protein interactions but also to 
modulate the interactions by sequence-based approach using corresponding peptides 
and/or their derivatives. Strengthening/weakening and/or selective disruption of the 
association between particular recognition and signaling subunits might allow us not 
to inhibit, but rather to modulate the ligand-induced cell response. In addition, selec-
tive “disconnection” of particular signaling subunits from their recognition partner 
would be invaluable in studies of MIRR-mediated cell activation. 

3.1. Transmembrane Peptides and Immune Cell Activation 

Selected agents suggested or predicted by the SCHOOL model to affect MIRR TM 
interactions, thus inhibiting or modulating MIRR-mediated immune cell activation, 
are listed in Table 1. 

TM peptides capable of inhibiting MIRR-mediated cell activation were first re-
ported in 1997 for antigen-stimulated TCR-mediated T cell activation (Manolios et al. 
1997). Since that time, despite extensive basic and clinical studies of these peptides 
(Wang et al. 2002; Enk and Knop 2000), the molecular mechanisms of action of 
these clinically relevant peptides have not been elucidated until 2004 when the 
SCHOOL model was first introduced (Sigalov 2004). 

The vast majority of basic and clinical findings were reported for the TCR TM 
core peptide (TCR-CP), which represents a synthetic peptide corresponding to the 
sequence of the TM region of the ligand-binding TCRα chain critical for TCR as-
sembly and function. This region has been shown to interact with the TM domains of 
the signaling CD3δε and ζ subunits (Call et al. 2002), thus maintaining the integrity 
of the TCR in resting T cells.  

Briefly, as suggested by the SCHOOL model (Sigalov 2004, 2005, 2006), the 
TCR-CP competes with the TCRα chain for binding to CD3δε and ζ subunits, thus 
resulting in disconnection and dissociation of the signaling subunits from the remain-
ing receptor complex (Figure 1C). The proposed mechanism is the only mechanism 
consistent with all experimental and clinical data reported up to date for TCR TM 
peptides and their lipid and/or sugar conjugates. 

The SCHOOL model predicts that the same mechanisms of inhibitory action can 
be applied to MIRR TM peptides corresponding to the TM regions of not only the 
MIRR recognition subunits but also the corresponding signaling subunits. This was 
recently confirmed experimentally (Collier et al. 2006; Vandebona et al. 2006) by 
showing that the synthetic peptides corresponding to the sequences of the TM re-
gions of the signaling CD3 (δ, ε, or γ) and ζ subunits are able to inhibit the immune 
response in vivo (CD3 TM peptides) and NK cell cytolytic activity in vivo (ζ TM 
peptide) (Table 1).  
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TABLE 1. Selected agents reported to modulate the immune cell response and suggested or 
predicted by the SCHOOL model to affect MIRR transmembrane interactions 

Agent Receptor Action Mechanism 

TCR–
CP 

TCR Inhibits antigen-stimulated 
TM signal transduction (Ma-
nolios et al. 1997; Wang et al. 

2002; Amon et al. 2006; 
Collier et al. 2006) 

Efficiently abrogates T cell-
mediated immune responses 
in mice and humans in vitro 
and in vivo (Enk and Knop 

2000) 

Disrupts TCRα–CD3δε and 
TCRα–ζ TM interactions result-

ing in dissociation of these 
signaling subunits from the 

remaining complex, and thus 
preventing the formation of 

signaling oligomers upon anti-
gen stimulation and, conse-

quently,  inhibiting T cell activa-
tion (Figure 1C; Sigalov 2004, 

2005, 2006) 

CD3δ–
CP 
CD3ε–
CP  
CD3γ–
CP  

TCR CD3δ–CP and CD3γ–CP do 
not inhibit antigen-stimulated 
T cell proliferation and IL-2 
secretion (Collier et al. 2006) 

CD3δ–CP, CD3ε–CP, and 
CD3γ–CP prevent disease 

development and progression 
in rats with adjuvant-induced 
arthritis (Collier et al. 2006) 

Disrupt TCRα–CD3δ (CD3δ–
CP), TCRα–CD3ε (CD3ε–CP), 
TCRβ–CD3ε (CD3ε–CP), and 
TCRβ–CD3γ (CD3γ–CP) TM 
interactions, resulting in selec-

tive dissociation of the particular 
signaling subunits from the 
remaining receptor complex 

NK–CP  
ζ–CP 

NKp44 
NKp46 
NKp30 
NKG2D 
NKG2C 
KIR2DS 

Inhibit NK cell cytolytic 
activity (Vandebona et al. 

2006) 

Disrupt the TM interactions 
between receptor ligand-binding 

subunits and associated 
homodimeric signaling subunits, 

such as ζ−ζ, γ−γ, or DAP-12 
(Figure 1C; Sigalov 2006) 

GPVI–
CP 

Platelet 
GPVI 

Inhibits collagen-induced 
platelet activation and aggre-
gation (Sigalov et al. unpub-

lished data) 

Disrupts the TM interactions 
between collagen-binding GPVI 

subunit and associated 
homodimeric γ chain (Figure 

1C; Sigalov 2006) 

HIV 
gp41–
FP 

TCR Colocalizes with CD4 and 
TCR molecules, coprecipi-

tates with the TCR, and inhib-
its antigen-specific T cell 

proliferation and proinflam-
matory cytokine secretion in 
vitro (Quintana et al. 2005) 

Blocks the TCR–CD3 TM 
interactions needed for anti-

Similarly to the TCR–CP, dis-
rupts TCRα–CD3δε and TCRα–

ζ TM interactions resulting in 
dissociation of these signaling 
subunits from the remaining 

complex, and thus preventing 
the formation of signaling oli-

gomers upon antigen stimulation 
and, consequently, inhibiting  
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CMV, human cytomegalovirus; CP, core peptide; DAP-12, DNAX activation protein 12; 
FP, fusion peptide; GPVI, glycoprotein VI; HIV, human immunodeficiency virus; NK cells, 
natural killer cells; TCR, T cell antigen receptor; TM, transmembrane. 

Interestingly, the model suggests a molecular explanation for the apparent dis-
crepancy in CD3 TM peptide activity between in vitro and in vivo T cell inhibition 
reported by Collier et al. (2006). It has been shown that the CD3δ and CD3γ TM 
peptides do not impact T cell function in vitro (the CD3ε TM peptide has not been 
used in the reported in vitro experiments because of solubility issues) but that all 
three CD3 TM peptides decrease signs of inflammation in the adjuvant-induced 
arthritis rat model in vivo and inhibit an immune response (Collier et al. 2006). 
Within the SCHOOL model, the CD3δ and CD3γ TM peptides disconnect the corre-
sponding signaling subunits (CD3δ and CD3γ, respectively) from the remaining 
receptor complex (Table 1). Thus, these subunits do not participate in further proc-
esses upon antigen stimulation. On the contrary, the previously reported in vitro 
activation studies with T cells lacking CD3γ and/or CD3δ cytoplasmic domains 
indicate that antigen-stimulated induction of cytokine secretion and T cell prolifera-
tion are intact (Luton et al. 1997), thus explaining the absence of inhibitory effect of 
the CD3δ and CD3γ TM peptides in the in vitro activation assays used (Collier et al. 
2006). However, in vivo deficiency of either CD3δ or CD3γ results in severe immu-
nodeficiency disorders (Roifman 2004). This could explain the inhibitory effect 
observed in the in vivo studies for all three CD3 TM peptides (Collier et al. 2006). 
Thus, these experimental data confirm that our ability to selectively “disconnect” 
specific signaling subunits using the MIRR TM peptides in line with the SCHOOL 
model can provide a powerful tool to study MIRR functions and immune cell signal-
ing (Sigalov 2006). 

Similar molecular mechanisms of action of other MIRR TM peptides are sug-
gested by the SCHOOL model to describe and/or predict the observed inhibi-
tory/modulatory effect on MIRR-mediated cell activation (Table 1). 

In summary, considering the high therapeutic potential of the MIRR TM peptides 
illustrated by the clinical results for the TCR–CP (Enk and Knop 2000), the 
SCHOOL model represents an invaluable tool in further development of this novel 
pharmacological approach targeting MIRR TM interactions. 

gen-triggered T cell activation 
(Bloch et al. 2007) 

T cell activation (Figure 1C; 
Sigalov 2006) 

CMV 
pp65 

NKp30 Interacts directly with 
NKp30, leading to dissocia-
tion of the linked ζ subunit 

and, consequently, to reduced 
killing (Arnon et al. 2005) 

Affects the NKp30–ζ TM inter-
actions resulting in dissociation 
of the ζ signaling subunit from 

the remaining complex, and thus 
preventing the formation of ζ 
signaling oligomers upon anti-

gen stimulation and, conse-
quently, inhibiting NK cell 

cytolytic activity (Figure 1C; 
Sigalov 2006) 

341 



Alexander B. Sigalov 
 

3.2. Transmembrane Interactions in HIV Pathogenesis 

The FP found in the N terminus of the HIV envelope glycoprotein gp41 functions 
together with other gp41 domains to fuse the virion with the host cell membrane. 
This peptide has been shown to inhibit antigen-specific T cell proliferation and 
proinflammatory cytokine secretion in vitro (Quintana et al. 2005). This effect is 
specific: T cell activation via PMA/ionomycin or mitogenic antibodies to CD3 is 
not affected by FP. As with TCR-CP, FP shows immunosuppressive activity, in-
hibiting the activation of arthritogenic T cells in the autoimmune disease model of 
adjuvant arthritis and reducing the disease-associated IFN-γ response (Quintana 

The SCHOOL model provides a molecular mechanism of action for FP (Sigalov 
2006) and explains the observed difference in the response of T cells (Quintana et al. 
2005). The peptide prevents the formation of signaling oligomers and thus inhibits 
antigen-dependent T cell activation, acting similarly in this respect to TCR CP. 
However, stimulation with anti-CD3 antibodies of these “predissociated” TCRs still 
results in receptor triggering and cell activation (Sigalov 2006). Thus, the model 
suggests that clinically relevant antibodies (OKT3) could be used to modulate the 
affected T cell response during HIV infection. Recently, OKT3 antibodies have 
been used successfully in HIV therapy to augment immune activation. More recent 
studies (Bloch et al. 2007) have confirmed the predicted mechanism of action of 
the HIV FP. 
 Thus, according to the SCHOOL model, the TCR TM interactions represent not 
only important therapeutic targets for immune-mediated diseases but also a point 
of HIV intervention. The molecular mechanisms revealed by the model can be 
used in rational antiviral drug design and the development of novel antiviral thera-
pies. 

3.3. Transmembrane Interactions in CMV Pathogenesis  

To escape from NK cell-mediated surveillance, human CMV interferes with the 
expression of NKG2D ligands in infected cells. Despite considerable progress in 
the field, a number of issues regarding the involvement of NK receptors in the 
innate immune response to human CMV remain unresolved. 

Recently, a specific and functional interaction between the human CMV tegu-
ment protein pp65 and the NK cell-activating receptor NKp30 has been reported 
(Arnon et al. 2005). Surprisingly, the recognition of pp65 by NKp30 does not lead to 
NK cell activation but instead results in a general inhibition mediated by the disso-
ciation of the signaling ζ subunit from the NKp30–ζ complex (Arnon et al. 2005).  

Within the context of SCHOOL model, the reported action of the human CMV 
pp65 protein may be due to its potential impact on the TM interactions between 
NKp30 and ζ, leading to the dissociation of the ζ subunit. This would prevent the 
formation of ζ signaling oligomers upon antigen stimulation and consequently in-
hibit NK cell cytolytic activity (Table 1; Figure 1). However, further experimental 
studies are needed to confirm the proposed mechanism. 

et al. 2005).  
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4. Lessons from Viral Pathogenesis 

There are several important lessons that we can learn from the SCHOOL model-
revealed similarity of molecular mechanisms underlying viral pathogenesis and 
inhibitory effect of synthetic agents affecting MIRR TM interactions. 

First, it is possible to design and produce highly effective TM agents that are able 
to affect specific TM interactions of a targeted MIRR and suppress and/or modulate 
the MIRR-mediated immune response.  

Second, within the model, TCR–CP and HIV gp41–FP affect similar TCR TM 
interactions. Primary sequence analysis of these two peptides shows different pri-
mary sequences but a similarity in charged or polar residue distribution patterns, 
suggesting that a computational approach can and should be used in the rational 
design of effective inhibitory peptides. General well-known principles of designing 
TM peptides with an ability to insert into the membrane might be readily used at this 
stage. 

Third, the SCHOOL model suggests that antibodies to MIRR signaling subunits 
can be used to modulate the affected immune cell response during viral infection. 

Finally, two unrelated enveloped viruses, HIV and human CMV, use a similar 
mechanism to modulate the host immune response mediated by two functionally 
different MIRRs—TCR and NKp30. Thus, it is very likely that similar general 
mechanisms can be or are used by other viral and possibly nonviral pathogens. 

5. Conclusions 

Despite growing interest in targeting MIRR signaling as a potential treatment strat-
egy for different immune-mediated diseases, the molecular mechanisms underlying 
MIRR triggering and subsequent transmembrane signal transduction are unknown, 
thus preventing the development of novel pharmacological approaches.  

Suggesting MIRR triggering as a result of ligand-induced interplay between well-
defined protein–protein interactions, the SCHOOL model reveals intrareceptor TM 
interactions as universal therapeutic targets for MIRR-mediated immune diseases. 
Importantly, the lessons learned from the SCHOOL model and viral pathogenesis 
indicate that a general drug design approach may be used to treat a variety of differ-
ent and seemingly unrelated immune diseases. Application of this model to the plate-
let collagen receptor glycoprotein VI resulted in the invention of novel platelet in-
hibitors. This illustrates a novel view of potential possibility to transfer clinical 
knowledge, experience, and therapeutic strategies between seemingly disparate im-
mune-mediated diseases. 
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Abstract. This chapter reviews the history of tumor cell vaccines, both autologous and alloge-
neic, as well as adjuvants used with tumor cell vaccines.  The chapter discusses various tumor 
cell modifications that have been tested over the years.  The immune response to tumor vac-
cines is briefly described, as are some methods of immune monitoring after vaccine therapy.  
Finally, there is a description of various tumor cell-based vaccines that have been tested in 
clinical trials. 

1. Introduction 

In 1798 Edward Jenner described a vaccine against small pox (White and 
Shackelford 1983). Since then, vaccines have been used to prevent over 20 infectious 
diseases. Today, vaccines are being used in the setting of cancer to treat malignan-
cies rather than prevent them. The goal of cancer vaccines is to activate the immune 
system so that it can destroy established cancer cells. 

The concept that cancer cells are recognized by the immune system has been the 
subject of investigation for over 100 years.  In the 19th century, Dr. William Coley 
attempted to treat tumor-bearing patients by injecting them with live cultures of 
Serysipelas. He reported a decrease of tumor burden in some patients (Wiemann and 
Starnes 1994). In the late 1950s, Gross et al. demonstrated that mice could be suc-
cessfully immunized against subsequent challenges with methylcholanthrene-
induced sarcomas (Klein et al. 1960; Prehn and Main 1957). 

Over the past 15 years, advances in immunology and molecular biology have led 
to the identification of specific tumor antigens as well as improved methods of im-
munization. Whole-cell tumor vaccines have been investigated for decades.  Some of 
these vaccines have already entered phase III clinical trials (Table 1). Melanoma 
vaccines have received the most attention to date, but vaccines for many solid and 
hematologic malignancies have also been studied and shown varied results (Mitchell 
2002a,b). 
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2. Anticancer Vaccine Approaches Derived from Autologous  
and Allogeneic Tumor Cells 

Many cancer vaccines currently being developed use autologous or allogeneic tumor 
cells as a source of antigen for immunizing patients.  Live vaccines can be modified 
to enhance immunogenicity. Non–viable cell vaccines can be used as a source of 
antigenic peptides, RNA, or heat shock proteins. 

An autologous tumor cell vaccine is derived from a patient’s own tumor. It of-
fers the potential to immunize against antigens generated by tumor-specific gene 
mutations. An allogeneic tumor vaccine is derived from a cancer cell line or another 
patient’s tumor.  Allogeneic tumor cells are a more reliable and uniform source of 
antigens for the preparation of vaccines. These vaccines target antigens that are 
shared between the cell lines in the vaccine and patients’ tumors. 

To avoid the possibility that live tumor cells may seed implants or metastasize, 
whole tumor cells are irradiated or otherwise killed before reinjection into patients.  
Thus, final preparations of autologous and allogeneic tumor cell vaccines in clinical 
use contain irradiated cells (e.g., CancerVax), tumor cell lysates (e.g., Melacine), 
hapten-treated cells (e.g., M-Vax), tumor cell extracts, or mixtures of these. 

Manufacture of a tumor cell vaccine requires identity testing and assurance that 
the vaccine is replication incompetent. Whole-cell vaccines contain multiple anti-
gens, and patient immune responses may occur to several different antigens, so it 
may be essential to test for multiple antigens in the final vaccine product. Flow cy-
tometry, which can assess cell surface antigens on cells, or polymerase chain reac-
tion (PCR) assays, which can identify unique cell line-associated DNA, can be used 
to verify that each of the cell lines is present in the final product. Proliferation assays 
(e.g., 3H-thymidine uptake) can be used to ensure that cells have been rendered repli-
cation incompetent. 

TABLE 1.  Whole-Cell cancer vaccines 

Canvaxin, CancerVax Corporation, Carslbad, CA, USA  

Melacine, Corixa Corp., Seatlle, WA, USA 

M-Vax, AVAX, Overland Park, KS, USA 

OncoVax, Intracel LLC, Frederick, MD, USA 

ONYCR1-3, ONYvax, London, UK 
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3. Adjuvants 

Adjuvants are agents that are mixed with tumor cells or tumor cell extracts to ensure 
adequate presentation of the antigens to the immune system and enhance an immune 
response after immunization (Durrant and Spendlove 2003). Adjuvants are capable 
of stimulating antigen-presenting cells (APCs) and natural killer (NK) cells into 
producing cytokines and promoting the survival of antigen-specific T cells. Exam-
ples include BCG, Corynebacterium parvum (Halpern et al. 1966), DETOX, and 
alum (aluminum-based salts). Cytokines such as interleukin-2 (IL-2) and granulocyte-
macrophage colony—stimulating factor (GM-CSF) have also been used as adjuvants 
(Salgaller and Lodge 1998). 

 4. Modified Tumor Cells 

Attempts to increase the immunogenicity of tumor cell vaccines have included the 
infection of cancer cells with viruses (e.g., vaccinia virus [Arroyo et al. 1990; Bash 
1993] and vesicular stomatitis virus  [Livingston et al. 1985]) to create oncolysates 
that contain both viral and tumor antigens. The strong viral antigens act as immu-
nologic adjuvants, which enhance immune responses to the tumor antigens. 

Transfection of certain genes into tumor cells can also increase their immuno-
genicity (Colombo and Forni 1994; Colombo and Rodolfo 1995; Pardoll 1995).  
Patients have been treated with tumor cells genetically modified ex vivo or in vitro to 
express different classes of genes, including cytokines, T cell costimulatory mole-
cules, as well as allogeneic or xenogeneic MHC class I molecules. 

An alternative to the use of whole tumor cells in vaccines has been the use of 
relevant and immune-activating portions of tumor cells and removal of portions 
proven to be irrelevant and immune suppressing. In experimental murine models, 
partially purified fractions of allogeneic tumor cell lines that shed tumor antigen 
have been shown to yield preparations capable of stimulating immune responses 
(Johnston et al. 1994). This method of preparing a tumor vaccine has been used in 
clinical trials (Bystryn 1993; Bystryn et al. 1992a,b), in combination with adjuvants 
such as alum or DETOX (Schultz et al. 1995). 

5. Immune Response to Tumor Cell Vaccines 

Dendritic cells (DCs) are key mediators in vaccine function (Banchereau and Stein-
man 1998; Bronte et al. 1997). They endocytose tumor cells and tumor cell lysates 
and express antigenic peptide in the context of MHC molecules. This antigen–MHC 
complex is recognized by the T cell receptor (TCR) and provides the first signal for 
T cell activation. DCs also express the costimulatory molecules B7-1 (CD80) and 
B7-2 (CD86), which interact with CD28 and CTLA-4 receptors on T cells and pro-
vide the second signal for T cell activation (Bluestone 1998). Engagement of CD28 
receptor is associated with T cell differentiation and proliferation; engagement of the 
CTLA-4 receptor is associated with the attenuation of T cell differentiation and
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responses to tumor cells (Leach et al. 1996). Activated T cells can then circulate and 
kill tumor cells systemically. 

T cells that accumulate within tumors have been observed to recognize autolo-
gous tumor cells in vitro. They are able to proliferate and secrete cytokines—such as 
IL-2, GM-CSF, interferon gamma (IFN-γ), and tumor necrosis factor α (TNF-α)—in 
response to stimulation with autologous tumor cells (Hom et al. 1993; Itoh et al. 
1988). Mouse studies suggest that tumor rejection seems largely dependent on CD8+ 
cytolytic T cells (Prehn 1975).  CD4+ helper T cells regulate antigen-specific im-
mune responses by regulating functions of other components of the immune system, 
including B lymphocytes and CD8+ T lymphocytes. 

6. Allogeneic Vaccines 

Allogeneic tumor cell vaccines consist of either whole tumor cells or lysates of tu-
mor cells bearing multiple antigens with immunogenic potential. Allogeneic tumor 
cell vaccines have several therapeutic and manufacturing advantages, such as the 
presence of multiple tumor-associated antigens (TAAs), the potential to minimize the 
tumor cell’s immune escape, and the ability to be manufactured consistently and in 
lots large enough to treat multiple patients. These vaccines can be designed using 
multiple cell lines to increase different HLA antigen content, making them applica-
ble to a broader group of patients (Marshall 2003). 

6.1. Allogeneic Tumor Cell Vaccines for Melanoma 

This is an irradiated polyvalent allogeneic melanoma cell vaccine (PMCV) (Mitchell 
1998) tested extensively in phase I and II clinical trials (Van Epps 2004). Results 
show a statistically significant increase in median and 5-year survival of stage III/IV 
surgically resected patients with melanoma as compared with matched historical 
controls. Multicenter phase III randomized double-blind trials are in progress 
(Morton et al. 2002). 

