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This new journal, Medical Immunology, was conceived to
fill the large divide between the science of basic immunology and the application of this scientific knowledge to the
diagnosis, treatment and prevention of diseases of the immune system. Why is there a gap between the basic science
of immunology and the application of this science to
medicine? The answers to this question are historical in
large part, in that the immune system has only become
recognized and defined within the last century. Moreover,
the rate of accumulation of new information has accelerated markedly, with most of our present understanding
acquired only within the past 20 years. Consequently,
most of what we know about the immune system has only
come into being within the professional lifetimes of the
practicing medical community. Because of this recent explosion in knowledge, there simply has not been enough
time for the translation to clinical medicine to occur.
There is a large community of basic scientists who have
been educated in the last few decades and who have contributed to the current state of knowledge in immunology.
By comparison, because of "turf" concerns amongst faculties of medical schools, immunology course time in medical schools has been miniscule if covered in the
curriculum at all. Consequently, most practitioners have
not received much formal education in immunology. My
medical colleagues often tell me that the immunological
acronyms and jargon are huge and obfuscating, and they
have no idea what the immunologists are talking about.

There is definitely a gap between the immunologists and
the clinicians.
Even so, because of the rapid advances that have been
made, especially within the last 20 years, we now have a
new understanding of how the immune system functions,
and we have available to us many new molecules to use as
therapeutics. As well, because of advances in molecular
genetics, we now have the capacity to engineer new molecules and vaccines at will. Consequently, there is now a
tremendous need for clinical research to determine how
best to use these new therapeutics, particularly, without
toxicity.
Because the modern science of immunology has only
sprouted within the last 2–3 decades, most of those who
contributed to our present view of the immune system are
alive and well and still contributing. Therefore, by taking
an historical view on this newest "organ system", it is easiest to gain an appreciation of what we now know, by focusing on those who have made a significant impact on
medical immunology. As well, such a review should serve
to illuminate those areas that promise to be the most fruitful areas for future development.

The discovery of the immune system and the
dashed hopes of our medical immunologist forefathers
Immunology is the study of the physiology of the immune system, while the pathophysiology of the immune
system is not of concern to many immunologists. Claude
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Bernard made the connection between the physiology
and pathophysiology of organ systems in his book, "An
Introduction to Experimental Medicine", which was first
published in 1865 [1]. At that time, the immune system
had not yet been discovered, while the circulatory system,
for example, had been scrutinized for 300 years. Sir Edward Jenner had opened the way to the immune system in
1798 with his description of cowpox virus vaccination
against smallpox [2]. However, for most of the 19th century this phenomenon was considered a special case, and
not applicable to other diseases. Microbes had yet to be
understood as the causes of contagious diseases.
Louis Pasteur forwarded the germ theory in 1857 to counter the popular concept of "spontaneous generation" as
responsible for fermentation. However 20 years passed
before Robert Koch first proved that microbes could actually be responsible for causing disease in his seminal studies on anthrax [3]. This demonstration set the stage for
Pasteur to introduce and promote the idea that it might be
possible to attenuate microbes, which could then be used
to prevent microbial infections by vaccination [4–6]. At
about the same time, Eli Metchnikoff discovered phagocytosis, thereby introducing the concept that the host has
cellular defenses against invasion by microbes [7]. Then,
in 1890 with the discovery by Behring and Kitasato of antibody activity against diphtheria and tetanus toxins [8],
serotherapy was soon initiated for these and other dread
bacterial infections and found to be quite effective. Accordingly, 100 years ago at the beginning of the 20th century it was hoped that it would not only be possible to
prevent infections by vaccination, but to also treat them
effectively with antibodies. Medical immunology was
born.
However, the attenuation of microbes proved elusive, as
each microbe was found to be complicated and distinct.
As well, Charles Richet and Paul Portier soon discovered
anaphylaxis [9]. Thus, there appeared to be a downside to
the repetitive injection of foreign molecules and microbes, and prophylaxis by vaccination was not so easily
attained. Moreover, even though serotherapy was effective
and many of those treated recovered from dread diseases
such as diphtheria and scarlet fever, it was soon discovered by Arthus that the horse sera used for the serotherapies could produce an inflammatory syndrome itself [10],
which was dubbed "Serum Sickness" by Clemmons von
Pirquet and Bela Shick [11]. Also, at the same time, William Coley introduced the injection of bacterial extracts
(Coley's toxins) as therapy for cancer [12]. Even though
curative in some cases, Coley's toxins were never widely
accepted because of the severity of the reactions induced.
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mune system could be harnessed, and the hopes of
physicians regarding the promise of manipulating the immune system for the prevention and treatment of disease
faded.