A study by Hsueh et al. evaluated patients who received PMCV following com-
plete regional lymph node dissection.  Patients’ serum was tested for in vitro delta 
complement-dependent cytotoxicity (CDC) against M-14 cells, a melanoma cell line 
not used in the vaccine. CDC was increased in 82% of patients. Median 5-year sur-
vival was over 54 months for patients with delta-CDC levels at or above 10% (44 
patients) but only 7 months for those with delta-CDC below the 10% level (56 pa-
tients; p = 0.0001). Disease-free survival (DFS) showed a similar correlation (Hsueh 
et al. 1998). 

proliferation. (Blocking CTLA-4 engagement has been reported to enhance immune 

348 

6.1.1. Canvaxin™ (CancerVax Corporation, Carlsbad, CA, USA) 



37. Tumor Cell Vaccines
 

6.1.2. Melacine (Corixa Corporation, Seattle, WA, USA) 

Melacine is a vaccine composed of lysates from two allogeneic melanoma cells lines 
admixed with DETOX adjuvant. Phase I and II trials in patients with stage IV mela-
noma have shown a 10% to 20% response rate. Results of clinical trials with stage 
II/III patients show improvement in DFS for stage II patients only (Vermorken et al. 
1999). Difference in outcome between trials has been attributed to improved quality 
control in vaccine preparation and in the administration of an additional late dose to 
boost the immune response. A multicenter phase II study comparing Melacine with a 
four-drug chemotherapy combination showed comparable response rates and overall 
survival (Mitchell 1998), but the Melacine was better tolerated. A combination of 
IFN-α2b and Melacine appears to enhance antitumor response in advanced mela-
noma (Sondak and Sosman 2003). 

6.2. Allogeneic Tumor Cell Vaccines for Pancreatic Cancer 

Jaffe et al. (2001) have created a GM-CSF-secreting pancreatic vaccine. They 
evaluated the safety and immune activation in 14 patients with stage I–III resected 
adenocarcinoma of the pancreas. The vaccine was well tolerated and it induced an 
autologous tumor-specific delayed-type hypersensitivity (DTH) response in three 
patients. These patients showed a prolonged DFS of at least 25 months post-

6.3. Allogeneic Tumor Cell Vaccines for Prostate Cancer 

An example of a prostate tumor cell vaccine is the multivalent cancer vaccine from 
the GVAX family (Cell Genesys, Inc.). This vaccine is designed from two cell lines 
genetically modified to secrete GM-CSF and cloned based on the expression of pros-
tate cancer markers. Each cell line is produced and inoculated separately. 

7. Autologous Vaccines 

Autologous tumor cell vaccines are individualized and contain relevant antigens for 
any particular patient’s tumor. These vaccines carry antigens unique to the patient’s 
tumor cells, even ones that may be unknown to investigators. These vaccines, how-
ever, present some limitations. They depend on the availability of an adequate num-
ber of tumor cells. They require individualized manufacturing, incurring significant 
labor, expense, and time. Each lot of vaccine cells must meet FDA manufacturing 
guidelines. 

7.1. Autologous Tumor Cell Vaccines for Melanoma 

7.1.1. M-Vax (Overland Park, KS, USA) 

M-Vax is a hapten-modified autologous melanoma cell vaccine using BCG as the 
adjuvant (Mitchell 2002a,b). Clinical trials have been done in the metastatic setting 

diagnosis. 
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(stage IV) as well as in stage III patients. In a study of 83 patients with stage IV 
melanoma, 11 were reported to show antitumor response (two complete responses 
[CRs], four partial responses [PRs], and five mixed responses). In 214 patients with 
stage III melanoma, the 5-year overall survival rate was reported to be approximately 
44%, which compares favorably with survival rates after surgery of 20–25% (Berd 
2004). 

7.1.2. Melanoma transduced with Ad-GM-CSF 

This vaccine is an autologous GM-CSF-secreting melanoma cell vaccine engineered 
with recombinant-incompetent adenovirus. The transduced melanoma cells are irra-
diated to prevent cell proliferation in vivo. A phase I trial by Kusumoto et al. (2001) 
showed that the vaccine was well tolerated by patients and led to an antitumor re-
sponse in some. CTL activity was detected in five of nine patients. One patient 
showed a partial clinical response. 

7.2. Autologous Tumor Cell Vaccines for Colon Cancer 

Irradiated autologous colon cancer cells injected with BCG as adjuvant were evalu-
ated for stage II and III colon cancer. Three multi-institutional, prospective, random-
ized, controlled studies assessed the therapeutic effects of postsurgical adjuvant 
vaccines. DTH responses were observed in most patients. No overall survival benefit 
was reported (Hanna et al. 2001). 

7.3. Autologous Tumor Cell Vaccines for Renal Cell Carcinoma 

Various autologous tumor cell vaccine approaches have been explored in patients 
with advanced renal cell carcinoma (RCC). In a study of 20 evaluable patients im-
munized with autologous tumor cells and a bacterial (Corynebacterium parvum) 
adjuvant, one CR and four partial responses PRs were observed, all in patients with 
lung metastases (Sahasrabudhe et al. 1986). Positive DTH responses to the autolo-
gous tumor cells were observed to correlate with response and survival (McCune 
et al. 1990). 

At our institution, a B7-1-transduced autologous tumor cell vaccine in combina-
tion with systemic IL-2 has been tested in patients with metastatic renal cell carci-
noma. In the phase I portion of the trial (n = 15), two patients had a partial response 
and two had stable disease.  DTH skin tests showed perivascular T cell infiltrates in 
three of the four patients with partial response or stable disease. No significant toxic-
ity was observed with the vaccine (Antonia et al. 2002). In the phase II portion of the 
trial (n = 37), the median survival was 23 months, an improvement over historical 
median survival (manuscript in preparation). 

7.4. Autologous Tumor Cell Vaccines for Lung Cancer 

A phase I trial in which 35 patients with non-small cell lung cancer were vaccinated 
with irradiated autologous tumor cells engineered to secrete GM-CSF showed  
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post-vaccine infiltration of metastatic sites with macrophages, lymphocytes, and 
granulocytes.  Most patients demonstrated a positive DTH response.  The clinical 
correlation of this response is less clear, as only 5 of the 35 patients showed stable 
disease (Salgia et al. 2003). 

8. Assessing Effect of Cancer Vaccines:  Immune Monitoring 

Cancer cell vaccines stimulate the host’s immune system to affect a response against 
tumor cells. They may produce local inflammatory responses that can induce tumor 
regression. The most sensitive technique for assessing a tumor-specific T cell re-
sponse after immunization relies on the detection of the effects of T cell activation in 
response to tumor antigen, such as the secretion of cytokines or T cell proliferation.  
If immunization with a tumor cell vaccine results in an increase in the number of T 
cells against the immunizing antigen, then post-treatment cultures of T cells exposed 
to the appropriate target should produce a larger number of cytokines than those seen 
in pretreatment cultures.  This can be detected by ELISA or ELISPOT assays. 

Methods to evaluate immune responses to vaccine therapy include DTH enzym 
and ELISPOT assays. DTH testing is commonly used to measure responses to 
autologous and allogeneic cell vaccines. A cellular immune response to the anti-
gen(s) injected into the skin can occur within 24–72 h. T cells and monocytes may be 
found infiltrating the area. 

In ELISPOT testing, T cells are plated with targets and specific antibodies to 
predetermined cytokines (e.g., IL-2 and IFN-γ). The plate is then developed so that a 
spot appears on the plate wherever a T cell recognizes a target and is stimulated to 
produce the predetermined cytokine.  Although this study has some limitations in 
sensitivity, it is still a good test to monitor cancer vaccine responses. 

9. Conclusion 

Many vaccine approaches are undergoing testing at this time (Table 2). The increas-
ing knowledge in tumor antigens provides new strategies in vaccine design. With this 
increasing knowledge and new strategies, we should be able to overcome the chal-
lenges of immunotherapy caused by the ability of cancer cells to evade immune 
recognition and destruction through genetic alterations. Possible solutions include 
treating patients at earlier stages, with the hope that the cancer cells will not have 
undergone significant mutations; combining vaccines with other modes of cancer 
treatment; and producing polyvalent vaccines to target several antigens. Another 
concern is that vaccines may, through manipulation of the immune system, trigger 
autoimmune responses. This has not been a significant clinical problem to date but 
may become more real as vaccines become more effective. Many promising ap-
proaches are currently undergoing testing and more approaches will surely to de-
velop in the future.  It is clear that vaccine therapy as part of the treatment approach 
against cancer is gaining momentum in the 21th century. 
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Phase Title 
Principal 

Investigator Institution 

III 

Phase III Randomized Study of  Immunotherapy with 
Polyvalent Melanoma Vaccine ( )  plus BCG 
versus BCG plus Placebo After Surgery in Patients with 

Donald L. 
Morton, MD 

John Wayne Cancer Institute at 
Saint John's Health Center 

III 
PANVAC TM-VF Vaccine for the Treatment of 

Metastatic Pancreatic Cancer After Failing a Gemcitabine-
Containing Regimen 

Therion 
Biologics Corp. 

(sponsor) 
Multicenter 

III 
GVAX® Prostate Cancer Vaccine vs Docetaxel and 

Prednisone in Patients with Metastatic Hormone-
Refractory Prostate Cancer 

Cell Genesys, 
Incorporated 

(sponsor) 
Multicenter 

I/II Vaccine Treatment for Advanced Breast Cancer 

NewLink 
Genetics Corp /  
Charles Joseph 
Link,  Jr.,  MD 

Multicenter 

I/II 

Phase I/II Study of Immunization With Autologous In 
Vitro-Treated Tumor Cells and Dendritic Cells in 

Combination with Sargramostim (GM-CSF) in Patients 
With Stage IV or Recurrent Melanoma 

Robert Dillman, 
MD 

Hoag Cancer Center at Hoag 
Memorial Hospital 

Presbyterian 

I/II 

Phase I/II Study of Immunization With In Vitro-Treated  
Autologous Tumor Cells and Dendritic Cells in 

Combination with Sargramostim (GM-CSF) in Patients 
Robert Dillman, 

MD 

Hoag Cancer Center at Hoag 
Memorial Hospital 

Presbyterian 

I/II 

Phase I/II Study of Vaccination Comprising a-1 3-
Galactosyltransferase-Expressing Allogeneic Tumor 

Cells (  Lung Cancer Vaccine) in patients  
With Advanced Refractory or Recurrent NSCLC 

John Morris, MD, 
and Charles 

Joseph Link, MD 

NCI – Center for Cancer 
Research 

II 
Phase II Study of GVAX Pancreatic Cancer Vaccine in 

Combination with Adjuvant Chemoradiotherapy in Patients 
with Resected Stage I or II Adenocarcinoma of the Pancreas 

Daniel Laheru, 
MD 

Sidney Kimmel 
Comprehensive Cancer Center 

at Johns Hopkins 

II  

Phase II Study of Autologous Dendritic Cells (DC) 
Loaded With Autologous Tumor Lysate (DC Vaccine) in 
Combination With Interleukin-2 and Interferon Alfa in 

Patients With Metastatic Renal Cell Carcinoma 

Marc Stuart 
Ernstoff, MD 

Norris Cotton Cancer Center at 
Dartmouth–Hitchcock Medical 

Center 

II 
Phase II Study of GVAX Lung Cancer Vaccine in 

Patients with Selected Stage IIIB or Stage IV 
Bronchoalveolar Carcinoma 

Angela Davies, 
MD, and Raja 
Mudad, MD 

Southwest Oncology Group 

II Study on the Feasibility to Derive Vaccine from Tumor 
Tissue in Patients with Non-Small-Cell Lung Cancer 

Antigenics, 
Incorporated London, United Kingdom 

II 

Phase II Study of Vaccine Therapy Comprising 
Autologous Tumor Cells and a GM-CSF-Producing and 
CD40L-Expressing Cell Line (GMCD40L) Combined 

With IL-2 in Patients w Malignant Melanoma 

Sophie 
Dessureault, MD, 

PhD 

H. Lee Moffitt Cancer Center 
and Research Institute at 

University of South Florida 

I  

Phase I Pilot Study of Vaccine Comprising a HER2/neu-
Positive Allogeneic Tumor Cell Line Transfected With 

the Sargramostim (GM-CSF) Gene in Combination With 
Low-Dose Interferon alfa and Low-Dose Cyclophos-

phamide in Women with Stage IV Breast Cancer 

Charles 
Wiseman, MD 

St. Vincent Medical Center– 
Los Angeles 

I 

Phase I Study of Vaccination Comprising Allogeneic 
Sargramostim (GM-CSF)-Secreting Breast Cancer Cells 

Women with Stage IV Breas t Cancer 

Leisha Emens, 
MD, PhD 

Sidney Kimmel 
Comprehensive Cancer Center 

at Johns Hopkins 

HyperAcuteTM

Stage IV Melanoma 

with Stage III or  IV or Recurrent Renal Cell Cancer 

with or without Cyclophosphamide and Doxorubicin in 
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Abstract.  It is widely recognized that the immune system plays a role in cancer progression 
and that some tumors are inherently immunogenic. The identification of tumor-associated 

antigens (TAAs) has stimulated research focused on immunotherapies to mediate the regres-
sion of established tumors. Cancer-specific immunity has traditionally been aimed at activat-
ing CD8+ cytotoxic T lymphocytes (CTLs) directed against major histocompatibility complex 
(MHC) class I-binding peptide epitopes. Other approaches utilize T cell adoptive therapy 
where autologous, tumor-specific T cells propagated in vitro are transferred back into recipi-
ents.  However, these strategies have met with limited success in part due to the regulatory 
mechanisms of T cell tolerance, which poses a considerable challenge to cancer immunother-
apy. Our laboratory utilizes the TRansgenic Adenocarcinoma of the Mouse Prostate (TRAMP) 
model, a murine model of prostate cancer, to study mechanisms of T cell tolerization to tumor 
antigens. We previously demonstrated that upon encounter with their cognate antigen in the 
tumor microenvironment, naïve T cell become tolerized. Our ongoing studies are testing 
whether provision of CD4+ T cells can enhance tumor immunity by preventing CD8+ T cell 
tolerance. A greater understanding of the interaction between various tumor-specific T cell 
subsets will facilitate the design of novel approaches to stimulate a more potent antitumor 
immune response.   

1. Introduction 

Tumors may be caused by a variety of defects that occur in genes encoding proteins 
involved in the regulation of cell growth. Cellular and humoral immune responses 
against tumors can be detected in tumor-bearing hosts, and these responses can be 
manipulated for therapeutic purposes (Rosenberg 1999). Immunosuppression has 
been associated with cancer development; interestingly, cancer is 100 times more 
likely to occur in patients who take immunosuppressive medications (Berkow and 
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Beers 1997; Tenderich et al. 2001).  Further corroboration is provided by the high 
incidence of lymphomas in patients with HIV-1 infection and AIDS (Boshoff and 
Weiss 2002). Conversely, heightened immunity has been correlated to spontaneous 
cancer regression (Challis and Stam 1990). Prolonged survival and reduced metasta-
ses have been associated with tumors that are highly infiltrated with T cells (Naito 
et al. 1998).  

Further delineation of a role for the immune system in antitumor responses has 
shown that IFN-γ production and cytotoxic activity by endogenous lymphocytes is 
pivotal to protect the host from tumor growth or induction (Kaplan et al. 1998). 
IFN-γ  mice and those with a mutation in the IFN-γRI ligand binding subunit of the 

Taken together, the above data demonstrate that the immune system plays an im-
portant role in tumor surveillance. The fact that immune cells can recognize and 
eliminate tumor cells has led to the belief that immunotherapy may be a realistic 
option for the treatment of cancer. This idea is further boosted by the identification 
of tumor antigens recognized by T cells.   

2. Tumor Antigens 

Extensive studies of tumor formation and progression have led to an understanding 
of the unique antigenic composition of tumors.  Tumor development is associated 
with the acquisition of genetic mutations, expression of neoantigens, and the over-
expression of some cellular proteins. The identification of tumor-associated antigens 
(TAAs) recognized by the immune system has led to the classification of TAAs into 
at least five categories: (1) differentiation antigens (e.g., melanocyte differentiation 
antigens; MART and TRP), (2) tumor-specific antigens (TSAs), which represent the 
consequence of genetic changes in cancer cells and provide unique antigens for the 
immune system to target (e.g., p53), (3) overexpressed antigens (e.g., HER-2/neu), 
(4) cancer-testis antigens, which represent embryonic antigens reexpressed by 
anaplastic tumors (e.g., MAGE and NY-ESO-1), and (5) viral antigens (HPV/EBV) 
(Boon and van der Bruggen 1996; Rosenberg 1999). Although many approaches to 
immunotherapy of cancer have focused on eliciting immunity to specific TAAs, 
clinical trials of TAA-specific vaccines have not yielded durable immunity to these 
antigens (Blattman and Greenberg 2004). Because the majority of TAAs tested are 
self-antigens, it is now widely recognized that immunological tolerance is a major 
obstacle in the induction of effective and curative antitumor immunity.   

–
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IFN-γ receptor show a 10 to 20-fold increase to methylcholanthrene-induced tumor 
formation (Kaplan et al. 1998). The importance of lymphocyte lytic ability for proper 
immunosurveillance has been demonstrated in mice deficient in perforin (pfp+). Pfp+ 

mice are 2–3 times more susceptible to MCA-induced tumors and 50% of pfp+ mice 
develop spontaneous lymphomas, compared to less than 10% of wt mice (Smyth et 
al. 2000). Additionally, mice treated with an αTRAIL blocking antibody (Takeda et 
al. 2002) or the use of TRAIL+ mice (Cretney et al. 2002) both demonstrate an in-
creased susceptibility to MCA-induced tumors.   
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3. T Cell Tolerance and Antitumor Responses 

Although generalized immunosuppression has been linked to tumor progression, it 
cannot fully explain the limited success of inducing a protective or curative anti-
tumor immune response. Immunological tolerance has been shown to be a major 
limitation in tumor immunity (Mapara and Sykes 2004). In one study, for example, 
the immune response to the TAA HER-2/neu in cancer patients was demonstrated to 
be significantly lower than immunity resulting from a vaccine for tetanus toxin 
(Ward et al. 1999). While the cancer patients responded quite actively to the tetanus 
antigen vaccine, they exhibited limited reactivity to an endogenous vaccination of 
HER-2/neu overexpression, demonstrating an insufficient response to the oncogenic 
protein. Therefore, to improve antitumor immunity, a better understanding of im-
mune tolerance to TAAs is necessary. 

Immunological tolerance ensures control of self-reactive lymphocytes and pre-
vention of autoimmune disease, while generating a competent immune repertoire 
capable of responding to a myriad of foreign antigens. Central tolerance occurs in the 
thymus and eliminates T cells with strong self-reactivity (negative selection) and 
promotes maturation of T cells capable of responding to foreign antigens (positive 
selection). Most TAAs are self- or altered self-antigens and as such may be expressed 
in the thymus during T cell development. Therefore, the majority of high-affinity, 
potentially tumor-reactive T cells may be deleted from the T cell repertoire prior to 
leaving the thymus (Mathis and Benoist 2004). Potentially self-reactive T cells that 
exit the thymus tend to have low-affinity T cell receptors (TCRs) and are further 
subjected to peripheral tolerance mechanisms.  

4. Peripheral Tolerance to Self/Tumor Antigens 

Peripheral tolerance is a second tolerogenic process that keeps potentially auto-
reactive cells from responding in the peripheral immune system. Mechanisms of 
peripheral tolerance that play a role in hindering the immune response to tumors 
include anergy, deletion, suppression, and ignorance. To be fully activated, T cells 
require signals both through their antigen receptor (signal 1) and through costimula-
tory molecules (signal 2), such as CD28 or ICOS.  In the absence of costimulation, 
anergy is induced and anergic T cells are refractory to subsequent stimulation. One 
way of inducing tolerance involves cross-presentation of tumor antigens by bone-
marrow-derived APCs (Sotomayor et al. 2001). Dendritic cells (DCs) in tumor-
draining lymph nodes tend to be incompletely activated favoring T cell tolerance 
over activation (Melief 2003). In addition, most tumor cells express limited or no 
costimulatory molecules (Abken et al. 2002) and therefore do not serve as effective 
APCs for T cell activation.  

Tumor-specific T cells may also undergo apoptotic deletion. Increased tumor 
burden may lead to sustained stimulation of T cells through their antigen receptor. 
This chronic stimulation upregulates expression of death-inducing ligands on the T 
cells that can result in activation-induced cell death (AICD) (Molldrem et al. 2003). 
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AICD of T cells may be by interactions between Fas and Fas ligand (FasL) and this 
process is often referred to as abortive proliferation. 

In addition to deletion from the repertoire, tumor-specific T cells can be actively 
suppressed. Immunosuppressive activity can be mediated by regulatory cells within 
the tumor microenvironment (Rohrer et al. 1999; Liyanage et al. 2002) or immuno-
suppressive factors secreted by the tumor, such as interleukin-10 (IL-10) and trans-
forming growth factor-beta (TGF-β) (Chen et al. 1994; Gorelik and Flavell 2001). 
Two different types of regulatory cells have been associated with a variety of can-
cers: CD4+25+ FoxP3+ regulatory T cells (Tregs) and Gr-1+ CD11b+ myeloid sup-
pressor cells (MSCs) (Khazaie and von Boehmer 2006; Serafini et al. 2006). Both 
populations of cells are able to inhibit CD8+ and CD4+ T cells from proliferating and 
secreting IFN-γ via contact-dependent and contact-independent mechanisms (Huang 
et al. 2006; Miyara and Sakaguchi 2007). Both IL-10 and TGF-β have been shown to 
inhibit the maturation and function of DCs (Gabrilovich et al. 2004). IL-10 has also 
been implicated in the down regulation of MHC expression (Salazar-Onfray 1999). 
A variety of tumors have also been shown to secrete vascular endothelial growth 
factor (VEGF), which has diverse immunosuppressive effects. VEGF can inhibit the 
maturation of DCs, promote angiogenesis (Gabrilovich et al. 1998; Conejo-Garcia 
et al. 2004), and induce expression of indoleamine 2,3-dioxygenase (IDO) (Moretti 
et al. 1997). IDO can inhibit T cell proliferation through the metabolism of trypto-
phan. Finally, T cells may be tolerant of tumor antigen due to their inability to en-
counter their cognate antigen, a process referred to as ignorance. Ignorance may be 
due to reduced vascularity of the tumor, lack of tumor antigen trafficking to the 
lymph nodes, or physical isolation of the tumor from the immune system.   

 The first direct evidence demonstrating the capacity of tumor cells to induce 
T cell tolerance came in the mid-1990s, following the development of TCR-
transgenic mice, which bear a T cell repertoire skewed toward a single antigenic 
specificity. Using a model system with TCR-transgenic T cells specific for an immu-
noglobulin idiotype expressed by a murine myeloma, Bogen et al. demonstrated both 
peripheral deletion and functional inactivation of Ig-specific CD4+ T cells (Bogen 
1996). Levitsky and colleagues demonstrated that hemaggutinin (HA)-specific CD4+ 
T cells are rapidly rendered anergic by both influenza HA-expressing lymphomas 
and renal carcinomas (Staveley-O’Carroll et al. 1998). The majority of adoptive 
transfer experiments revealed that T cells undergo an unsustainable period of prolif-
eration and activation, followed by functional inactivation (Shrikant et al. 1999). 
Together, these studies demonstrate that tumor-specific T cells are modulated by 
many different mechanisms of peripheral tolerance. Therefore, identifying the 
mechanisms underlying T cell tolerance in a particular type of cancer may facilitate 
the development of new strategies aimed at inducing antigen-driven T cell expan-
sion, activity to tumors, and maintenance of antigen responsiveness. 

5. Overcoming Tolerance Leads to Tumor Immunity 

Numerous studies have shown that overcoming T cell tolerance results in the in-
duction of antitumor immune responses. T cells receive both positive and negative 
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signals during initial activation, and the balance of these signals can affect the 
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functional fate of the T cell. Initially, it was demonstrated by many groups that con-
ferring costimulatory ligands to T cells makes tumors more immunogenic 
(Townsend and Allison 1993; Zheng et al. 2006). Subsequently, it was shown that 
blocking negative signals favors more efficient T cell activation and can result in a 
potent antitumor response.  Cytotoxic T lymphocyte-associated antigen-4 (CTLA-4) 
binds to B7.1/2 on APC with higher affinity than CD28 (Linsley et al. 1994) and 
delivers an inhibitory signal to T cells that serves to block IL-2 expression and cell 
cycle progression (Krummel and Allison 1996). Transient in vivo blockade of 
CTLA-4 at the time of tumor vaccination can enhance vaccine potency and antitu-
mor immunity against melanoma and prostate cancer (van Elsas et al. 1999; Hurwitz 
et al. 2000). We and others previously reported that treatment of a mouse model of 
prostate cancer (TRansgenic Adenocarcinoma of the Mouse Prostate [TRAMP] 
model) with a GM-CSF-expressing cell-based vaccine in combination with CTLA-4 
blockade can reduce tumor incidence and tumor grade (Hurwitz et al. 2000).   

Tregs have been shown to limit the efficacy of vaccine-induced tumor responses.  
Many tumors, both human and experimental, have been demonstrated to recruit 
Tregs to both the draining lymph nodes and tumor bed (Curiel et al. 2004). Murine 
studies have demonstrated that depletion of Tregs can enhance immunotherapy di-
rected toward tumor antigens.  In these tumor models, injection of an anti-CD25 
monoclonal antibody to deplete Tregs was shown to significantly enhance vaccine 
efficacy to a variety of tumors, including mammary adenocarcinoma (Comes et al. 
2006) and melanoma (Sutmuller et al. 2001). Even in the absence of vaccination, 
intratumoral depletion of accumulating CD4+ Tregs in a murine fibrosarcoma model 
also led to tumor rejection (Yu et al. 2005). Interestingly, Sharma and colleagues 
(2005) demonstrated that Cox-2 inhibitors, which can block accumulation of tumor-
induced Tregs, can enhance the immune response in non-small cell lung cancer. The 
ability to deplete Tregs in humans remains controversial as targeting CD25-expressing 
cells may not be as efficient as in mice (Attia et al. 2005a; Barnett et al. 2005).  

Generating antitumor immune responses can be a double-edged sword. Anti-
tumor therapy is aimed at eliciting an immune response to cells derived from self-
tissue. As such, inducing tumor immunity that modulates tolerance to self-antigens 
may result in autoimmunity. Several studies have shown that enhancing immune 
responsiveness to tumors can also result in autoimmune reactions. In both cancer 
patients and murine models of melanoma, immunotherapy for melanoma often re-
sults in an autoimmune depigmentation, referred to as vitiligo (Naftzger et al. 1996; 
Overwijk et al. 1999; Hurwitz and Ji 2004), in which T cells with antigenic specific-
ity for pigmentation antigens destroy normal melanocytes. Rosenberg et al. have 
reported that treating melanoma patients with an mAb against CTLA-4 can results in 
clinical regression of the tumor. However, autoimmunity including colitis, dermati-
tis, hepatitis, hypophysitis, and uveitis can also occur with this treatment (Attia et al. 
2005b). Despite these treatable autoimmune sequelae, the durability of the clinical 
responses with CTLA-4 blockade has generated further interest in using this therapy 
in the treatment of cancer.   
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6. Modulating Tolerance of Tumor-Specific T cells  
in a Murine Model of Prostate Cancer 

The development of genetically modified murine models of cancer has profoundly 
aided in understanding T cell responses to tumor antigens.  To study T cell tolerance 
and tumor immunity, we utilize the TRAMP model, an autochthonous model of 
prostate cancer that highly resembles the pathogenesis and progression of prostate 
cancer in humans. TRAMP mice carry the –426/+28 fragment of the androgen-
driven, prostate-specific rat Probasin (PB) regulatory element fused to the SV40 T/t 
antigen gene (TAg) (Greenberg et al. 1995). The TRAMP model system has been 
proven by us and others to be a valid model to study immunological tolerance and 
potential immunotherapeutics aimed at overcoming T cell tolerance to tumors 
(Granziero et al. 1999; Hurwitz et al. 2000; Tourkova et al. 2004).    

Traditionally, generating an effective antitumor immune response has primarily 
focused on priming CD8+ T cells to tumor antigens.  CD8+ T cells have been strate-
gically targeted because the majority of tumors express MHC I, not MHC II, and 
upon recognition, these cytotoxic T cells may be able to kill these MHC I+ tumor 
cells. We recently characterized the fate of naïve tumor-specific CD8+ T cells in 
TRAMP mice (Table 1). We demonstrated that naïve, tumor-specific CD8+ T cells 
(TcR-I) adoptively transferred into TRAMP mice were inefficiently primed and 
underwent abortive proliferation. Addition of an ex vivo matured, peptide-pulsed DC 
vaccine resulted in effective TcR-I priming and protection of these cells from initial 
tolerization (Anderson et al. 2007). A slowing of prostate tumors in mice treated with 
the DC vaccine and tumor-specific TcR-I cells was also noted.  However, these ef-
fects are not durable and T cells were eventually tolerized due to the immunosup-
pressive environment of the transgene-driven tumor that appears to continually exert 
suppressive effects on the infiltrating T cells (Anderson et al. 2007). 
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The signals CD8+ T cells receive during their initial differentiation and mainte-

nance of their immune response are critical for shaping their antitumor functions 
(Gattinoni et al. 2005). CD4+ T lymphocytes play a pivotal role in activating DCs 
and other APCs to efficiently prime CD8 T cells.  Activation of APCs by CD4+ can 
be mediated through CD40/CD40L interactions that in turn upregulate the expression 
of costimulatory molecules (e.g., CD80, CD86, and ICAM) and cytokines (e.g., IL-
12) on the APCs needed to generate CD8+ effector and memory cells (Bennett et al. 
1998; Schoenberger et al. 1998). This has been referred to as APC licensing. Addi-
tionally, CD4+ T cells are a source of cytokines that are important for CTL differen-
tiation, expansion, and survival (Kalams and Walker 1998; Moroz et al. 2004). With 
respect to tumor immunity, CD4+ T cells may be important to maintain tumor-
specific CD8+ T cell numbers, to enhance their infiltration into the tumor microenvi-
ronment, and to sustain their effector functions once in the tumor microenvironment 
(Marzo et al. 2000). Taken together, these data suggest that CD4+ T cells provide 
important and critical provisions for the generation of CD8+ T cells with antitumor 
functions.  

Given these findings, we are currently using the TRAMP model to test whether 
tumor-specific CD4+ (TcR-II) T cells can affect tolerization of TcR-I cells. We first 
characterized TcR-II cell trafficking, activation, and functional kinetics in tumor-
bearing mice.  Naïve TcR-II T adoptively transferred into TRAMP mice encounter 
their cognate antigen in lymph nodes, undergo several rounds of proliferation, ex-
press activation markers (CD25 and CD44), and traffic to the prostate. Over time, 
TcR-II cells become functionally tolerant in the prostate, as measured by their inabil-
ity to secrete IL-2 and IFN-γ in response to their cognate antigen (Table 1). There-
fore, like CD8+ TcR-I cells, some naïve TcR-II T cells can resist deletion and persist 
in the prostate in a tolerant state.   

We have also tested the effect of CD4+ TcR-II cells on the fate and function of 
TcR-I cells.  Co-transfer of TcR-II cells enhanced the frequency, activation, survival, 
and function (IFN-γ and GrB secretion) of TcR-I cells in TRAMP mice. However, 
this protection was not durable, as TcR-I cell tolerance was noted 3 weeks after 
transfer into TRAMP mice. These data suggest that TcR-II cells facilitate efficient 
priming and differentiation of TcR-I cells, but CD4-mediated help is not sufficient 
for the maintenance of TcR-I antitumor effector functions in the tumor microenvi-
ronment (Table 1). Our current studies are testing whether CD4+ cells can reverse 
CD8+ T cell tolerance. By understanding the role of CD4+ T helper cells in enhanc-
ing or rescuing tumor-specific cytotoxic T cells’ responsiveness, we hope to facili-
tate the design of novel approaches to stimulate an immune response that would be 
therapeutically effective at controlling and eradicating tumors.   

7. Conclusions 

One of the common goals of tumor immunotherapy is to elicit a potent and durable 
T cell response directed against TAAs. T cell tolerance to TAAs is one of the many 
obstacles that prohibit the efficacy of many vaccination approaches. Historically, 

363 



Kimberly Shafer-Weaver 
 

many studies have used transplantable murine tumors to study T cell tolerance to 
tumor antigens, but these models may not accurately reflect what occurs in humans. 

Recently, we have employed a transgenic mouse model to study T cell tolerance 
to prostate cancer antigens. TRAMP mice develop autochthonous primary and me-
tastatic prostate carcinomas. We reported the transfer of naïve, tumor-specific T cells 
that undergo an abortive proliferation, with residual cells trafficking to the prostate 
and persisting as tolerant. Interestingly, the kinetics for CD8+ T cell tolerization was 
more rapid than for CD4+ T cells. In addition, we have reported that a DC vaccine 
may temporarily delay tolerance, but over time, tolerance ensues. Our on-going 
studies will elucidate the interactions between tumor-specific CD4+ and CD8+ T cells 
and the effects of those interactions on T cell tolerance. We also examined the 
mechanisms by which T cells become tolerized by the prostatic tumors.   

In conclusion, many studies have examined the mechanisms of T cell tolerance 
induction and have identified approaches to overcome tolerance to TAAs. However, 
despite this information, T cell tolerance still remains a major obstacle for eliciting 
durable antitumor immune responses. The use of more physiologically relevant tu-
mor models and the application of the information from these studies into clinical 
trials will certainly assist in generating successful approaches to treating cancer.   
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Abstract. The herpes virus infection represents a significant challenge for public health. The 
innate immunity plays an important role in herpes simplex virus (HSV) elimination. The 
innate antiviral immunity has not been comprehensively studied. The recent investigations 
demonstrate that Toll-like receptors are actively involved in the virus recognition. The com-
plement and natural antibodies, as well as cytokines and antimicrobial peptides, are the first 
molecules to bind to virions. In this chapter, some mechanisms of the innate antiviral immu-
nity are discussed and treatment regimens are proposed. The complex of native cytokines and 
antimicrobial peptides (CCAP or Superlymph) proved to inhibit the virus reproduction in 
vitro. Protegrines, as a CCAP component, were active against the virus. Considering all the 
data, we conclude that the complex of native cytokines and antimicrobial peptides produces 
both immunomodulating and antiviral effects. 

1. Herpes Simplex Virus Infection 

Herpes simplex virus type 1 and 2 (HSV-1 and HSV-2) are common human patho-
gens infecting respectively more than 90% and 20% individuals in Russia, respec-
tively (Barinskii et al. 2005). HSV-1 and HSV-2, producing primary and reactivation 
infections, are the causative agents of human diseases, including pharyngitis, herpes 
labialis, encephalitis, and eye and genital infection (Cunningham et al. 2006). HSV 
interacts with epithelial cells and replicates. Then HSV is transported within the 
axons of sensory nerve endings at the infection site to the peripheral ganglion, where 
the virus establishes latent infection (Garner 2003). Rarely, HSV leads to the devel-
opment of encephalitis. After replicating in epithelial cells, HSV remains latent in 
sensory neurons. However, while HSV-1 usually affects oral mucosa, HSV-2 injures 
genital mucosa. Herpes virus infection in an expectant mother can result in prenatal 
transmission to a newborn (Hollier and Grissom 2005; Abrahams and Mor 2005). 
  HSV-1 and HSV-2 have double-stranded DNA, almost 150 kb each. The HSV 
genome is transported inside icosahedral capsid, surrounded by tegument peptides. 
The whole structure is followed by a host cell membrane (lipid bilayer) containing 
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viral glycoproteins (Grunewald et al. 2003). In the first phase of infection, viral en-
velope glycoproteins (gB, gC, and gD) bind with specific cellular herpes virus entry 
mediator receptors (TNFαR [HveA]), polioviral receptors [HveВ and HveС], and 
others) on plasma membrane. Tegument proteins are released into cytoplasm, after 

2. Immune Response Against Herpes Virus Infection 

Mechanisms of innate immune are characterized by rapid induction and relatively 
undiversified response. The initial recognition is aimed to limit virus replication and 
spread to uninfected cells and involves additional cellular effectors in the infection 
control. Innate responses to the virus infection are composed of humoral components, 
including complement, natural antibodies, cytokines (IFN-α/β, TNF-α, IL-12, etc.), 
and antimicrobial peptides (defensins), and recruited cellular effectors (neutrophils, 
macrophages, resident dendritic cells, γ/δ T cells, natural killer (NK), and NKT 
cells). This mechanism restricts the number of infected cells. HSV replication in 
epithelial cells may stimulate the complement system and production of chemokines 
and IFN-α/β. These molecules may activate capillary endothelia, which begins ex-
pression of adhesion molecules, which alert dendritic cells (DCs) and resident 

 Molecular mechanisms involved in the initial host responses to viral infection 
and recognition of viruses result in the innate immunity activation. The innate im-
mune system utilizes Toll-like receptors (TLRs) to recognize and bind pathogen-
associated molecular patterns (PAMPs). TLRs are the transmembrane proteins that 
detect redundant molecular patterns in broad classes of microbial pathogens. Cur-
rently, 11 members of the TLR family (TLR1–TLR11) are known. Recent studies  
revealed that human cells express TLRs, which are responsive to corresponding 
ligands including double-stranded RNA (dsRNA), TLR3, selected glycoproteins and 
lipopeptides (TLRs 1, 2, 4, and 6), and unmethylated cytosine–guanine (CpG) motifs 
(TLR9) (Bowie and Haga 2005; Herbst-Kralovetz1 and Pyles 2006). TLRs alert the 
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which the capsid is transported to the nuclear membrane, where the viral DNA pene-
trates the nucleus. Transcription of viral genes starts in the ordered cascade: α, β, γ1, 
and γ2 genes in turn. During expression of γ1 genes, the viral DNA replication also 
begins. Later, genome DNA is packaged into capsids within the nucleus and the 
virion envelopes by the proteins of tegument and plasma membrane with viral gly-
coproteins. The entire replication cycle takes place in 12–16 h (Spear 2004). 

macrophages to the presence of a pathogen (Duerst and Morrison 2003). Immature 
DCs transport HSV antigens to the regional lymph nodes, where the systemic adap-
tive immune system is alerted. DCs play an especially critical role in bridging innate 
to adaptive immunity through the presentation of microbial breakdown products to 
T lymphocytes in the context of the major histocompatibility complex (MHC), 
thereby initiating specific adaptive immune responses (Khanna et al. 2004). Neutro-
phils, monocytes, and NK cells destroy virus particles and infected cells and produce 
antiviral cytokines (TNF-α and IFN-α/β) and other substances such as defensins and 
nitric oxide (NO) that enhance their antiviral efforts (Hugseyin Baskin et al. 1997; 
Duerst and Morrison 2003). 
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host to the presence of a pathogen by initiating intracellular signaling events by  
recruiting adaptor proteins, such as MyD88 (common to all TLRs), TIRAP (Toll–
interleukin [IL]-1 receptor [TIR]-associated protein, TLRs 2 and 4), and TICAM 
(TIR-containing adaptormolecule-1; TLRs 3 and 4), to the intracellular TIR domain. 
Sequential phosphorylation and activation events result in nuclear translocation of 
nuclear factor NF-κB, which stimulates transcription of proinflammatory cytokines, 
antimicrobial peptides (defensins), and chemokine genes. Increased defensin synthe-
sis is mediated by activation of receptors other than TLRs, such as NOD2, IL-17R, 
and PAR-2. These receptors are expressed by various cells: professional immune 
cells, epithelial cells, antigen-presenting cells, and others (Anumba 2005; Andersen 
et al. 2006). 
  At least six TLRs are known to be involved in viral detection. HSV glycopro-
teins interact with TLR2 and may interact with TLR1/2 and TLR2/6 heterodimers. 
CpG motifs of HSV-1 and HSV-2 stimulate TLR9, which is found in intracellular 
vesicles. HSV RNA molecules interact with TLR3 and TLR7/8. Our experiments 
showed that HSV led to the expression of high level of TLR9 by peritoneal mononu-
clear cells from patients. 
 The host reaction to infection is a highly regulated response aimed at eliminating 
the infectious agent from the organism. Cytokines are soluble secreted factors that 
play important roles in regulation of the immune response. In viral infections, the 
interferons (IFNs), a special subset of cytokines, have been ascribed particularly 
important roles (Malmgaard and Paludan 2003). In response to initial chemokine and 
cytokine production, cellular components of the innate immune system are activated 
and recruited to the site of infection. These include neutrophils, followed by mono-
cytes and NK cells. Chemokines (IL-8 and others) and cytokines (TNF-α, IFN-γ, and 
GM-CSF), which are secreted by epithelial cells and resident macrophages in the 
infected mucosa, mediate neutrophil chemotaxis. In the place of infection, neutro-
phils secrete antiviral cytokines such as TNF-α and α-defensins. TNF-α, a major 
product of neutrophils, acts directly against HSV by causing lyses of infected cells 
(Milligan 1999) and indirectly by inhibiting viral replication. TNF-α also synergizes 
with IFN-β and IFN-γ in its antiviral activity, reducing HSV-2 yield by 1000-fold in 
pretreated epithelial cells. Treatment with TNF-α and IFN-β combination during 
lethal HSV-1 infection increases survival rates up to 70% (Malmgaard and Paludan 
2003; Barinskii et al. 2005). 
  Macrophages become significant sources of inflammatory chemokines and cy-
tokines, including TNF-α, IL-1, IL-6, IL-8, IL-12, IL-18, RANTES/CCL5, and 
IFNs. NK cells are important for controlling infection during the innate immune 
response to HSV-1 and HSV- 2. They are recruited to the sites of viral infection and 
activated within 2–3 days by chemokines and cytokines produced by activated resi-
dent cells, including IFNs, IL-12, IL-15, and IL-18. Activated NK cells produce IFN-γ 
and participate in direct cytolysis of virus-infected cells by perforin/granzyme-
mediated processes (Ellermann-Eriksen 2005). 
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3. Antimicrobial Peptides 

Cationic antimicrobial peptides (AMPs) have been gaining recognition as highly 
valuable therapeutic agents in fighting a wide range of microorganisms (Kokriakov 
et al. 2006). Some AMPs have been found to be antibacterial, antiviral, antifungal, or 
promoters of wound healing. They have emerged as central components of mammal-
ian innate defenses and are of fundamental relevance to understanding host–microbe 
relationships. The importance of AMPs extends beyond their direct antimicrobial 
activity, as their broad biological activities indicate they are effector molecules pro-
viding communication between innate and adaptive immune systems (Zughaier et al. 
2005). 
  AMPs—defensins are divided into three groups: α-, β-, and θ-defensins, based 
on their structure (Boman 2003; Lehrer and Ganz 2002). α-Defensins are particularly 
abundant in neutrophils and Paneth cells of the small intestine (Ouellette and Bevins 
2001). They are secreted by neutrophils and demonstrate antiviral efficacy, poten-
tially through the insertion into virion lipid envelopes or degradation of phagocyto-
sed virions. In vitro evidence for α-defensin utility in the innate response to HSV-2 
derives from experiments, in which inclusion of rabbit α-defensins during infection 
inactivated the virus by blocking fusion and entry steps of the replication cycle and 
by preventing cell-to-cell spread (Duerst and Morrison 2003). In vivo antagonism of 
HSV replication by α-defensins has not yet been demonstrated. 
  β-Defensins are expressed in several tissues, such as mucosa and skin (Zasloff 
2002). hBD-1 is constitutively expressed, whereas hBD-2 and hBD-3 are inducible 
by bacterial and viral products and cytokines, such as IL-1β or TNF-α. hBD-4 has a 
more limited distribution than hBD-1, hBD-2, or hBD-3, and its expression can be 
upregulated by bacterial infection, but not by inflammatory factors, such as IL-1β or 
TNF-α (Fahlgren et al. 2004). Recently identified hBD-5 and hBD-6 are localized to 
the epidermis and airways (Boman 2003). Thus, β-defensins play a crucial role in 
 
TABLE 1. Antiviral effect of antimicrobial peptides 

Antimicrobial 
peptides 

Viruses 
 

Antiviral effects 

HNP-1–HNP-3 
 
HNP-1 

Herpes simplex virus 1 and 2 types 
(Yasin et al. 2000) 
Cytomegalovirus 

Block early steps of 
viral replication 

θ-Defensin 
 

Human immunodeficient virus 
(Garzino-Demo 2007) 

Direct inactivation, 
block the entry  
(inactivate gp120 HIV) 

Protegrins 
 
 
Cathelicidin 
LL37 

Herpes simplex virus 
(Yasin et al. 2000; Koval’chuk et al. 
2005) 
Vaccinia Virus  
(Howell et al. 2004) 

Lyse viral envelope 
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host defense against viral infections as constitutive or inducible components in the 
epithelial barrier (Yasin et al. 2004).  θ-Defensins have so far been identified only in 
rhesus monkeys (Garzino-Demo 2007). 
  There is another group of antimicrobial peptides so-called cathalicidins (Lehrer 
and Ganz 2002). In humans, this family is represented by cathalicidin LL37. It was 
shown that this peptide displays a direct antiviral effect by destroying the virus enve-
lope (Table 1). In our study, we have demonstrated that HSV reproduction is inhib-
ited by adding protegrins to cell cultures (Koval’chuk et al. 2005). 

4. Treatment of HSV Infections 

Nowadays, a wide range of drugs against herpes infection is manufactured, including 
acyclovir, which blocks viral DNA synthesis. However, since herpes virus is associ-
ated with lowering activity of NK and production of IFNs, it is conceivable to use 
cytokines, such as IFNs, for antiviral therapy. There are three TLR agonists (poly 
I:C, imiquimod, and CpG ODNs), which have proven efficacy against experimental 
HSV-2 infections (Pyles et al. 2002). Synthetic versions of these agonists have been 
tested in human clinical trials for other purposes and, generally, were well tolerated. 
Synthetic stabilized version of dsRNA triggers TLR3 pathways to elicit production 
of IFN and other antiherpetic cytokines. TLR3 signaling is mediated by IFN regula-
tory factor 3, a potent transcriptional regulator of the antiviral immune response, or 
by the MyD88 pathway. Poly I:C also significantly enhanced disease resolution in 
animals (Thompson et al. 1996). 
  Imiquimod is another TLR agonist, studied in experimental and clinical HSV-2 
infections. Imidazoquinolines are recognized by TLR7 and TLR8, resulting in local 
antiviral cytokine elaboration and immune responses. In experimental HSV models, 
imiquimod reduced recurrent disease when applied therapeutically but failed in clini-
cal trials for recurrent genital HSV disease (Gupta et al. 2004). Pathogen DNA con-
taining unmethylated CpG motifs has been identified as a potent immunostimulator, 
which induces antiviral Th1 cytokine synthesis. CpG motifs are active in the context 
of synthetic oligodeoxynucleotides (CpG ODNs) stabilized by phosphorothionate 
and have been used as adjuvants. The CpG ODNs afford protection against HSV-
involved T cells due to the lack of protection in T cell-deficient, but not B cell-
deficient, mice. CpG ODNs activate TLR9+ DCs that play key roles in vaginal re-
sponses to HSV-2 infection (Harandi et al. 2003).  
  We have recently demonstrated the effect produced by a complex of native 
cytokines and cationic antimicrobial peptides (protegrins) extracted from leukocytes 
from the pig peritoneal blood (CCAP). Our results have shown that CCAP activates 
both innate and adaptive immunity: stimulates NK cells, phagocytes, and Th1 cells 
and upregulates production of INF-γ and IL-12 (Koval’chuk et al. 2004). Conse-
quently, the antiviral effect of native cytokines and antimicrobial peptide complex 
was proved in vitro. CCAP triggered molecular mechanisms suppressing viral repro-
duction in infected cells: lower synthesis of viral DNA and higher expression of viral 
thymidine kinase. 
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  The major results were obtained using preliminary incubation of CCAP with 
Vero cells for 24 h: HSV-1 titer was reduced up to 100-fold (Figure 1). This corre-
lated with antiviral activity of protegrins and TNF-α involvement in CCAP, which 
blocked HVEM (TNFR) and impeded the virus penetration into cells. Cell culture 
treatment with high molecular weight fractions did not affect the viral titer, although 
low molecular weight peptides at 100 μg/ml reduced the viral titer by 1.5 lg 
TCD50/0.1ml. The addition of 200 μg/ml peptides reduced the viral titer by 2.0 lg 
TCD50/0.1ml versus the control (Figure 1). These experiments demonstrated that 
incubation of CCAP and HSV-1 decreased the viral titer by 10 times and led to the 
emergence of defective virions in the viral population. In control cultures, the ratio of 
virions to nucleocapsids was 1:2.2, although the estimation suggests 1:10 ratio. 
These results may be explained by the action of antimicrobial peptides on the viral 
capsid (Howell et al. 2004). 
  Synergistic effect of CCAP and acyclovir was noticed during clinical investiga-
tions of complex therapy of genital herpes infections. Two groups of patients were 
analyzed: (1) patients treated with CCAP (Superlymph) + acyclovir and (2) patients 
received acyclovir alone (standard regimen). The outcomes testified for the effec-
tiveness of the combination treatment regimen. This treatment resulted in lengthy 
remission and less relapse cases. The viral thymidine kinase expression induced by 
CCAP stimulated the activity of acyclovir. Such an effect was due to the phosphory-
lation of acyclovir by thymidine kinase. 

References 

Abrahams, V.M. and Mor, G. (2005) Toll-like receptors and their role in the trophoblast. 
Placenta 26, 540–547. 

Andersen, J.M., Al-Khairy, D. and Ingalls, R.R. (2006) Innate immunity at the mucosal sur-
face: role of toll-like receptor 3 and toll-like receptor 9 in cervical epithelial cell responses 
to microbial pathogens. Biol. Reprod. 74, 824–831. 

FIGURE 1. Antiviral effect of CCAP (100 μg/ml) and protegrine (100 and 200 μg/ml)  
(*p ≤ 0.05). 

374 



39. Antimicrobial Peptides for HSV
 
Anumba, D.O. (2005) Characterization of toll-like receptors in the female reproductive tract in 

humans. Hum. Reprod. 20, 1372–1378. 

Boman, H. (2003) Antibacterial peptides: basic facts and emerging concepts. J. Intern.  Med. 
254, 197–215.  

Bowie, A.G. and Haga, I.R. (2005) The role of Toll-like receptors in the host response to 
viruses. Mol. Immunol. 42, 859–867. 

Cunningham, A.L., Diefenbach, R.J., Miranda-Saksena, M., Bosnjak, L., Kim, M., Jones, C. 
and Douglas, M.W. (2006) The cycle of human herpes simplex virus infection: virus 
transport and immune control. J. Infect. Dis. 194, 11–18. 

Duerst, R.J. and Morrison L.A. (2003) Innate immunity to herpes simplex virus type 2. Viral 
Immunol. 16, 475–490. 

Ellermann-Eriksen, S. (2005) Macrophages and cytokines in the early defense against herpes 
simplex virus. Virology J. 2, 1–30. 

Fahlgren, A., Hammarstrom, S., Danielsson, A. and Hammarstrom, M.L. (2004) Beta-
Defensin-3 and -4 in intestinal epithelial cells display increased mRNA expression in ul-
cerative colitis. Clin. Exp. Immunol. 137, 379–385. 

Garner, J.A. (2003) Herpes simplex virion entry into and intracellular transport within mam-
malian cells. Adv. Drug Deliv. Rev. 55, 1497–1513. 

Garzino-Demo, A. (2007) Chemokines and defensins as HIV suppressive factors: an evolving 
story. Curr. Pharm. Des. 13, 163–172. 

Grunewald, K., Desai, P., Winkler, D.C., Heymann, J.B., Belnap, D.M., Baumeister, W. and 
Steven, A.C. (2003) Three-dimensional structure of herpes simplex virus from Cryo–
electron tomography. Science 302, 1396–1398. 

Gupta, A.K., Cherman, A.M. and Tyring, S.K. (2004) Viral and nonviral uses of imiquimod: a 
review. J. Cutan. Med. Surg. 8, 338–352. 

Harandi, A.M., Eriksson, K. and Holmgren, J. (2003) A protective role of locally administered 
immunostimulatory CpG oligodeoxynucleotide in a mouse model of genital herpes infec-
tion. J. Virol. 77, 953–962. 

Herbst-Kralovetz1, M.M. and Pyles, R.B. (2006) Toll-like receptors, innate immunity and 
HSV pathogenesis. Herpes 13, 37–41. 

Hollier, L.M. and Grissom, H. (2005) Human herpes viruses in pregnancy: cytomegalovirus, 
Epstein-Barr virus, and varicella zoster virus. Clin. Perinatol. 32, 671– 696. 

Howell, M., Jones, J. and Kisich, K. (2004) Selective killing of vaccinia virus by LL-37: 
implications for eczema vaccinatum1. J. Immunol. 172, 1763–1767. 

Hugseyin Baskin, H., Ellermann-Eriksen, S., Lovmand, J. and Mogensen, S.C. (1997) Herpes 
simplex virus type 2 synergizes with interferon-c in the induction of nitric oxide produc-
tion in mouse macrophages through autocrine secretion of tumour necrosis factor-α. J. 
Gen. Virol. 78, 195–203. 

Khanna, K.M., Lepisto, A.J., Decman, V. and Hendricks, R.L. (2004) Immune control of 
herpes simplex virus during latency. Curr. Opin. Immunol. 16, 463–469. 

Kokriakov, V.N., Koval’chuk, L.V., Aleshina, G.M. and Shamova, O.V. (2006) Cationic 
antimicrobial peptides as molecular immunity factors: multi-functionality. Zh. Mikrobiol. 
Epidemiol. Immunobiol. (Russ.) 2, 98–105. 

Koval’chuk, L.V., Gankovskaia, L.V., Moroz, A.F., Avedova, T.A. and Ukhina, T.V. (2004) 
Antistaphylococcal activity of the complex of natural cytokines. Zh. Mikrobiol. Epide-
miol. Immunobiol. (Russ.) 1, 55–59. 

Koval’chuk, L.V., Lavrov, V.F., Gankovskaia, L.V., Ebralidze, L.K. and Barkevich, O.A. 
(2005) In vitro inhibition of the cytopathic action of herpes simplex virus, type 1, with a 
natural cytokine complex. Zh. Mikrobiol. Epidemiol. Immunobiol. J 1, 57–60 

375 

Barinskii, I.F., Posevaia, T.A., Shabalina, N.V. and Nikitina A.A. (2005) Herpes virus infec-
tion in patients with chronic glomerulonephritis. Vopr. Virusol. (Russ.) 50, 35–37. 



Leonid V. Kovalchuk et al. 
 
Lehrer, R. and Ganz, T. (2002). Cathelicidins: a family of endogenous antimicrobial peptides. 

Curr. Opin. Hematol.  9, 18–22. 
Malmgaard, L. and Paludan, S. (2003) Interferon (IFN)-a/b, interleukin (IL)-12 and IL-18 

coordinately induce production of IFN-c during infection with herpes simplex virus type 2. 
J. Gen. Virol. 84, 2497–2500. 

Milligan, G.N. (1999) Neutrophils aid in protection of the vaginal mucosae of immune mice 
against challenge with herpes simplex virus type 2. J. Virol. 73, 6380–6386. 

Ouellette, A.J. and Bevins, C.L. (2001) Paneth cell defensins and innate immunity of the small 
bowel. Inflamm. Bowel Dis. 7, 43–50. 

Pyles, R.B., Higgins, D., Chalk, C., Zalar, A., Eiden, J. and Brown, C. (2002) Use of immu-
nostimulatory sequence containing oligonucleotides as topical therapy for genital herpes 
simplex virus type 2 infection. J. Virol. 76, 11387–11396. 

Spear, P.G. (2004)  Herpes simplex virus entry receptors and viral ligands. Cell. Microbiol. 6, 
401–410.  

Thompson, K.A., Strayer, D.R., Salvato, P.D., Thompson, C.E., Klimas, N. and Molavi, A. 
(1996) Results of a double-blind placebo-controlled study of the double-stranded RNA 
drug polyI:polyC12U in the treatment of HIV infection. Eur. J. Clin. Microbiol. Infect. 15, 
580–587. 

Yasin, B., Pang, M. and Turner, J. (2000) Evaluation of inactivation of infectious HSV by 
host-defense peptides. Eur. J. Clin. Microbiol. Infect. Dis. 19, 187–194. 

Yasin, B., Wang, W., Pang, M., Cheshenko, N., Hong, T., Waring, A.J., Herold, B.C., Wagar, E.A. 
and Lehrer R.I. (2004) Theta defensins protect cells from infection by herpes simplex vi-
rus by inhibiting viral adhesion and entry. J. Virol. 78, 5147–5156.  

Zasloff, M. (2002) Antimicrobial peptides of multicellular organism. Nature 415,  389–395. 
Zughaier, S.M., Shafer, W.M. and Stephens, D.S. (2005) Antimicrobial peptides and endotoxin 

inhibit cytokine and nitric oxide release but amplify respiratory burst response in human 
and murine macrophages. Cell. Microbiol. 7, 1251–1261. 

 
 
 
 

376 



40 
Vaccine Containing Natural TLR Ligands Protects  
from Salmonella typhimurium Infection in Mice  
and Acute Respiratory Infections in Children 

Boris Semenov and Vitaly Zverev 

Mechnikov Research Institute of Vaccines and Sera, Moscow, Russia, mech.inst@mail.ru 

Abstract. It has been shown that a single parenteral administration of vaccine containing 
bacterial ligands for TLR1, TLR2, TLR4, TLR6, and TLR9 in mice induced rapid (24 h after 
administration) and effective (100%), but short-term (96 h) protection against lethal challenge 
with Salmonella typhimurium. Repeated mucosal applications of this vaccine stimulated long-
term (up to 9 months) protection against acute respiratory infections in children of pre-

1. Introduction 

The threats of newly emerging infectious diseases as well as threats of bioterrorism 
have become one of the major challenges for the 21st century. From 1972 to 1999, 
36 previously unknown infectious agents, that are pathogenic for humans, including 
highly pathogenic avian influenza viruses (H5N1) and human immunodeficiency 
virus, were isolated and identified (Sergiev et al. 2000). 

The hypothesis about the use of innate immunity potentiators for both pre- and 
postexposure prophylaxis of infections caused by unknown microorganisms is 
widely discussed in the scientific literature (Hackett 2003; Alibek and Lobanova 
2006; Semenov and Zverev 2007). Such nonspecific immunomodulators can activate 
innate immunity in an antigen-independent manner. A wide spectrum of recombi-
nant, synthetic, and natural immunomodulators was investigated in preclinical and 
clinical trials. It was shown that the stimulation of innate immunity might provide 
pre- and post exposure protection against both bacterial and viral infections in labo-
ratory animals (Hackett 2003). 

We studied antibacterial protection in mice immunized with vaccine containing 
natural bacterial ligands for Toll-like receptors (TLRs). New results of immunization 
with this vaccine with the goal of prevention of acute respiratory infections (ARIs) in 
children are also discussed in this chapter. 

school age. 
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2. Potentiators of Innate Immunity 

Polycomponent bacterial vaccine (Immunovak VP-4®) licensed in Russia was used 
as a potentiator of innate immunity. The vaccine consists of antigen complexes of 
Escherichia coli, Klebsiella pneumoniae, Proteus vulgaris, and Staphylococcus 
aureus. VP-4 is a strong immunomodulator and was recommended for prophylaxis 
of infections caused by different microorganisms. 

VP-4 contains diverse pathogen-associated molecular patterns, which are recog-
nized by pattern-recognition receptors on cells from the innate immunity arm. This 
includes lipopeptides and lipoproteins (ligands for TLR1/TLR2 and TLR2/TLR6), 
lipoteichoic acid (TLR2 ligand), lipopolysaccharides (TLR2 and TLR4 ligands), 
unmethylated CpG ODN motifs (TLR9 ligand), and peptidoglycans (ligands for 
TLR2, NOD2). 

Experiments on mice revealed that VP-4 stimulated innate immunity (Semenov 
and Zverev 2007). In fact, it induced maturation of murine dendritic cells (DCs) 
assessed by the expression of costimulatory molecules CD40, CD80, CD86, and 
MHC class I and II molecules and their ability to activate resting T cells. Further-
more, VP-4 stimulates the production of both proinflammatory cytokines TNF-α, IL-6, 
IL-12, and IFN-γ and anti-inflammatory cytokine IL-10. 

3. VP-4 Induces Rapid but Short-Lasting Protection  
Against Salmonella typhimurium Infection 

In these studies, CBA mice were immunized subcutaneously with VP-4 (400 mg per 
animal), and 24 h later, animals were infected with 40 LD50 of S. typhimurium and 
observed for 8 days. Animals were monitored daily, and lethality (%) was calculated. 

The typical results of one of four experiments are presented in Table 1. As sum-
marized in this table, VP-4 protected 100% of mice against S. typhimurium infection 
during a 96-h period, while the lethality in control group was 17% during the first 24 
h after infection and 100% during a 96-h period. Lethality of immunized mice was 
registered from day 5 to day 7. 

Thus, obtained results show that a single stimulation of innate immunity by the 
vaccine containing natural bacterial ligands for TLR induces rapid (24 h) and effec-
tive (100%), although short-lived protection against lethal S. typhimurium infection. 

TABLE 1. VP-4 temporarily reduce lethality (%) due to Salmonella typhimurium infection 

Hours after infection 
24 48 72 96 120 144 168 

S. typhimurium 17% 33% 83% 100%    
VP-4 + S. typhimurium  0 0 0 0 60% 83% 100%  
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Evidently, it is impossible to use traditional specific vaccines for preventing ARIs 
with multiple causes, with the only exception known for influenza infections.  

We hypothesized that effective protection against ARIs can be induced by stimu-
lation of innate immunity in the respiratory tract since this is the main entry point of 
all aerologic infections. Apparently, the stimulation of an innate immune response 
should be repeated because a single stimulation in the experimental conditions, as 
above, resulted in only a short-term protection. 

In the placebo-controlled trial of VP-4 efficacy, 138 children were immunized 
and followed up for up to 14 months (Semenov et al. 2000). This study was approved 
by the Committee on Immunobiologic Preparations, Ministry of Health and Social 
Development, Russian Federation. ARI was diagnosed on the basis of clinical find-
ings. The vaccine was administered intranasally (1–2 drops) on days 1, 4, and 7 and, 
then, orally on days 10 (0.5 ml), 13 (1 ml), 16 (2 ml), and on days 19, 22, 25, 28, and 
31 (5 ml). 

The results of this trial are presented in Table 3. It can be seen that repeated mu-
cosal application of VP-4 vaccine induced a long-term immunity against ARIs. 

 

4. Repeated Mucosal Applications of VP-4 Protect  
Children from ARIs 

ARIs represent a group of diseases with similar clinical features but caused by dif-
ferent pathogenic microorganisms. To date, more than 200 microorganisms are con-
sidered to cause ARIs, including ~150 viruses, various bacteria, and their combina-
tions (Ison et al. 2002). Data about etiology of ARI are summarized in Table 2. 

TABLE 2. Etiology of acute respiratory diseases in humans

Bacteria
 

Viruses
 Combinations of 

bacteria and viruses 
Haemophilus influenzae 
Mycoplasma pneumoniae 
Staphylococcus spp. 
Streptococcus spp. 
and others 

Rhinoviruses  >100 
Adenoviruses  36 
Parainfluenza viruses 4 
Coronaviruses  3 
Reoviruses  3 
Respiratory syncitial virus 

Different, various 

 

Index reflecting the efficacy of VP-4 administration (i.e., ratio of ARIs incidence 
in control group to incidence in immunized group) was 9.2 when calculated 7 
months after the completion of vaccinations. Protection against ARIs in immunized 
children lasted for at least 14 months (the duration of follow-up) but was less effec-
tive. Index of efficacy determined 14 months after therapy was only 3. 

In another trial, VP-4 was administered to children with 8–10 registered cases of 
ARI per year (Semenov et al. 2000). Forty children were immunized, and placebo 
was administered to another 40 patients. The number of incidence of ARI in vacci-
nated group during 12 months of follow-up was 76% lower than in placebo group. 
Duration of ARI episode in vaccinated individuals decreased from ~16 to 6.8 days. 

Others also reported a 6.3-fold decrease of ARI incidences in children with 
asthma after mucosal applications of VP-4 (Balabolkin et al. 1998). The periods of 
highly efficacious protection against ARI lasted for ~3 months followed by an effi-
cacy drop to 2.6–2.9 and remained at this level for up to 9 months. 

379 



Boris Semenov and Vitaly Zverev 
 

5. Conclusions 

Presented data show that repeated mucosal applications of the vaccine containing 
ligands to TLRs stimulate a long-term protection against ARIs in children. It is not 
known however which mechanism underlies such long-term and, apparently, broad-
spectrum preventive effect. It is possible that repeated (with short intervals) stimula-
tion of TLR results in prolonged activation of an innate immunity. In addition, it is 
possible to suggest a formation of the adaptive immunity to potential causative 
agents of ARIs that dominated in certain specific populations (i.e., nursery schools). 
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TABLE 3. Repeated mucosal applications of  the VP-4 induce long-term protection
against acute respiratory infections (ARIs) in children  

Trial No. 

Duration of 
follow-up 
(months) VP-4 Children ARI cases 

ARI 
incidence 

Index 
of 
effi-
cacy1 

1 7  Yes 
No 

138 
155 

2 
20 

1.4 
12.9 9.2 

2 14  Yes 
No 

89 
60 

12 
25 

13.5 
41.6 3 

1 Index of efficacy: ratio of ARIs incidence in the control group to the same incidence in 
the immunized group  

Nauka, Moscow (in Russian). 
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Abstract. The main goal of cancer immunotherapy is to induce or boost tumor-specific effec-
tor cells able to eliminate or reduce tumor progression. In this study, we characterized lym-
phocyte phenotypes in melanoma patients receiving dendritic cell (DC)-based vaccinotherapy. 
We found that several biological markers served as unfavorable prognostic factors for pa-
tients’ response to therapy. This included decrease of CD4+ and CD8+ lymphocyte levels, 10% 
and higher increase of CD16+CD3+CD8+ lymphocyte population, and increase of 
CD16+CD8+perforin+ T lymphocytes, especially in combination with decreased levels of 
CD16+CD8–perforin+ and CD8+CD16–perforin+ cells. Increase in CD8+CD16–perforin+ T 
lymphocytes with normal levels of CD16+CD8–perforin+ cells and the absence of 
CD16+CD8+perforin+ and regulatory lymphocytes were shown to be the positive prognostic 
markers for patients’ response to DC vaccines. 

1. Introduction 

Along with traditional approaches to malignant neoplasm treatment, a great deal of 
attention is being currently paid to the development of novel biotherapeutic ap-
proaches, including vaccinotherapy. According to our recent experimental data, the 
number of regulatory lymphocytes might reflect the efficacy of vaccinotherapy 
(Kadagidze et al. 2006). The goal of this study was to characterize dynamic altera-
tions of effector and regulatory lymphocyte subpopulations in patients with mela-
noma treated with autologous dendritic cells (DCs). 

2. Experimental Design 

The study was carried out at the Cancer Research Center according to the approved 
phase I protocol of a clinical trial focusing on autologous DC-based vaccine in  
patients with melanoma. Thirty-two patients were enrolled in this study: 11 pati- 
ents were disease free and 21 patients have proven dissemination melanoma  
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before the treatment. Initial immunological testing allowed allocating all patients in 
additional two groups: patients with reduced CD4/CD8 T cell ratio and patients with 
normal CD4/CD8 ratio. As a control group, 15 healthy donors were also evaluated. 

Peripheral blood mononuclear cells (PBMCs) were washed in PBS containing 
0.01% NaN3 and 0.5% BSA, and 200,000 cells were incubated with fluorescent-
labeled monoclonal antibodies for 30 min at 4°C. The following FITC-, PE-, or 
Cy5-labeled antibodies were used: anti-CD3, CD4, CD8, CD16, CD20, CD11b, 
and CD28. For the intracellular staining for perforin, cells were permeabilized 
according to the manufacturer’s instructions. Cells were analyzed by FACScan and 
Lysis II software (BD Biosciences). 

3. Results 

3.1. Phenotypic Analysis of Lymphocytes in Melanoma Patients  
from Groups 1 and 2 (Disease-Free Patients Prior to Therapy) 

Analysis of T cells in patients from group 1 revealed normal values of CD3+ lym-
phocytes before and during the process of therapy. Subpopulational analysis of T 
lymphocytes (CD3+CD4+ and CD3+CD8+ cells) in this group of patients also revealed 
normal values. The ratio between the numbers of CD3+CD4+and CD3+CD8+ lym-
phocytes, known as the immunoregulatory index, also remained within the normal 
range (1.29–1.99) before and during the treatment process. The number of CD3+ 
cells in group 2 patients was significantly lower than the normal value before the 
therapy and was 54.9 ± 6.3%. At the same time, CD3+CD4+ subpopulation was 2.6 
times lower than the normal value and was 15.4 ± 7.5% (p < 0.002). In contrast, the 
number of CD3+CD8+ T cells was above the normal value: 36.9 ± 5.9% (p < 0.002 
vs. healthy donors). 

During the process of vaccinotherapy, the level of CD3+ T lymphocytes was 
slowly increased and reached 64.9 ± 4.5% and 76.3 ± 4.5% after 10 and 15 admini-
strations of DC vaccines, respectively. The number of CD3+CD8+ cells was stabi-
lized at the level of 34–36% during the vaccination process. Thus, the positive dy-
namics of CD3+ Т lymphocytes during the therapy was due to increased levels of 
CD3+CD4+ cells. After 15 vaccine injections, this population reached its normal 
value (48.7 ± 6.3%). Predominance of  CD3+CD8+ cells over CD3+CD4+ cells before 
the vaccination accounted for the low immunoregulatory index (0.43 ± 0.2), which, 
however, reached its normal value (1.38 ± 0.3) after 15 DC administrations due to 
elevated levels of CD4+ T lymphocytes. 

Phenotypic analysis of NK cells demonstrated that the number of CD16+ lym-
phocytes before the treatment was within the normal value in both patient groups 
(15.9 ± 1.6% and 17.1 ± 1.6%, respectively). During the vaccinotherapy, NK cell 
levels remained within the normal range (15.3–19.6%) in patients with disease stabi-
lization. However, patients in group 2 demonstrated therapy-dependent increase in 
the number of CD16+ NK cells reaching 23.3 ± 5.6% and 42.3 ± 3.3% (p < 0.001) 
after 3 and 16 vaccine administrations, respectively. 
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Evaluation of coexpression of CD3, CD8, and CD16 antigens revealed 3.9 ± 
1.2% and 2.3 ± 1.5% CD3+CD8+CD16+ lymphocytes in melanoma patients from 
groups 1 and 2, respectively. During the therapy, this cell subpopulation remained 
within the normal range (5.2 ± 2.1%) in patients from group 1, while its statistically 
significantly (p < 0.001) increased in patients of group 2 reaching 10.1 ± 5.5% and 
26.9 ± 5.2% after 6 and 16 vaccinations, respectively (Figure 1). 

Expression of intracellular perforin in a subpopulation of effector lymphocytes 
has been also investigated. The number of lymphocytes containing perforin in pa-
tients from group 1 remained similar to the control values (17.6 ± 7.5) before and 
during therapy. Proportion of perforin+ lymphocytes in group 2 patients  was 1.6 
times above the normal value at 28.3 ± 6.8% (p < 0.002) before the treatment and 
increased up to 38.6 ± 6.9% (p < 0.05) after six vaccine administrations. 

A    B    C 

 

FIGURE 1. Coexpression of CD3 and CD8 Antigens on CD16+ Cells in Melanoma Pa-
tients After 15 Administrations of Dendritic Cell (DC) Vaccines. (A) Gating of CD16+ cells. 
(B) Less than 10% of CD16+ cells coexpressed CD3 and CD8 molecules in melanoma pa-
tients from Group 1. (C) Approximately 50% of CD16+ cells were also CD3+CD8+ in mela-
noma patient with disease progression. 
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The level of CD8+CD16– perforin lymphocytes in group 1 patients was within the 
normal value (7–10%) before and during vaccinotherapy. The proportion of 
CD8+CD16– perforin+ cells in group 2 patients was 2.6 times higher than control 
values before the therapy (21.9 ± 6.4%, p < 0,001) but decreased to and remained at 
the level of 10.2 ± 3.3% (p < 0.001) after the third DC administration. 

Furthermore, perforin population of NK cells in groups 1 and 2 was normal be-
fore the therapy (12.1 ± 3.2% and 7.3 ± 3.3%, respectively), but it significantly de-
creased to 3.1 ± 0.5% in patients from group 2 (p < 0.001). The number of perforin+ 
CD16+CD8+ lymphocytes in group 1 patients did not exceed 1% before and during 
the vaccinotherapy. This cell subpopulation also accounted for 0.6 ± 0.2% of cells in 
group 2 patients before the therapy but increased to 19.9 ± 3.6% after 15 DC injec-
tions (P < 0.001). 
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3.2. Phenotypic Analysis of Lymphocytes in Patients with Disseminated 
Melanoma (Groups 3 and 4) 

We demonstrated that the population of CD3+ cells in patients from group 3 consid-
erably exceeded the normal values before and during the treatment process, account-
ing for 80–87% of cells. CD3+CD4+ lymphocytes were within the normal range (38–
45%), whereas the number of CD3+CD8+ cells exceeded the normal levels before the 
treatment (36.7 ± 4.7%, p<0.001). During the therapy, this subpopulation reached 
41.6 ± 4.8% level (p < 0.01) after six DC injections and remained at the same level. 
The population of CD3+ cells in group 4 patients was at the normal level before and 
during the treatment process. The number of CD3+CD4+ lymphocytes before the 
therapy decreased to 32.3 ± 4.3% (p < 0.01) and decreased further to 27.6 ± 5.1%  
(p < 0,01) after therapy.  At the same time, the number of CD3+CD8+ cells exceeded 
the normal values before the treatment (35.9 ± 5.6%) and further increased to 43.9 ± 
5.6% (p < 0.01) after therapy. This redistribution of T-lymphocyte subpopulations 
resulted in low immunoregulatory index before and during the treatment process. 

Next, the level of CD16+ NK cells in group 3 patients was normal (10.1 ± 2.2%) 
before the therapy and increased to 20.1 ± 4.9% (P < 0.01) after therapy. This in-
crease was due to CD3+CD8+CD16+ cells. In group 4, NK cells were 2.2-fold above 
the normal level before and during the therapy (30–36%). 

A        B    C

FIGURE 2 . Coexpression of CD16 and CD8 antigens on the perforin+  cells in patients 
with disseminated melanoma before vaccinotherapy. (A) Gating of perforin + cells. (B) Less 
than 10% of perforin+ cells coexpressed CD8 and CD16 molecules in patients from Group 3. 
(C) Approximately 50% of  perforin+ cells were CD8+CD16+ in patients from Group 3 with 
the disease progression.  
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The level of perforin cells in both groups was normal: 17.3 ± 3.7% and 17.6 ± 
5.4%, respectively. During the therapy, patients from group 3 (stabilization of the 
disease) showed decrease in perforin+ lymphocyte population to 22.8 ± 5.7% 
(p < 0.01). The number of perforin lymphocytes in patients with a progressive course 
of the disease (group 4) renamed within the initial level during the therapy. The 
number of CD8+CD16– lymphocytes containing perforin was normal (9.2 ± 2.4%) in 
group 3 patients before the therapy and increased up to 20.1 ± 3.6% (p < 0.01) after 
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the treatment with DCs. The proportion of CD8+CD16–perforin+ cells in patients 
with the progressive course of the disease (group 4) was normal (6.2 ± 3.6%) before 
the treatment and decreased to 2.5 ± 3.6% (p < 0.01) during the treatment process. 

The population of perforin NK cells in patients from group 3 was normal (8.1 ± 
3.2%) before the therapy and remained at the same level during the treatment. At the 
same time, the number CD16+CD8–perforin+ cells in patients with progressive stages 
of the disease was considerably lower than normal value before and during the 
treatment process (p < 0.001). In addition, the level of CD16+CD8+perforin+ cells in 
patients with progressive stages of the disease exceeded normal values (6.1 ± 1.1%, 
p < 0,001) before the treatment and progressively elevated during the therapy (Figure 
2). The number of CD16+CD8+perforin+ lymphocytes in group 3 patients did not 
exceed 1% before and during vaccinotherapy. Thus, increase in perforin+ populations 
in group 3 patients was due to CD8+CD16– and CD16+CD8– lymphocytes, whereas 
in group 4 patients, it was due to CD16+CD8+ cells. 

Although malignant cells may express tumor antigens on their surface, they are often 
unable to stimulate tumor-specific immune response due to the defect in costimula-
tory molecules that are required for optimal T cell stimulation (Groscurth and Fil-
gueira 1998). It was reported that immunotherapy with DCs loaded with tumor anti-
gens was able to induce a complete immune response against the tumor as a result of 
NK cell activation as well as tumor-specific T lymphocyte activity (Kim et al. 1999). 
Our data revealed increased numbers of CD8+ perforin Т lymphocytes in the periph-
eral blood in melanoma patients during vaccinotherapy with DCs regardless of the 
clinical course of the disease. This, however, was not the case for melanoma patients 
with the disease progression. These patients showed 10-fold decrease in the number 
of CD8+perforin+ cells.  Smyth et al. (2000) have shown that tumor dissemination is 
mainly controlled by perforin-dependent cytotoxicity mediated by NK cells. There 
was an inverse correlation between the cytotoxic activity and tumor cell dissemina-
tion. Apparently, the observed interdependence between an increase in 
CD16+CD3+CD8+ lymphocytes and progression of the main disease is caused not by 
the functional activity of these cells, but by the redistribution of effector lympho-
cytes. The population of perforin+ lymphocytes is heterogeneous and consists of 
CD8+CD16–, CD16+CD8–, and CD16+CD8+ subpopulations of cells. Increase in 
CD16+CD8+ lymphocytes in patients with the progressive stage of the disease took 
place with simultaneous decrease in CD16+CD8– cell population. At the same time, 
CD8+CD16–perforin+ lymphocytes in patients with the clinical signs of cancer pro-
gression were three times higher than normal values before the vaccinotherapy but 
progressively decreased after repetitive administrations of DC vaccines. 

Thus, increase in perforin+ cell populations in patients with the progressive dis-
ease was due to CD16+CD3+CD8+ cells. We speculate that the simultaneous  
presence of two effector perforin subpopulations—CD8+CD16– and CD16+CD8– 
cells—is essential for an effective antitumor immune response. 
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5. Conclusions 

Our data suggest that decrease in CD4+/CD8+ lymphocyte ratio, increase of 
CD16+CD3+CD8+ lymphocytes, and increase of CD16+CD8+perforin+ T lympho-
cytes, especially in combination with decreased levels of CD16+CD8–perforin+ and 
CD8+CD16–perforin+ cells, may serve as bad prognostic markers for melanoma pa-
tients and their response to immunotherapy. Increased levels of CD8+CD16–

perforin+ T lymphocytes with normal levels of CD16+CD8–perforin+ cells and the 
absence of CD16+CD8+perforin+ lymphocytes may be considered as favorable mark-
ers of the patients’ response to immunotherapy. 
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Abstract. Tumor growth is accompanied by active immune reactions even on the early stages. 
Vaccine therapy implies the use of single antigen or combination of antigens, either with or 
without adjuvants, for the modulation of immune response. N.N. Petrov Institute of Oncology 
joined the field of antitumor vaccine therapy and related cellular technologies in 1998. The 
following activities are held: (1) Optimization of the preparation of autologous and allogeneic 
antitumor vaccines and development of tumor cell culture bank for the experiments on alloge-
neic vaccination. (2) Clinical evaluation of autologous vaccine therapy by (a) bone marrow 
precursors of dendritic cells (DCs), which are loaded with tumor lysates; (b) genetically modi-
fied tumor cells; (c) intact tumor cells used in combination with various adjuvants (BCG, IL-

melanoma, metastatic kidney cancer, and colorectal cancer. Total 117 patients have received 
non-modified vaccine (48 patients: 2–6 intracutaneous BCG injections; 54 patients: 4–6  
intracutaneous IL-1β injections; 15 patients: up to 6 injections of IL-1β in combination with 
low doses of cyclophosphamide). Clinical trial of genetically modified vaccine included 59 
patients (clinical results: 1 PR (partial response) / 8 SD (disease stabilization) – melanoma,  
2 PR/ 2 MR (minimal response) / 3 SD – renal cancer). Vaccine prepared from tumor cell-
activated DC bone marrow precursors was administered to 18 patients (clinical results: 2 MR 
and 6 SD). 

1. Introduction 

Despite impressive progress in surgical oncology and cancer therapy, recent decades 
did not bring dramatic changes in the outcome of patients suffering from locally 
advanced or metastatic neoplastic diseases (Sinkovics and Horvath 2000). Unfortu-
nately, patients with potentially incurable tumor stages constitute a significant por-
tion of cancer patients; therefore, the search for novel treatment strategies remains a 
priority for life science. Cell-based technologies hold a great promise for activities in 
this field. 

and Irina Baldueva

1β, and IL-1β combined with low doses of cyclophosphamide) in patients with disseminated 
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  So-called biotherapy of cancer holds particularly prominent position in cancer 
research. Biotherapy approaches include the ones that are based on either stimulating 
in-built human defense mechanisms (e.g., immunity) or external delivery of natural 
protective molecules (i.e., antibodies or cytokines) (Rosenberg 1997). It is indeed 
difficult to classify existing biotherapy approaches. Nevertheless, most of currently 
applied strategies fall within either “passive” therapy, that is, supplementation of the 
patient by apparently missing biologically active molecules, or “active” therapy 
aimed to stimulate natural defensive resources of the human body. In addition, there 
are some so-called indirect approaches, which are based on the inhibition of some 
natural tumor-promoting factors (Ribas et al. 2003).  

2. Results and Discussion 

N.N. Petrov Institute of Oncology joined the field of antitumor vaccine therapy and 
related cellular technologies in 1998. The following activities are held: (1) Optimiza-
tion of autologous and allogeneic antitumor vaccine preparations and development of 
tumor cell bank for the experiments on allogeneic vaccination. (2) Clinical evalua-
tion of autologous vaccine therapy by (a) bone marrow precursors of dendritic cells 
(DCs), which are activated by tumor lysate; (b) genetically modified tumor cells; and

β, and IL-

noma, metastatic kidney cancer, and colorectal cancer. 
 Due to genetic instability, tumor mass becomes highly heterogeneous during 
neoplastic progression. This heterogeneity is also applicable to the expression of 
specific antigens. Natural tumor cell selection leads to the changes in antigenic por-
trait and appears to be the main mechanism of evasion from the immune system 
surveillance. Tumor evolution is a serious obstacle for the efficacy of cancer vac-
cines (Moingeon 2001). If the treatment duration is long, or if the allogeneic vaccina-
tion is foreseen, long-living cultures are employed. In the latter case, cells cultivated 
ex vivo may significantly change the pattern of antigen expression. The divergence 
of antigenic properties of ex vivo cultivated cells and patients’ metastases may seri-
ously compromise the clinical efficiency of tumor vaccination. Our experiments have 
shown that melanoma cells may lose significant amount of antigens when cultivated 
in vitro for a long time. Indeed, while antigenic portrait was well preserved during 
early passages (1–5), further cultivation was accompanied by increasing both cellular 
heterogeneity and mitotic cell (Ki-67) count. By 25–30 passages, the following pro-
portion of the cells expressed melanoma-specific antigens: CD63 25.7%, melan 
A/MART1 2.7%, tyrosinase 7.6%, MAGE1 10.0%, MITF 42.1%, S100 2.9%, and 
gp100 7.8%. It is known that melanoma antigen profile changes upon tumor progres-
sion (Barrow et al. 2006) and the expression of melanoma - associated antigens 
(MAAs) correlates with patients’ survival (Murer et al. 2004). Therefore, accounting 
for MAA expression is essential for the tumor vaccine development. 

(c) intact tumor cells used in combination with various adjuvants (BCG, IL-1
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  Total 308 patients have been recruited for cancer vaccine trial in N.N. Petrov 
Institute of Oncology during 1998–2006. The following tumor types were included: 
melanoma 196, kidney cancer 108, colorectal cancer 3 and prostate cancer 1. Mean 
age of the patients was 53.7 years (time interval: 21–79 years). Total 117 patients 
received non-modified vaccine (48 patients: 2–6 intracutaneous BCG injections;  54 
patients: 4–6 intracutaneous IL-1β injections; and 15 patients: up to 6 injections of 
IL-1β + low doses of cyclophosphamide. Clinical trial of genetically modified vac-
cine included 59 patients: 54 patients received 2–10 injections of the tag7/PGRP-S 
gene modified autologous tumor cells and 5 patients received 18–35 injections of 
this vaccine (Table 1).  
 Utilization of novel strategies, such as tumor cell modification by the cytokine-
like tag7/PGRP-S gene (Kiselev et al. 1998) as well as the use of IL-1β (Veltri and 
Smith 1996) as immune-stimulating adjuvant, provides new opportunities to vaccine 
therapy for cancer. 
 Combination of IL-1β with vaccine administration has been proven to be  
nontoxic. Immune response, which was determined by peripheral blood tests, was 
observed in 90% of the patients. Disease stabilization was documented in 10 of 20 
patients with metastases (6 for melanoma and 4 for kidney cancer); mean time to 
 
TABLE 1. Results of clinical evaluation of genetically modified vaccines and vaccines com-
bined with adjuvants 

Autologous  vaccine  
Number of 

patients Tumor type Outcome
 

tag7/PGRP-S gene modi-
fied tumor cells, intracuta-
neous injection 

45 
14 

Melanoma 
Kidney cancer 

1/31 PR / 8/31 SD 
2/10 PR/ 2/10 MR/ 

3/10 SD 
Tumor cells with BCG 
adjuvant, intracutaneous 
injection 

10 
25 
8 
3 
1 
1 

Melanoma 
Kidney cancer 
Prostate cancer 
Colon cancer 
Schwannoma 
Lung cancer 

3 SD 
1 PR / 5 SD 

1 SD 
No effect  
No effect 

1 SD 
Tumor cells with IL-1β 
adjuvant, intracutaneous 
injection 

35 
19 

Melanoma 
Kidney cancer 

16 SD  
14 SD 

 
Tumor cells with IL-1β 
adjuvant in combination 

 

7 
8 

Melanoma 
Kidney cancer 

3 SD 
3 SD 

MR, minimal response (less than 50% reduction of tumor mass, or increase of tumor lumps); 
PR, partial response (more than 50% reduction of tumor mass,  absence of new metastases); 
SD, disease stabilization (less than 50% reduction of tumor mass, or increase of tumor lumps 
by no more than 25%; absence of new metastases). 
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phamide, intracutaneous 
injection 
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progression approached to 6 months. Total 34 patients received this combination for 
the adjuvant treatment and 20 of vaccinated patients (10 with melanoma and 10 with 
kidney cancer) remained disease-free during the follow-up (mean: 16.4 months). 
 Use of the tag7/PGRP-S gene-modified vaccine was also proven to be safe. 
About 31 of 42 (74%) melanoma patients and 13 of 14 (93%) kidney cancer patients 
developed the delayed-type hypersensitivity (DTH) reaction. Three melanoma pa-
tients had the DTH reaction at the site of control injection, which included geneti-
cally nonmodified cells. This phenomenon was observed after 1 or 2 cycles of vac-
cine therapy and was interpreted as a “bystander effect.” Correlation between 
intensity of DTH reaction (size and degree of hyperemia) and clinical effect was 
observed in most cases. In the majority of patients with disease stabilization, the 
diameter of DTH spot was 15–20 mm or larger. Patients with disease progression did 
not respond to the vaccination by DTH, or the latter was weak.   
 When peripheral blood was tested for the signs of immune response, appropriate 
changes were observed in 95% of patients. Almost all patients with clinical effect 
were characterized by the increase of absolute counts for CD3+, CD4+, CD8+, and 
CD16+ lymphocytes. Functional activity of CD8 lymphocytes was increased by the 
end of each vaccine therapy cycle.  
 When clinical evaluation was applied, no complete responses have been detected. 
Partial response (reduction of metastatic lumps by more than 50%) was observed in 2  
of 10 patients with kidney cancer (duration of the effect was 23 months and 9 
months, respectively) and 1 patient with skin melanoma (duration of the effect was 
36 months). Disease stabilization was recorded for 11 (27%) patients (8 cases of skin 
melanoma and 3 cases of kidney cancer) (Table 1). Mean duration of the effect was 6 
months (2–24 months). Two patients with kidney cancer had minimal regression 
(tumor reduction by less than 50%) of metastases in the lungs (duration of the effect: 
12 months) and lymph nodes (duration of the effect: 4 months). 
 Theoretical assumptions suggest that bone marrow precursors of DCs may be 
particularly suitable for autologous vaccine therapy in terms of safety, efficacy, and 
feasibility. Bone marrow precursors of DCs have certain advantages in comparison 
with monocyte-derived DCs, as they preserve more options for further differentia-
tion. We attempted to optimize the condition of accumulation of DC bone marrow 
precursors in cell cultures. It was revealed that DCs detach from the cell dish upon 
maturation and activation, while nonmature cells remain attached. Maximal detach-
ment (75%) was observed when tumor cell lysates (0.4 × 106 cells/ml) was used 
together with TNF-α (25 ng/ml) and IL-1β (30 ng/ml). About 60–80% of detached 
cells expressed markers of activated DCs, such as HLA DRhigh, CD1alow, CD80high, 
CD86high, CD40high, and CD54high. Vaccine prepared from tumor cell-activated DC 
bone marrow precursors was administered (3 × 106/kg) to 18 patients (9 with kidney 
cancer, 7 with melanoma, and 2 with colorectal cancer) (Table 2). Several methods 
of vaccine delivery have been studied. 
 Six patients received intravenous injections of the vaccine. Complete or partial 
responses have not been observed. Disease stabilization for 3–4 months was  
documented in two patients, and tumor progression was noticed in remaining four 
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patients. The adverse effects included grade I fever during vaccine injections (one 
case), grade II fever during 4 days after vaccine administration (three patients), grade 
II hypotonia during vaccine injections (one case), grade II fatigue during treatment 
cycle (one case), grade I increase of platelets count, with the duration of 14 days (one 
case), grade I increase of blood transaminase concentration with the duration of 6 
days (one case), and  grade II increase of blood transaminase concentration with the 
duration of 14 days (one case). No grade III–IV adverse events have been detected.  
 Five patients received 2–12 subcutaneous and/or intracutaneous injections of DC 
vaccine. No adverse effects were observed. DHT reaction was documented in three 
of of five cases. Disease stabilization was achieved in two patients (4 and 5 months, 
respectively). In two patients, the administration of vaccine was combined with low 
doses of cytostatic drugs (5-FU 500 mg plus cisplatin 20 mg at days 1–5, followed 

patients developed DTH reaction (2–20 mm). Disease stabilization was documented 

TABLE 2. Results of clinical evaluation of bone marrow precursors of DC vaccine
 

DC vaccine 
DC dose 
×106/кг 

Number 
of pa-
tients 

Immune 
response 
(DHT) Outcome 

Intravenous injection  3 6 - 2 SD  
 (3 and 4 mo.) 

Intracutaneous or subcutaneous 
injection  

3 5 2 2 SD  
( 4 and 5 mo.) 

Intracutaneous  injection in com-
bination with low doses of cy-
tostatic drugs 

3 2 0 No effect 

Intracutaneous  injection in com-
bination with IL-1β 

3 1 1 MR  (12 mo.) 

Intracutaneous  injection in com-
bination with IL-2 

3 2 2 2 SD  
(7 and 16 mo.) 

Intracutaneous  injection in com-
bination with IL-1β and IL-2 

3 1 1 MR (36+ mo.) 

Intralymphatic injection 1 1 1 No effect 
Intralymphatic injection in combi-
nation with IL-2 

1 1 1 No effect 

MR, minimal response; SD, disease stabilization. 

391 

by DC vaccine injection, or cyclophosphamide 300 mg/m2 3 days prior to the vac-
cine administration). Four vaccine injections were performed. No toxic reactions 
were noticed. DTH reaction was not achieved, and tumor progression was observed 
in both cases. One patient received intracutaneous injection of DC vaccine in combi-
nation with IL-1β. Grade 1 fever and asthenia were observed within the first hour 
after injection but were easily compensated. Each vaccine administration was ac-
companied by DTH reaction of 2–14 mm in diameter. Minimal regress (<50%) of 
lung metastases was achieved for the period of 12 months. Two patients received 
intracutaneous vaccines in combination with IL-2. One patient experienced grade I 
headache, fever, arthralgia, and bone pains within several hours after injection. Both 
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in both cases with the duration 7 and 16 months, respectively. Another patient has 
received the vaccine in combination with local administration of IL-1β and systemic 
administration of IL-2 (18 million units for 5 days). There was a DTH reaction at the 
sites of vaccine injection. Minimal regression was achieved with the duration 36+ 
months. Two patients have received intralymphatic injection of the vaccine. In one 
case, IL-2 was administered as well. There were no adverse effects; however, tumor 
progression occurred in both patients. The analysis of immune status revealed an 
activation of T cells (CD3+), cytotoxic lymphocytes (CD8+), and monocytes, whereas 
the status of humoral immunity was not changed significantly. 
 Thus, despite limited numbers of patients enrolled (18 cases), noticeable number 
of minimal responses (2 cases) and disease stabilizations (10 cases) was observed. 
The fact of persisting T cell stimulation suggests that higher immunogenicity of DC 
vaccine can be achieved, for example, with the use of adjuvants. The efficiency of 
the existing vaccine appears to be sufficient in order to recommend it to patients with 
preserved immune status.   

3. Conclusions 

In conclusion, all studied vaccines demonstrated certain degrees of immunological 
and clinical effects. It is important to emphasize that patients included in the trial 
suffered from chemo- and radio-resistant disseminated forms of neoplastic diseases. 
Use of immune therapy in less complicated cases, for example, patients with radi-
cally resected tumors or small residual mass left after cytoreductive surgery, appears 
to be promising. 
 Molecular and cell-based technologies hold a great promise for cancer therapy. 
These methods combine high efficacy and good safety profile. However, application 
of these methods requires careful preclinical studies as well as some support from 
clinical oncologists and general community. 
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Abstract. Cannabinoid-based drugs modeled on cannabinoids originally isolated from mari-
juana are now known to significantly impact the functioning of the endocannabinoid system of 
mammals. This system operates not only in the brain but also in organs and tissues in the 
periphery including the immune system. Natural and synthetic cannabinoids are tricyclic 
terpenes, whereas the endogenous physiological ligands are eicosanoids. Several receptors for 
these compounds have been extensively described, CB1 and CB2, and are G protein-coupled 
receptors; however, cannabinoid-based drugs are also demonstrated to function independently 
of these receptors. Cannabinoids regulate many physiological functions and their impact on 
immunity is generally antiinflammatory as powerful modulators of the cytokine cascade. This 
anti-inflammatory potency has led to the testing of these drugs in chronic inflammatory labo-
ratory paradigms and even in some human diseases. Psychoactive and nonpsychoactive can-
nabinoid-based drugs such as Δ9-tetrahydrocannabinol, cannabidiol, HU-211, and ajulemic 
acid have been tested and found moderately effective in clinical trials of multiple sclerosis, 
traumatic brain injury, arthritis, and neuropathic pain. Furthermore, although clinical trials are 
not yet reported, preclinical data with cannabinoid-based drugs suggest efficacy in other in-
flammatory diseases such as inflammatory bowel disease, Alzheimer’s disease, atherosclero-
sis, and osteoporosis.   

1. Introduction 

Historically, cannabis/marijuana has been recognized as an anti-inflammatory drug. 
For example, it was reported as a therapeutic for rheumatism in the third millennium 
BC by the Chinese emperor Shen-nung and was recommended by British physicians 
in the 19th century not only as an appetite stimulant and analgesic but also as a thera-
peutic in treating various infections, chronic cough, stomach pain, and convulsions 
(Tomida et al. 2004). The physiological basis for these therapeutic effects was not 
understood until the discovery of the endocannabinoid system of receptors and 
ligands in various organs and tissues in the body.  It is now clear that this system is 
operating not only in the brain but also in the periphery in tissues such as joint, bone, 
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spleen, gut, and vessels and is believed to help control the normal tone of these tis-
sues. Therefore, cannabinoid-based drugs might be of value in the management of 
disease processes in these tissues. This chapter describes the endocannabinoid sys-
tem and the general anti-inflammatory effects of cannabinoid-based drugs and then 
discusses current and future therapeutic applications of these agents. 

2. Endocannabinoid System 

2.1. Cannabinoid-Based Drugs 

The main psychoactive substance in Cannabis extracts was isolated and synthesized 
in 1964 and shown to be Δ9-tetrahydrocannabinol (THC) (Gaoni and Mechoulam 
1964). THC and cannabinoids are tricyclic ring structures containing a phenol ring 
with attached 5-carbon alkyl chain, a central pyran ring, and a monounsaturated 
cyclohexyl ring; the structure and the function of THC and related compounds have 
been recently and extensively reviewed (Pertwee 2005; Pacher et al. 2006). Besides 
THC, other natural Cannabis products have been extracted and characterized such as 
Δ8-THC (also psychoactive), cannabinol, and cannabidiol (both nonpsychoactive);  
in addition, synthetic cannabinoid derivatives have been produced and studied such 
as CP55,940, HU-210, HU-211, ajulemic acid, and abnormal cannabidiol (Figure 1). 
The defined physiological and pharmacological effects of marijuana cannabinoids 
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FIGURE 1. Cannabinoid-based drugs are either derived from the Cannabis plant or produced in 
the body from arachidonic acid. Many but not all have affinity for cannabinoid receptors.  See 
text for explanation. 

396 



43. Therapeutic Potential of Cannabinoid-Based Drugs
 

suggested the existence of an endogenous ligand with similar activity and the isola-
tion of the first of these was reported in 1992 (Devane et al. 1992). This so-called 
endocannabinoid was demonstrated to be the arachidonic acid derivative,  
N-arachidonoyl ethanolamide (AEA), and since its discovery, several other similar 
compounds have been isolated and extensively studied including 2-arachidonoyl-
glycerol (2-AG) (Mechoulam et al. 1995), 2-arachidonylglycerylether (noladin ether) 
(Hanus et al. 2001), and O-arachidonoyl ethanolamine (virohdamine) (Porter et al. 
2002). Most of the cannabinoid-based drugs and endogenous ligands have immuno-
modulating activity and most, but not all, bind to one or both of the two known can-
nabinoid receptors, (see below). However, some, such as cannabidiol and HU211, 
have relatively low affinity for cannabinoid receptors, suggesting that other receptors 
or molecular mechanisms are involved in the action of these agents. A final class of 
cannabinoid-based drugs is the receptor antagonists/inverse agonist class. These are 
structurally quite different from cannabinoids and endocannabinoids and have played 
an important role in understanding the biology of the endocannabinoid system. A 
few examples of these are SR141716A (Rimonabant®), AM251, and SR144528 
(Fowler et al. 2005). 

2.2. Cannabinoid Receptors 

Receptor pharmacology studies in the 1980s strongly suggested the existence of 
specific receptors in the brain mediating cannabinoid effects. In 1990, the first recep-
tor (CB1) was cloned from a rat brain cDNA library and the predicted amino acid 
sequence identified it as a seven-transmembrane G protein-coupled receptor 
(Matsuda et al. 1990). The human homolog of the receptor was cloned in 1991 
(Gerard et al. 1991) and a second receptor, CB2, was cloned in 1993 from the leuko-
cyte cell line, HL60, and rat spleen (Munro et al. 1993). Both receptors are coupled 
through Gi and G0 and inhibit adenylyl cyclase as well as a variety of other second 
messenger and signaling components found in neural and immune tissues (Klein  
et al. 2003; Howlett et al. 2004). CB1 receptor orthologs have been demonstrated in 
many species from invertebrate sea squirt to humans and the structure is well con-
served among these organisms (Anday and Mercier 2005). On the contrary, the 
structure of CB2 is less conserved among species (Anday and Mercier 2005); how-
ever, critical similarities persist because many different cannabinoid ligands activate 
both receptors with similar affinities. The tissue distribution of CB1 and CB2 varies 
with CB1 expressed extensively in the CNS with lower levels expressed in the heart, 
vessels, testis, immune system, and the peripheral nervous system. CB2, on the con-
trary, shows little expression in nervous tissue and is primarily restricted to expres-
sion in the immune system. This type of distribution supports the prospect that anti-
inflammatory and immunosuppressive CB2-selective drugs with low psychoactivity 
can be developed for the management of chronic inflammatory diseases. 

Besides CB1 and CB2, other receptors are stimulated by cannabinoid ligands.  For 
example, the endocannabinoid, AEA, and cannabidiol have been shown to activate 
the transient receptor potential vanilloid 1 (TRPV1) in vascular tissues and neural 
circuits (Zygmunt et al. 1999). In addition, other poorly defined receptors have been 
suggested from studies with CB1- and CB2-knockout mice and in pharmacological 
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studies wherein agonists for CB1 and CB2 displayed split potency.  For example, in 
rat mesenteric arteries, AEA and abnormal cannabidiol (which has low affinity for 
CB1 receptors) induced vasodilation that was inhibited by the CB1 antagonist, 
SR141716A; however, other potent CB1 agonists had no effect (Jarai et al. 1999; 
Offertaler et al. 2003). Studies with knockout mice also suggested a third receptor 
because signaling activity in brain membrane preparations occurred equally well in 
CB1 knockout and wild-type mice (Breivogel et al. 2001). Furthermore, in an im-
mune cell model, IL-12 production was suppressed equally by THC in CB1-and CB2-
knockout mice and even the addition of receptor antagonists to knockout cells only 
partially attenuated the THC suppressive effect (Lu et al. 2006). A candidate for the 
third receptor was recently reported based on in silico patent searching (Baker, et al. 
2006). The human gene for this receptor, termed GPR55, encodes a G protein-
coupled receptor with very low identity (10–15%) to CB1 and CB2 and having bind-
ing affinity for only some but not all cannabinoid agonists and antagonists.  
Orthologs of the human gene have been identified in other mammals but not in lower 
forms such as avian and teleosts, suggesting later evolution of the gene. The tissue 
distribution of GPR55 transcripts is similar to that of cannabinoid receptors, and 
there appear to be some similarities in the vasodilation response between GPR55 and 
the unknown, abnormal-cannabidiol receptor; however, GPR55 does not appear to 
couple to Gi.  At this point, it can be concluded that GPR55 may represent a class of 
receptors with overlapping affinity for endocannabinoids and other related lipid-
based ligands and that additional studies are needed to define the function of these 
receptors and their relationship to CB1 and CB2. 

Besides ligation and activity through G protein-coupled receptors, the action of 
cannabinoid-based drugs has been linked to interaction with other receptors such as 
peroxisome proliferator-activated receptors (PPARs). The members of the PPAR 
family of transcription factors were initially shown to be involved in regulating 
genes important in lipid metabolism; however, they are now known to also be in-
volved in the regulation of inflammatory genes (Sun et al. 2006). The synthetic ana-
log of THC-11-oic acid, ajulemic acid, was the first cannabinoid-based drug reported 
to interact with these proteins and was shown to bind to and activate PPARγ leading 
to changes in cell function including inhibition of the IL-8 promoter (Liu et al. 
2003). The endocannabinoid, AEA, has also been reported to induce PPARγ tran-
scriptional activation, and recently several cannabinoid-based drugs have been 
shown to interact with another PPAR, PPARα  (Sun et al. 2006). What is important 
about these findings is that, as documented below, cannabinoid-based drugs with low 
affinity for CB1 and CB2 have quite marked anti-inflammatory activity and even 
some of the anti-inflammatory activity of drugs that bind cannabinoid receptors 
appears to be mediated by mechanisms other than CB1 and CB2 (Lu et al. 2006). 

3. Anti-inflammatory Effects of Cannabinoids 

The early experimental data involving marijuana cannabinoids and immunity sug-
gested the drugs were immunosuppressive.  For example, in 1974 it was reported that 
T cell responses to mitogens were suppressed in cultured peripheral blood mononu 
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clear cells (PBMCs) taken from chronic marijuana smokers (Nahas et al. 1974). 
Since then, cannabinoid-based drugs have been shown to suppress the function of  
T cells, B cells, macrophages, NK cells, and dendritic cells.  The studies in this area 
have been numerous and in vivo and in vitro animal systems from humans to mice 
have been explored and extensively reviewed over the years (Cabral and Dove Pettit 
1998; Klein et al. 1998, 2000a, 2003; Klein 2005; Klein and Cabral 2006). However, 
more recently, drug effects on the cytokine network have been focused on and in 
these reports the drugs have been shown to modulate cytokine production, suggest-
ing their therapeutic potential for the management of chronic inflammatory diseases 
that are often due to a dysregulation of the cytokine network. Tables 1 and 2 are 
summaries of recent results from mouse and human studies showing that, depending 
on the system studied, cannabinoid-based drugs either increase or decrease various 
cytokines.  From the tables, it is apparent that most studies show a decrease in proin-
flammatory cytokines such as IL-1, IL-2, IL-6, IL-12, TNF, GM-CSF, and IFN-γ 
production; however, increases in anti-inflammatory cytokines such as IL-4, IL-10, 
and TGF-β are also observed potentially contributing in some systems to an overall 
decrease in inflammatory tone. Based on these data, clinical trials have been initiated 
examining the safety and efficacy of these drugs in chronic inflammatory diseases. 

4. Completed Clinical Trials 

4.1. Multiple Sclerosis (MS) 

MS is a neurodegenerative disease with a strong cell-mediated (CMI) autoimmune 
component. A number of animal models mimic the histopathological and immunological

TABLE 1. Cannabinoid-based drugs increase cytokines 
 

Cannabinoid Receptor Model Cytokine stimulus Cytokines 
Humans   
2-AG CB2 HL-60 2-AG CXCL8, CCL2 
CP55,940 CB2 HL-60 CP55, 940 TNF, CXCL8, 

CCL2, CCL4 
Marijuana 
smoking 

ND Peripheral 
blood mono-

cytes 

PHA, ConA IL-10, TGF-β 

Mice  
WIN55, 212-
2 or HU-210  

ND Splenocytes LPS, Propionibacte-
rium acnes 

IL-10 

THC ND Splenocytes Legionella pneumophila TNF, IL-6 
THC ND Peritoneal 

macrophages 
LPS IL-1α, IL-1β 

THC ND Splenocytes Legionella pneumophila IL-4 
THC ND Splenocytes Tumor model IL-10, TGF-β 
References: (Klein et al. 1993; Zhu et al. 1994; Derocq et al. 2000; Klein et al. 2006; Smith 
et al. 2000; Zhu et al. 2000; Pacifici et al. 2003; Kishimoto et al. 2004). 
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features of MS, and in these models, cannabinoid-based drugs were shown to at-
tenuate the disease. For example, natural cannabinoids were shown to suppress disease  
progression in rat models of EAE possibly by suppressing the HPA axis (Lyman et al. 
1989; Wirguin et al. 1994);  furthermore, in Theiler murine encephalomyelitis virus 
models of demyelinating disease, synthetic cannabinoids attenuated disease as well as 
suppressed infiltrating T cells and the brain production of proinflammatory cytokines 
(Arevalo-Martin et al. 2003; Croxford and Miller 2003). Besides the attenuation of 
neurodegeneration (Pryce et al. 2003) and immune reactivity, cannabinoid treatment 
has also been shown to suppress encephalitis-associated spasticity (Baker et al. 2000). 
This effect appears to involve CB1 receptors more than CB2 (Pryce and Baker 2007). 

These animal studies suggested that cannabinoid treatment might be protective in 
neurodegenerative diseases by mechanisms involving suppression of immune and 
other neurodegenerative mechanisms. One of the first clinical trials in this area was 

TABLE 2. Cannabinoid-based drugs decrease cytokines 
 

Cannabinoid Receptor  Model Cytokine stimulus Cytokines 
Humans   
Marijuana 
smoking 

ND Lung alveo-
lar macro-

phages 

LPS TNF, GM-CSF, 
IL-6 

Ajulemic acid ND Peripheral 
blood and 
synovial 

monocytes 

LPS IL-1β 

Marijuana 
smoking 

ND Peripheral 
blood mono-

cytes 

PHA, ConA IL-2 

THC CB2 Peripheral 
blood T cells 

Allogeneic dendritic 
cells 

IFN-γ 

Mice   
WIN55, 212-2 
or HU-210 

ND Splenocytes LPS, Propionicacterium 
acnes 

TNF, IL-12 

THC ND Macrophage 
cell line 

RAW264.7 

LPS TNF 

HU-211 NNDA  Brain Closed head injury TNF 
WIN55, 212-2 CB2 Heart Ischemia-reperfusion IL-1β, CXCL8 
THC, AEA, or 
2-AG 

ND Macrophage 
cell line J774 

LPS IL-6 

THC ND Splenocytes Legionella pneumophila IFN-γ 
THC CB1, 

CB2 
Splenocytes Legionella pneumophila IL-12, IL-12Rβ2 

THC CB2 Splenocytes Tumor model IFN-γ 
WIN55, 212-2 ND Splenocytes Theiler’s murine en-

cephalomyelitis virus 
IFN-γ 

References: Fischer-Stenger et al. 1993; Newton et al. 1994; Baldwin et al. 1997; Shohami et al. 
1997; Klein et al. 2006; Smith et al. 2000; Zhu et al. 2000; Chang et al. 2001; Panikashvili et al. 
2001; Yuan et al. 2002; Croxford and Miller 2003; Pacifici et al. 2003; Di Filippo et al. 2004) 
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4.2. Traumatic Brain Injury 

Traumatic brain injury (TBI) is a major cause of death and disability and occurs 
following head injury from various causes. The resulting brain damage in TBI is due 
to many factors including disruption of the blood–brain barrier, hypotension, edema, 
and hypoxia; various treatment measures have been tried to lessen symptoms and 
damage including corticosteroids, mannitol, barbiturates, hyperventilation, and hypo-
thermia (Mechoulam et al. 2002). The protective role of cannabinoid-based drugs in 
TBI was initially reported using the non-psychoactive, synthetic cannabinoid, HU-
211 (dexanabinol), in a rat model of closed head injury (Shohami et al. 1995). Here, 
the drug was shown to reduce blood–brain barrier breakdown and brain edema and to 
improve measures of brain function.  Some of these effects could be traced to drug 
action as an N-methyl-D-aspartate (NMDA) receptor antagonist and suppression of 
TNF-α in the brain  (Shohami et al. 1997). In addition to these studies with HU-211, 
the endocannabinoid, 2-AG, was also shown to be involved in TBI. Following closed 
head injury in mice, 2-AG levels increased in the brain and the administration of 
exogenous 2-AG in this model reduced brain edema, cell death, and infarct volume 
while improving clinical recovery (Panikashvili et al. 2001). 

These preclinical studies suggested that cannabinoid-based drugs might be of 
value in preventing brain inflammation and neuronal death due to excitotoxicity 
(Marsicano et al. 2003), and therefore, clinical trials have been undertaken to test the 
safety and efficacy of these agents in TBI. In a safety trial with 67 patients, a single 
dose of either 48 or 150 mg/kg of HU-211 was well tolerated showing no adverse 
effects and also produced significantly better intracranial pressure/cerebral perfusion 
pressure control in the treated group (Knoller et al. 2002). However, in a much larger 
study involving 861 patients with TBI, a single injection of HU-211 (150 mg/kg) 

reported in 2003 from a UK study with 630 stable MS patients with spasticity 
(Zajicek et al. 2003). The patients received either Δ9-THC (Marinol), cannabis  
extract (Cannador) containing THC, cannabidiol, and 5% other cannabinoids, or 
placebo. There was no significant drug effect in the Ashworth score that is an objec-
tive measure of spasticity; however, the treated patients reported an improvement in 
status, suggesting cannabis might be clinically useful. In a 12-month follow-up to 
this  study  wherein  patients  elected  to continue the medication, patients showed a 
small treatment effect on muscle spasticity as measured by a change in the Ashworth 
score (Zajicek et al. 2005). There were no major safety concerns in this study, and 
overall, the patients felt the drugs were helpful.  Additional studies from Germany 
(57 subjects) (Vaney et al. 2004) and the UK (160 subjects) (Wade et al. 2004) using 
either cannabis extract capsules or oromucosal spray showed greatest beneficial 
effects on disease-related spasticity. Again, the drugs were well tolerated. These 
studies suggest that cannabinoid-based preparations of Δ9-THC and cannabidiol can 
lessen certain symptoms in MS patients with relatively few side effects. It is not clear 
at this point if potency can be increased by different delivery methods or drug com-
binations and it is also not clear if the cannabinoids have a therapeutic effect and 
actually attenuate the underlying disease process. 
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although safe had no significant effect on disease outcome by 6 months after injury 
(Maas et al. 2006). Thus, in spite of the encouraging animals studies, a single injec-
tion of HU-211 in TBI appears to be safe, but without any significant clinical effect. 
However, higher or more frequent doses of the drug may have significant benefit in 
TBI, but this will have to await future trials with this well-tolerated drug. 

4.3. Rheumatoid Arthritis 

Rheumatoid arthritis (RA) is a chronic inflammatory disease of the synovial joints of 
unknown etiology that affects 1% of the US population (Nogid and Pham 2006). 
Currently, treatment of symptoms rests on the use of NSAIDs and corticosteroids in 
combination with non-biologicals such as methotrexate and biologicals such as 
etanercept. Many of these drugs have proven efficacy, but additional treatments for 
symptoms and the disease process are needed. Animal studies with cannabinoid-
based drugs targeting joint disease were first reported in 1998 testing ajulemic acid 
(CT3) with low psychoactive potency in rodent models of acute and chronic inflam-
mation (Zurier et al. 1998). The drug given orally significantly reduced the severity 
of joint inflammation and synovitis measured histologically in adjuvant-induced 
arthritis. In terms of anti-inflammatory mechanisms, ajulemic acid was shown to 
suppress IL-1β production by synovial fluid monocytes isolated from arthritis  
patients (Zurier et al. 2003) and to activate PPARγ in vitro (Liu et al. 2003). In addi-
tion to ajulemic acid, cannabidiol (a natural cannabinoid with low psychoactivity) 
and a synthetic derivative, HU-320, have been shown to attenuate the symptoms and 
disease in arthritis models. For example, cannabidiol, given orally or systemically, to 
collagen-induced arthritis rats, attenuated joint disease progression as well as sup-
pressed lymphocyte immune sensitization and release of TNF-α by synovial cells 
(Malfait et al. 2000). A dimethyl-heptyl derivative of cannabidiol, HU-320, also with 
low psychoactivity, was shown following daily injections to attenuate symptoms and 
damage in collagen-induced arthritis and also to suppress immune reactivity 
(Sumariwalla et al. 2004). 

These results in animal studies with cannabinoid-based drugs, particularly can-
nabidiol, have supported at least one trial in humans. Fifty-eight patients with RA 
were treated for 5 weeks with an oromucosal spray containing THC and cannabidiol 
(Sativex®) or placebo and efficacy assessed by measuring pain on movement, pain 
at rest, morning stiffness, and sleep quality by numerical rating scales (Blake et al. 
2006). The results showed statistically significant improvements in pain and quality 
of sleep, with no effect on morning stiffness. Also, side effects were mild or moder-
ate.  From this short-term trial, it appears that natural cannabinoids have an attenuat-
ing effect on RA symptoms, which suggests further studies are warranted; however, 
the mechanisms of anti-inflammation are unclear and the ability of these drugs to 
suppress the pathological processes underlying RA has yet to be determined. 

4.4. Neuropathic Pain 

A variety of studies have demonstrated that endocannabinoids mediate antinocicep-
tion in acute and chronic pain models involving tissue and nerve injury; furthermore, 
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the role of CB1, located in spinal and supraspinal areas, in regulating pain perception 
has been confirmed by a number of studies (Hohmann and Suplita 2006). However, 
there is also evidence from animal studies that CB2 receptors and other mechanisms 
might also mediate analgesia especially in neuropathic and inflammatory pain. CB2 
involvement was demonstrated in 1998 in a formalin injection model in mice 
(Calignano et al. 1998). The two endocannabinoids, AEA and palmitoylethanola-
mide, when injected into treated animals reduced the pain responses of the animals; 
in addition, injection of either CB1 or CB2 antagonists prolonged and enhanced the 
pain behavior to formalin injection, suggesting that endocannabinoids working 
through both receptors played a role in the pain response in mice (Calignano et al. 
1998). Similar involvement of CB2 was reported in the carrageenan injection model 
in rats (Elmes et al. 2005) and the spinal nerve ligation model (Ibrahim et al. 2003). 
It is interesting to note that in the latter study, a role for CB1 in attenuating the pain 
was excluded, suggesting an exclusive role of CB2 in attenuating pain. Mechanisms 
not involving cannabinoid receptors have also been suggested by studies involving 
ajulemic acid, which has low affinity for these receptors. The analgesic action of the 
drug administered orally or systemically, was demonstrated in several mouse no-
ciception tests (Burstein et al. 1998) and its potency was compared with morphine as 
well as its GI side effects studied in rats and mice (Dajani et al. 1999). Ajulemic acid 
was as potent as morphine in several measures of analgesia and was devoid of the GI 
ulceration effect seen with other anti-inflammatory drugs. More recently, in rat mod-
els of nerve-injury neuropathic pain and inflammatory pain, ajulemic acid showed 
good potency in relation to the high-affinity cannabinoid agonist, HU-210, but had 
none of the psychoactive effects associated with the HU compound (Mitchell et al. 
2005). 

The above animal models suggested that cannabinoid-based drugs might be of 
benefit in the management of pain, especially neuropathic pain. One of the first trials 
in this regard examined the efficacy of ajulemic acid given orally in a randomized, 
placebo-controlled, double-blind, crossover study of 21 patients with neuropathic 
pain of various etiologies (Karst et al. 2003). The treatment time was only a few 
weeks and the number of patients limited; however, the study reported significant 
differences in the drug-treated group in terms of visual analog scale (VAS) as a 
measure of pain, with no major drug side effects. This same group of patients was re-
evaluated for other measures of pain and also for psychological and physical side 
effects of the drug (Salim et al. 2005) and the drug showed significant improvement 
relative to the placebo, suggesting that ajulemic acid has some effect in reducing 
chronic neuropathic pain without side effects.   

Psychoactive cannabinoids have also been used in the treatment of central pain 
associated with MS. Twenty-four patients were given Δ9-THC (dronabinol) orally for 
3 weeks in a randomized, double-blind, placebo-controlled, crossover study, and 
median spontaneous pain intensity was assessed (Svendsen et al. 2004). The study 
concluded that the drug had a modest but clinically relevant analgesic effect in these 
patients with a few side effects such as dizziness. A similar study was done in 66 MS 
patients using the Sativex oromucosal spray (Rog et al. 2005). The results showed 
the drug was superior to placebo in reducing intensity of pain and in measures of 
sleep disturbance. The Sativex was generally well tolerated with few side effects. 
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Recently, a meta-analysis of cannabinoid-based drug trials for neuropathic and MS 
pain was published (Iskedjian et al. 2007). Seven studies were included in the analy-
sis involving the use of Sativex or dronabinol and the report concluded that the can-
nabinoid-based drugs were effective in treating neuropathic pain in MS. 

5. Future Clinical Trials 

5.1. Intestinal Disorders 

Anecdotal reports on the use of marijuana suggest usefulness in the treatment of 
intestinal disorders. This is in agreement with recent animal studies showing that 
CB1 receptors are present on neurons of the enteric nervous system as well as on 
sensory nerves and that CB2 receptors are located on immune cells.  Furthermore, 
activation of CB1 receptors has been reported to modulate intestinal functions such 
as reducing emesis, gastric secretion, and intestinal motility (Massa et al. 2005; Di 
Marzo and Izzo 2006). Endocannabinoids are detected in the digestive tract and 
experimentally they have been shown to inhibit colonic propulsion in an animal 
model (Pinto et al. 2002). Activation of CB2 receptors have also been shown to regu-
late intestinal responses. For example, increased GI transit in rats due to the inflam-
matory action of LPS was attenuated by CB2 activation rather than CB1 (Mathison et 
al. 2004), and these receptors were significantly increased in colon biopsies from 
patients with ulcerative colitis (Wright et al. 2005). Interestingly, a recent report has 
shown that CB2 receptors (along with opioid receptors) are induced in intestinal 
epithelial cells from rats fed the probiotic, Lactobacillus acidophilus (Rousseaux et 
al. 2007). This increase in receptor expression was shown to be related to maintain-
ing an analgesic tone in experimentally induced gut inflammation in rats. All of these 
preclinical reports suggest that the gut endocannabinoid system may serve as a 
therapeutic target for many GI disorders including inflammatory bowel diseases such 
as Crohn’s disease and functional bowel diseases such as irritable bowel syndrome. 
Although, no clinical trials have been reported in this area, it is interesting to note 
that in phase III clinical trials with the CB1 antagonist, Rimonabant, one side effect 
noted was diarrhea (Van Gaal et al. 2005). For therapeutic purposes, CB1 agonists 
are unlikely candidates because of their psychoactive potential. However, other ap-
proaches are possible including the use of agonists modified to prevent crossing the 
blood–brain barrier, the use of drugs designed to inhibit the degradation of endocan-
nabinoids (e.g., fatty acid amide hydrolase inhibitors), and the use of CB2 agonists 
that have no psychoactive potential. 

5.2. Alzheimer’s Disease 

Alzheimer’s disease (AD) is characterized by the deposition of β-amyloid (aβ)  
peptide in various areas of the brain, and senile plaques develop as a result of the 
local activation of microglia cells and neuron destruction (Mackenzie et al. 1995). It 
can be said, then, that AD is a chronic inflammatory disease much like AIDS demen-
tia and MS.  Because of this, it is not surprising that a few studies have been done in 
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animals to examine the anti-inflammatory potential of cannabinoid-based drugs in 
AD models. One of the first studies utilized and in vitro model of aβ toxicity (Milton 
2002). The NT2 human neuron cell line was treated with aβ and toxicity determined 
by the MTT assay. AEA and noladin ether co-treatment with aβ attenuated the toxic-
ity effect of the peptide, and the attenuation was inhibited by treatment with a CB1 
antagonist. Thus, the endocannabinoids prevented aβ toxicity and the drug effect was 
mediated by CB1.  Studies in rats showed similar protective effects by CB2 agonists 
(Ramirez et al. 2005), and in addition, the cannabinoids were shown to inhibit the 
activation of brain microglia cells stimulated by various agents including aβ (Ehrhart 
et al. 2005; Ramirez et al. 2005). Finally, a recent study showed that THC is a com-
petitive inhibitor in vitro of acetylcholinesterase (AChE) (Eubanks et al. 2006). This 
has relevance to AD because this enzyme promotes the aggregation of aβ, thus  
promoting plaque formation, and in fact, several FDA-approved drugs target the 
inhibition of AChE. These preclinical studies support the possibility that cannabi-
noid-based drugs might have anti-inflammatory effects directed at mechanisms oper-
ating in the pathogenesis of AD and therefore be of ultimate use in the management 
of the disease. 

5.3. Atherosclerosis 

Atherosclerosis is a chronic inflammatory disease that involves disturbances in the 
biology of the cells lining the vessels as well as homing to and activation of the  
inflammatory cells that reside in the vascular plaque. The putative role of endocan-
nabinoid system in vascular biology and disease stems from findings that endocan-
nabinoids are produced by vascular endothelial cells and these and the natural  
cannabinoids have been shown to cause vasodilation, hypotension, and bradycardia 
(Wagner et al. 1998). This could be due to stimulation of presynaptic CB1 receptors 
on peripheral sympathetic nerve terminals or as mentioned above to stimulation of 
TRPV1 on endothelium and nerves.  Many of the elements of the endocannabinoid 
system are upregulated during systemic vascular inflammatory disease such as en-
dotoxic shock (Wang et al. 2001) and experimentally induced endotoxin induced 
hypotension (Varga et al. 1998), suggesting that vascular inflammatory tone might 
be partly regulated by the endocannabinoid system. Besides changes in vascular 
biology, another major factor in the development of vascular inflammation and 
atherosclerosis is the influx of inflammatory cells. This may involve CB2 receptors 
rather than CB1. For example, leukocyte-dependent myocardial damage was sup-
pressed by WIN55212-2 in a CB2-dependent way (Di Filippo et al. 2004). This was 
reported using a mouse model of myocardial ischemia/reperfusion, and when the 
drug was given 30 min before induction, infarct size was significant. The drug 
effect was inhibited by a CB2 antagonist and was accompanied by reduction in the 
influx of leukocyte markers (Di Filippo et al. 2004). A recent study also reported a 
role for CB2 in the suppression of atherosclerosis development in the apolipoprotein 
E (ApoE)-knockout model in mice (Steffens et al. 2005). Mice were fed THC along 
with the high-cholesterol diet and plaque development in cryosections of aortic roots 
was significantly depressed over time. In addition, CB2 expression was observed in 
human and mouse atherosclerotic plaques and inflammatory cell function was 
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 In total, these studies suggest that 
modulation of the endocannabinoid tone surrounding vascular plaque formation may 
have beneficial therapeutic effects in inflammatory diseases of blood vessels. 

5.4. Osteoporosis 

The overall bone mass is a product of the balanced activity of bone-building cells, 
the osteoblasts, and bone-resorbing cells, the osteoclasts. Many factors contribute to 
this steady state, and when out of balance, focal or generalized bone loss occurs, 
leading to diseases such as osteoporosis. An array of hormones and cytokines has 
been implicated in the maintenance of bone density as well as neuroendocrine path-
ways and neurotransmitters (Takeda et al. 2002).  In this context, several studies 
have examined the role of endocannabinoid system in the regulation of bone mass 
and turnover. The first study reported that CB1-knockout mice had increased bone 
mass and were protected from ovariectomy-induced bone loss (Idris et al. 2005). In 
addition, CB1 and CB2 antagonists prevented ovariectomy-induced bone loss in vivo 
and suppressed osteoclasts development in vitro. In another study, CB2- knockout 
mice showed opposite effects with respect to bone density. These mice had an  
age-related bone loss and cortical changes similar to that seen in osteoporosis (Ofek 
et al. 2006). In addition, knockout mice showed a histological decrease in osteoblasts 
and CB2-selective agonists in wild-type mice increased the number of endocortical 
osteoblasts, suppressed osteoclastogenesis, and attenuated ovariectomy-induced bone 
loss. The bone-remodeling cells all expressed CB2 receptors. The pharmacology of 
these two studies is somewhat contradictory, with receptor antagonists and agonists 
both showing the same effect, that is, a decrease in osteoclast activation and attenua-
tion of bone loss. However, many drugs have been targeted at inhibiting the action of 
osteoclasts (Rodan and Martin 2000), and it appears that cannabinoid receptors are 
involved in the development of these cells, possibly by different mechanisms, and 
cannabinoid-based drugs may be of value in inhibiting these cells in the management 
of disease. Finally, recently it was reported that a cohort of postmenopausal osteopo-
rosis women displayed a significant association of single polymorphisms and haplo-
types encompassing the CB2 gene, whereas no association was found with the CB1 
gene (Karsak et al. 2005). The authors concluded that CB2 plays a role in the etiol-
ogy of osteoporosis, a fact that might provide novel drug targets for this disease. 

The role of marijuana cannabinoids and the endocannabinoid system in health and 
disease has gone from anecdotal folk-medicine reports, through preclinical science 
testing in animals, to clinical trials in humans.  A consistent theme is that these drugs 
affect mood and behavior through CNS effects but also significantly affect physio-
logical systems outside of the CNS as well as the inflammatory response through 
effects on immune cells and the cytokine network. Clinical trials with MS patients 
using drugs ranging from psychoactive Δ9-THC to nonpsychoactive cannabidiol 
showed some efficacy in reducing spasticity, sleep disturbances, and neuropathic 

suppressed in drug-treated ApoE-knockout mice.
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pain with very few side effects.  In addition to MS, other inflammatory diseases have 
been tested including traumatic brain injury and rheumatoid arthritis. In these stud-
ies, HU-211 and ajulemic acid (both nonpsychoactive) were moderately effective in 
reducing symptoms with few side effects. Because drugs with low affinity for CB1 
and CB2 were effective in some of these studies, the role of known cannabinoid 
receptors in the clinical responses is uncertain, and therefore, other molecular targets 
may be involved such as other undefined cannabinoid receptors, vanilloid receptors, 
or PPAR proteins.  In addition to these clinical trials, basic science and preclinical 
studies have suggested other therapeutic applications for these compounds. For ex-
ample, animal models of inflammatory bowel disease have shown that the endocan-
nabinoid system is activated during disease and regulates GI tone under pathological 
conditions. In addition, models of AD have also been probed for involvement of the 
endocannabinoid system. CB1 and CB2 agonists showed protective effects from dam-
age due to aβ and the drugs were shown to inhibit the activity of microglia cells, 
important cellular mediators of the chronic inflammatory response in this disease. 
The regulation of inflammatory cells by CB1 and CB2 has also been shown in models 
of atherosclerosis and osteoporosis, pointing to applications in these widespread 
diseases. In conclusion, the endocannabinoid system appears to be involved in  
regulating the normal tone of many physiological processes, and it appears to be 
altered during disease development. This is suggestive that the manipulation of this 
system might be of benefit in either the management or the cure of these diseases; 
however, this will require further drug development in this area. 
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Abstract. The incredible success of vaccinations in contributing to public health is undeni-
able. In fact, vaccines are the most cost-effective public health tool for disease prevention 
because their cost is less than the combined costs of treatment, hospitalization, and time loss 
from work. However, despite the availability of vaccines, cost per dose is a factor limiting the 
success of global vaccination campaigns, as are the limitations imposed by the need of deliver-
ing multiple vaccine doses. A number of approaches are being tested particularly for the deliv-
ery of subunit vaccines, and in recent years, a number of groups have devoted their efforts to 
develop nano/microparticles prepared from biodegradable and biocompatible polymers as 
vaccine delivery systems with the goal of inducing both humoral and cellular immune re-
sponses. Some important properties of biodegradable polymers are their documented safety 
history, biocompatibility, and an ability to provide controlled time/rate of antigen release and 
polymer degradation. The most extensively studied polymer used for encapsulating vaccine 
antigens is poly (lactide-co-glycolide acid) (PLGA). This chapter deals in brief with efforts 
targeting the use of PLGA micro-and nanoparticles for the delivery of hepatitis B surface 
antigen. 

1. Introduction 

Hepatitis B infection remains a serious global problem despite the availability of a 
safe and effective injectable vaccine. The situation is particularly serious in develop-
ing countries where morbidity and mortality are high due to the very high rate of 
infection. More than 350 million people around the world are infected by hepatitis B 
virus (HBV) and these individuals serve as the viral reservoir and can also transmit 
the virus and spread the disease (Davis 2005). The licensed hepatitis B vaccine con-
sists of recombinant hepatitis B surface antigen (HBsAg) adsorbed to aluminum 
adjuvant (Gupta and Siber 1995; Clements and Griffiths 2002). The vaccine is ad-
ministered in three doses over the course of 6 months and is both safe and effective 
with more than 90% vaccinees being protected upon completion of the full three-
dose vaccination course (Thoelen et al. 2001). A major problem in many developing 
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countries is that a significant number of vaccine recipients do not return for the 
booster doses, thus limiting the efficacy of the vaccination campaign.  Single or 
multiple dosage of an oral or intranasal vaccine could significantly increase patient 
compliance, and this could in turn have a greater impact on global immunization 
programs. 
    In recent years, significant effort has been devoted to develop nano/microparticle-
mediated vaccine delivery systems prepared from biodegradable and biocompatible 
polymers. A wide variety of polymeric materials has been utilized in efforts aimed at 
inducing both systemic and local immune response following vaccine administration 
by various routes. This includes the testing of poly(lactide-co-glycolide acid) (PLGA) 
(Spiers et al. 2000; Kavanagh et al. 2003; Jiang et al. 2005), starch (Wikingsson and 
Sjoholm 2002), chitosan (McNeela et al. 2000; Van der et al. 2003). Homo- and 
copolymers of lactic and polylactic glycolic acid have been extensively tested as 
components for antigen delivery systems (Kersten and Kaufmann 1996). Significant 
advantages of these biodegradable polymers are their long safety history, proven 
biocompatibility, and their property to control the time and rate of polymer degrada-
tion and antigen release (Kersten and Hirshberg 2004). PLGA copolymers can be 
manipulated to undergo noncatalytic hydrolysis to glycolic and lactic acids in the 
body (Shalaby 1995). The rate of hydrolysis and hence the rate of antigen release can 
be controlled by altering the ratio of lactic acid to glycolic acid in the copolymer 
(Park et al. 1993). The biodegradable poly-lactide-co-glycolide polymer has been 
used for encapsulation (Duncan et al. 1996; Eldridge et al. 1992) since the encapsula-
tion process can be controlled to get particles smaller than 10 µm since particles of 
this size can be efficiently taken up by the M cells. Eldridge et al. (1989) studied 
how the particle size of polymer microspheres can influence the mucosal immune 
response. The immune response to Staphylococcus enterotoxin B was studied in 
BALB/c mice using PLGA microspheres. Microspheres <5 µm in diameter were 
effectively taken up by the Peyer’s patches and disseminated to the mesenteric 
lymph nodes as well as the spleen. The corresponding humoral response was charac-
terized by enterotoxin-specific IgM and IgG antibodies. Nonencapsulated controls, 
however, did not elicit any response.  In contrast, microspheres with larger diameters 
ranging from 5 to 10 µm remained in the Peyer’s patches for up to 35 days. Micro-
spheres with diameters >10 µm were not taken up by the Peyer’s patches.  It was 
also noted in this study that uptake was higher for microspheres made with polymers 
of higher hydrophobicity.  A brief overview of the different approaches using nano/ 
microparticles for hepatitis B vaccine delivery following administration by various 
routes is described in this chapter. 

2. Techniques for the Preparation of Nano/Microparticles 

The most commonly used method for the preparation of antigen-encapsulated 
nano/microparticles is the solvent extraction or evaporation from a water-in-oil-in-
water (W/O/W) emulsion (Gupta et al. 1997; O’Hagan et al. 1993; Cleland et al. 
1997; McGee et al. 1997). A primary emulsion (W/O) is formed by homogenizing or 
sonicating an aqueous solution of the antigen with PLGA in an organic solvent. The 
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organic solvents mainly used are methylene chloride or ethyl acetate. The ratio be-
tween the aqueous phases is variable and is an important factor controlling various 
parameters of the nanoparticles such as size and entrapment efficiency. The primary 
emulsion is subsequently dispersed in a larger volume of an aqueous emulsi-
fier/stabilizer to form a secondary emulsion (W/O/W). The most commonly used 
stabilizer is polyvinyl alcohol. The organic solvent is then removed by evaporation 
using a rotary evaporator under low pressure allowing polymer hardening to form the 
nano/microparticles. Additionally, the use of co-solvents like alcohol or acetone can 
also facilitate the solvent extraction (Tambera et al. 2005). Various modifications 
and also alternative approaches like coacervation (Fong 1979) (or phase separation) 
and spray drying (Nuwayser and Nucefora 1986) have been reported, although the 
first step for the formation of the primary emulsion is similar in all the approaches.  

3. Oral Vaccination 

Mucosal immunization is an attractive alternative to parental immunization; as with 
the use of appropriate delivery system, it is possible to stimulate both humoral and 
cell-mediated responses and to induce mucosal and systemic immunity simultane-
ously (Vady and O’Hagan 1996). The most convenient way of administering a 
drug/vaccine is by the oral route. It affords high patient acceptability, compliance, 
and ease of administration when compared with traditional parental administration. 
Successful oral vaccination for hepatitis B could certainly have a greater impact on 
global immunization efforts. It is generally acknowledged that oral vaccination is 
largely ineffective due to substantial degradation of antigens by harsh acidic condi-
tion of the stomach and enzymatic degradation in gastrointestinal tract (Gabor et al. 
2002; Singh et al. 2004; Lavelle et al. 2004). Additionally, poor absorption of the 
antigens by the gut-associated lymphoid tissue (GALT) contributes to the lower 
efficacy and thus requires larger doses of antigen to be administered to achieve de-
sirable level of immunity comparable with systemic administration (Gupta et al. 
2006). Several investigators have shown that micro/nanoparticle carrier systems are 
very effective in protecting the antigen in the gastrointestinal tract and are also capa-
ble of sustained antigen release and can achieve targeted antigen delivery with the 
help of selective ligands (Jain et al. 2005; Lavelle et al. 2001). Gupta et al (Gupta et al. 
2006) have synthesized HBsAg-bearing PLGA nanoparticles by double emulsion a 
method using a protein stabilizer, trehalose. Furthermore, lectin from Arachis hypo-
gaea was conjugated on the surface of these PLGA nanoparticles with the help of 
glutaraldehyde in order to increase the affinity toward antigen-presenting cells of the 
Peyer’s patches. They found that plain nanoparticles had a moderate loading effi-
ciency around 55% while lectin-conjugated nanoparticles had very low loading effi-
ciency (~18%). However, the lectin-conjugated nanoparticles showed approximately 
four-fold increase in the degree of interaction in vitro with bovine submaxillary 
mucin (BSM) than the nonconjugated nanoparticles. Thus, these nanoparticles have 
the potential for targeted delivery to the antigen-presenting cells of Peyer’s patches. 
    In efforts to develop a single-dose oral vaccine for hepatitis B, Rajkannan and 
colleagues (2006) encapsulated immunogenic peptide representing residues 127–145 
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of the immunodominant B cell epitope of HBsAg in PLGA microparticles and 
achieved a loading efficiency of ~65%. They reported that serum IgG and IgM anti-
HBs antibodies were detected after a single oral dose in BALB/c mice.   

4. Intranasal Delivery 

Humoral and cellular responses to HBV antigens are believed to play a key role in 
the elimination of virus by the host. In a recent study, Jaganathan and Vyas (2006) 
showed that, following nasal administration, HBsAg encapsulated in surface-
modified PLGA microspheres elicited titers of anti-HBs antibodies in serum and 
mucosal secretions.  For their studies, they synthesized HBsAg-encapsulated PLGA 
microsphere of 1–10 μm size, with the surface of the nanoparticles being modified 
with chitosan (a biopolymer known for its mucoadhesive properties). They demon-
strated that surface-modified PLGA (with chitosan) microsphere had significantly 
reduced the rate of clearance from nasal cavity of rabbits as compared with the un-
modified PLGA microsphere. They reported that the serum anti-HBs antibody titer 
obtained after nasal administration of chitosan-modified PLGA microspheres was 
comparable with the titer achieved when alum-adsorbed HBsAg was administered 
subcutaneously. Modified PLGA microspheres (cationic microspheres) thus pro-
duced humoral (both systemic and mucosal) and cellular immune responses upon 
nasal administration. On the contrary, there was no significant response of the un-
modified PLGA nanoparticles as it was rapidly cleared from the nasal cavity. These 
data support the high potential of modified PLGA microspheres for their use as a 
carrier adjuvant for subunit vaccines delivered by the intranasal route. 

5. DNA-Based Vaccination 

Various of genetic approaches are another novel strategy for the vaccination against 
hepatitis B infection particularly for chronic HBV.  DNA-based vaccination can 
elicit significant and long-lasting humoral and cell-mediated immunity including 
cytotoxic T lymphocytes and cytokines in mice (Oka et al. 2001), ducks (Le et al. 
2003), and chimpanzees (Davis et al. 1996). Zhou et al. (2003) demonstrated that 
intramuscular injection of pVAX-PS, a DNA vaccine constructed by inserting the 
gene encoding the middle (pre-S2 plus S) envelope protein of HBV into a plasmid 
vector pVAX1, induced strong humoral immune response in tree shrews. However, 
in human clinical trials even very high doses of HBV DNA vaccine provoked much 
lower levels of immune responses as compared with the small animals. Therefore, it 
is very essential to increase the efficacy of the DNA-based vaccines for successful 
human application. He et al. (2005) successfully encapsulated plasmid DNA encod-
ing HBV HBsAg in PLGA nanoparticles using double emulsion solvent evaporation 
method. This DNA encoding HBsAg-encapsulated formulation was able to induce 
local and systemic HBsAg-specific immunity following a single oral dose in 
BALB/c mice. It was also found that PLGA–DNA micro-formulation also decreased 
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the dose required to induce a comparable immune response to plasmid DNA in ad-
ministered saline. 

6. Perspectives 

Despite encouraging results obtained from various approaches using PLGA-based 
nano/microparticle-mediated hepatitis B vaccination in animals, no successful human 
clinical trials have been reported to date. Other than PLGA, limited studies have 
been reported on any other nano/microparticulate formulation for hepatitis B vacci-
nation. Systematic evaluation of the efficacy of the nanoparticle-mediated vaccine 
formulation step by step can help make better formulations.  By using a combination 
of different polymers, tailor-made vaccines with variable release kinetics, can be 
developed. Entrapment efficiency, release kinetics, and other physical characteristics, 
such as morphology, porosity, and size distribution, which influence the efficacy of 
the formulations, can be controlled by using an appropriate combination of different 
polymers. Thus, an appropriate combination of various biodegradable and biocom-
patible polymers in nanoparticulate formulations may lead to a successful vaccine 
formulation for single-dose injectable or a multiple-dose oral/intranasal vaccines. 
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Abstract. Multiple sclerosis (MS) is a demyelinating disease of the central nervous system 
(CNS) mainly mediated by Th1, but recent evidence indicates that Th2 T cells, mostly associ-
ated with allergic reactions, are also involved.  Mast cells are involved in allergic and inflam-
matory reactions because they are located perivascularly and secrete numerous pro-
inflammatory cytokines.  Brain mast cells are critically placed around the blood–brain barrier 
(BBB) and can disrupt it, a finding preceding any clinical or pathological signs of MS.  More-
over, mast cells are often found close to MS plaques, and the main MS antigen, myelin basic 
protein (MBP), can activate human cultured mast cells to release IL-8, TNF-α, tryptase, and 
histamine. Mast cells could also contribute to T cell activation since addition of mast cells to 
anti-CD3/anti-CD28 activated T cells increases T cell activation over 30-fold. This effect 
requires cell-to-cell contact and TNF, but not histamine or tryptase.  Pretreatment with the 
flavone luteolin totally blocks mast cell stimulation and T cell activation.  Mast cells could 
constitute a new unique therapeutic target for MS. 

1. Introduction 

Multiple sclerosis (MS) is a demyelinating disease of the central nervous system 
(CNS) leading to severe disability in almost half a million young adults in the United 
states (Smith and McDonald 1999). MS is mediated by infiltration of CD4+ Th1 cells 
and macrophages that results in chronic CNS inflammation and neurodegeneration. 
Recent evidence indicates that CD4+ Th2 cells are also involved in MS, but it is not 
known how they enter the brain and get sensitized (Lassmann and Ransohoff 2004). 
CD4+ Th1 cells produce mostly IL-2, IFN-γ, and TNF-β, while Th2 cells produce IL-
4, IL-5, and IL-13. Th2 cytokines are associated with allergic reactions and matura-
tion of mast cells and have recently been implicated in MS (Pedotti et al. 2003a).  

Mast cells encircle microvessels (Figure 1) at the blood–brain barrier (BBB),  
especially at the third ventricle (Esposito 2002), and close to MS plaques (Ibrahim 
et al. 1996). Mast cells are also critical for the regulation of BBB permeability dis-
ruption of which precedes clinical or pathological signs of MS  (Stone et al. 1995).  
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FIGURE 1.  Electron photomicrograph of a mast cell encircling half the lumen of a rat dien-
cephalic blood vessel in an area of demyelination. 
  
Moreover, the genes found to be most upregulated in plaques from deceased patients 
with MS included those for the proteolytic enzyme tryptase, the IgE receptor (FcεRI) 
and the histamine-1 receptor, all associated with mast cells (Lock et al. 2002; Bom-
prezzi et al. 2003). Release of myelin fragments, such as myelin basic protein (MBP) 
or fragment P2, could induce mast cell activation (Johnson et al. 1988; Theoharides 
et al. 1993) and sensitize T cells (Figure 2). Mast cell tryptase is elevated in the cere-
brospinal flind (CSF) of MS patients and can cause widespread inflammation by 
stimulating protease-activated receptors (PARs) (Molino et al. 1997). Mast cells are 
involved in allergy and inflammation, as well as in innate and acquired immunity  
 

 
 

FIGURE 2.  Schematic representation of mast cell involvement in multiple sclerosis (MS) 
pathogenesis. 
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(Galliet al. 2005), including T cell-mediated disorders. Mast cells and T cells could 
interact in a variety of acquired immune responses (Nakae et al. 2005; Pedotti et al. 
2003a), including many inflammatory diseases. 

2. Mast Cell Activation of T Cells 

In order to investigate whether mast cells may affect T cell activation, human um-
bilical cord blood-derived cultured mast cells (hCBMCs) and T cells were co-
cultured in 96-well plates and T cells were activated with anti-CD3/anti-CD28 (1 
µg/ml each) when appropriate. Then, T cells were examined morphologically for 
signs of activation and by IL-2 release by ELISA (Figure 3). Out results indicate that 
hCBMCs can be stimulated by MBP and can activate T cells significantly. We also 
showed that T Cell–mast cell contact is necessary for the full T cell activation. Fur-
thermore, our findings indicate that the flavonoid luteolin can inhibit mast cell and 
T cell activation. 
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1. Jurkat + anti-CD3/anti-CD28;  
2. Jurkat + anti-CD3/anti-CD28 + MBP 10 μM;  
3. Jurkat + luteolin 10 µM + anti-CD3/anti-CD28 + MBP10 μM;  
4. Jurkat; 
5. Jurkat + MBP 10 μM; 
6.  human CBMC; 
7. Jurkat + hCBMCs; 
8. Jurkat + hCBMCs + MBP 10 μM; 
9. Jukat + anti-CD3/anti-CD28 + hCBMCs; 

10. Jurkat + anti-CD3/anti-CD28 + hCBMCs + MBP 10 μM; 
11. Jurkat + luteolin 1 µM + anti-CD3/anti-CD28 + hCBMCs +  MBP 10 μM; 
12. Jurkat + luteolin 10  µM + anti-CD3/anti-CD28 + hCBMCs + MBP 10 μM; 
13. Jurkat + luteolin 100 µM + anti-CD3/anti-CD28 + hCBMCs +  MBP 10 μM. 
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FIGURE. 3. Mast cells, myelin basic protein (MBP), and substance P enhance T cell activation 
induced by anti-CD3/anti-CD28. T cells were activated with anti-CD3/anti-CD28 and incubated 
for 48 h with MBP and human umblicel cultered mast cells (hCBMCs) (n = 3) in a 96-well plate. 
After 48 h IL-2 in the supernatant was measured by ELISA (*p < 0.05). Groups a as follows: 
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It had previously been suggested that mast cells may be involved in MS 
(Theoharides and Cochrane 2004; Krüger 2001). Other evidence supports our find-
ings. For instance, coculture of leukemic mast cells with activated T cells promoted 
adhesion of mast cells (Brill et al. 2004).  Mast cells stimulated by FcεRI aggregation 
release TNF-α and activate T cells (Gregory et al. 2006), but direct contact is also 
required (Salamon et al. 2005). Soluble TNF can increase surface expression of 
costimulatory molecules on the surface of CD3+ T cells (Nakae et al. 2005).  

Myelin fragments can stimulate mast cells (Johnson et al. 1988; Theoharides et al. 
1993). Mast cells were shown to affect T cell function (Redegeld and Nijkamp 2005; 
Nakae et al. 2005) and Th2 cytokines were considered important in MS pathogenesis 
(Pedotti et al. 2003a,b). EAE, an animal model of MS, was reduced and delayed in 
mast cell-deficient W/Wv mice (Brown et al. 2002), and mast cells were required for 
optimal T cell responses in this model. Development of EAE and MS is dependent 
on trafficking of activated, myelin-specific T cells into the CNS (Gregory et al. 
2006). In fact, mast cells were also shown to be critical for the permeability of the 
BBB (Esposito et al. 2002) that precedes any clinical or pathological signs of MS 
(Minagar and Alexander 2003). 

3. Mast Cell Mediators 

Mast cells are mainly found at sites crucial in antigen entry and trafficked by CD4+ T 
cells. Mast cells secrete a wide variety of potent chemical mediators (Galli et al. 
2005) that can initiate and modulate several inflammatory pathways (Theoharides 
and Cochrane 2004). Mast cells represent a major potential source of TNF-α (Galli 
1990; Nakae et al. 2005), which influences T cell recruitment and activation 
(Tartaglia et al. 1993). Mast cell chemokines MCP-1, MIP-1α, MIP-1β, RANTES, 
and IL-16 enhance T cell recruitment to the site of inflammation (Salamon et al. 
2005), and leukotriene B4 regulates T cell migration (Ott et al. 2003). Histamine 
released from mast cells can promote Th1 and Th2 cell activation (Jutel et al. 2001). 
Mast cell-derived histamine and TNF-α increase microvascular permeability, leuko-
cyte rolling, and adhesion, thus contributing to the infiltration of T cells and mono-
cytes into the CNS. Mast cell-derived IL-4 worsens EAE severity by enhancing the 
encephalitogenic potential of Th1 cells (Gregory et al. 2006). Tryptase is elevated in 
CSF of MS patients (Rozniecki et al. 1995) and can damage myelin (Dietsch and 
Hinrichs 1991; Johnson et al. 1988). Tryptase can activate peripheral blood mononu-
clear cells (PBMCs) isolated from MS patients to release TNF-α, IL-1β, and IL-6, 
which are involved in the pathogenesis of MS (Martino et al. 2000). Tryptase also 
stimulates PAR-2 (Malamud et al. 2003) expressed on PBMCs, neutrophils, and 
Jurkat T cells (Dery et al. 1998; Macey et al. 1998), leading to intense inflammation. 
Mast cells could, therefore, participate at multiple steps in MS pathogenesis and 
could serve as the next therapeutic target for MS (Zappulla et al. 2002). 
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4. Effect of Flavonoids 

Flavonoids are polyphenolic compounds found in fruits, vegetables, nuts, seeds, 
herbs, and spices with anti-oxidant, anti-allergic, and anti-inflammatory properties 
(Duthie et al. 1997; Herrmann 1976; Middleton et al. 2000). Certain flavones and 
flavonols also inhibit histamine release from mast cells (Foreman 1984; Middleton 
1998) as well as IL-6 and TNF-α release from murine mast cells (Kimata et al. 
2000).  In particular, the flavone luteolin inhibits basophil release of IL-4 and IL-13 
synthesis, as well as CD40 ligand expression (Hirano et al. 2006) and activation of 
AP-1. Luteolin also inhibits the IgE-mediated release of histamine, leukotrienes, 
prostaglandin D2, and granulocyte–macrophage colony-stimulating factor from hu-
man cultured mast cells. Luteolin also inhibits IgE-mediated histamine IL-6 and 
TNF-α release from bone marrow-derived cultured murine mast cells (BMMCs) and 
rat peritoneal mast cells (Kimata et al. 2000). 

Luteolin reduces CNS inflammation by preventing monocyte migration across 
the BBB (Hendriks et al. 2004) and, like quercetin (Aktas et al. 2004), can inhibit 
clinical symptoms of EAE (Hendriks et al. 2004); luteolin also inhibits macrophage 
myelin phagocytosis, as well as proliferation and activation of autoimmune T cells 
(Verbeek et al. 2004).  

Flavonoids may be beneficial in neurodegenerative diseases (Halliwell 2001) be-
cause they can cross the BBB and are scavengers of reactive oxygen species (ROS), 
which participate in the pathogenesis of MS (Lu et al. 2000) and EAE (Ruuls et al. 
1995). The unique subclasses of flavonoids, the flavones and the flavonols, inhibit 
human mast cell secretion of proinflammatory molecules in response to allergic 
triggers (Kempuraj et al. 2005) and IL-1 (Kandere-Grzybowska et al. 2006). 

There are no curative therapies presently available for MS (Goldn 2007). The 
drugs used include corticosteroids, IFN-β, a copolymer, and a vascular adhesion 
molecule blocker, all of which are administered parenterally and have adverse effects 
(Goldn 2007). The ability of the naturally occurring flavonoid luteolin to inhibit mast 
cell and T cell activation presents a new approach to MS treatment. 
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