The first half of the 20th century: understanding
antibodies and bacteria
With the demise of immunotherapy the science of immunology was born at the beginning of the 20th century. For
the next 50 years those interested in the immune system
focused on trying to understand the physiology of the system. During this time, the focus was almost entirely on
understanding the function and structure of antibodies,
and the cellular immunology of Metchnikoff was forgotten. Karl Landsteiner's work stands out among the many
contributors to our knowledge of serology, because he
showed that antibodies are both tremendously diverse,
capable of binding to almost all environmental molecules, and also exquisitely specific [13].
Simultaneously, in the first half of the 20th century the science of bacteriology was born and basic scientists commenced with the painstaking laboratory research
characterizing these diverse microbes. By the 1950s, most
bacteria had been identified, categorized, and characterized thoroughly. Then, with the advent of antibiotics,
many bacterial diseases could finally be treated effectively.
Also, antibiotics made extended cell cultures feasible for
the first time, which were instrumental for both the discovery and propagation of viruses, so necessary for the creation of attenuated live viral vaccines. Only then, was
Pasteur's dream of vaccines finally realized, and then only
for viral infections. Moreover, the first successful vaccines
for poliovirus and the other childhood exanthems were
developed empirically, without knowledge as to how the
immune system actually works. Consequently, immunology as a basic science had to develop before the application of this new knowledge to immunological diseases
could occur.

Identifying the cells of the immune system
The advances in cell culture methods also led to the cultivation of lymphocytes, and the discovery by Peter Nowell
in 1960 that lymphocytes were not end-stage differentiated cells as had been thought, but rather they were capable
of rapid and extensive proliferation in response to mitogens and antigens [14]. As well, plasma cells, which by
then were known to the source of antibodies [15], actually
were shown to be derived from lymphocytes. Soon thereafter, Neils Jerne and Al Nordin developed an assay that
could detect individual spleen cells as antibody producers
[16], which essentially proved Sir McFarland Burnett's
clonal selection hypothesis of antibody formation [17].

Accordingly, it was realized that a good deal more knowledge was going to be necessary before the power of the im-
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Then in 1970, B-lymphocytes (B cells) were identified by
Raff and Pernis as precursors to plasma cells and characterized for the first time as cells with immunoglobulin (Ig)
on their surface [18,19]. Soon thereafter T-lymphocytes (T
cells) were identified for the first time by Raff and Pierre
Vassali's group as lymphocytes lacking surface Ig, but having cell surface molecules distinct from B cells [20,21].
Within a few years, dendritic cells (DCs) were described
by Steinman and Cohn as cells morphologically distinct
from Metchnikoff's macrophages and microphages [22].
Natural Killer (NK) cells, which could kill target cells without activation by antigen, were discovered by Herberman
and Keissling, Klein and Wigzell to be a distinct type of
lymphocyte [23,24]. Thus, by the mid 1970s the major
cells responsible for the immune response had been identified.

Histocompatibility restriction of the immune response
In 1959, Benacerraf and Gell showed that cell-mediated
immune reactivity could be detected by using denatured
proteins, while antibody reactivity could not [25,26].
Then, pioneering experiments by Benacerraf's group in the
guinea pig in the early 1960s revealed a genetic component to the antibody response to synthetic polypeptide
antigens [27,28]. Subsequently, McDevitt's group confirmed and extended these early findings to mice and
showed that the immune responsiveness mapped to the
major histocompatibility complex (MHC) gene loci
[29,30].
Then, in the early 1970s histocompatibility between T
cells and B cells was first found to be necessary for the antigen activation of antibody production by Katz,
Hamaoka and Benacerraff [31], as well as between T cells
and macrophages for the activation of antigen-specific T
cell proliferation by Rosenthal and Shevach [32], and between virus-infected target cells and cytolytic T cells (CTL)
for the cytolytic reaction by Zinkernagel and Doherty [33].
At the time, the molecular basis for this "histocompatibility restriction" of antigen recognition was not obvious,
but the idea that antigens somehow could only activate T
cells in the context of autologous molecules encoded by
the MHC entered immunology for the first time.

Cloned antibodies and cloned antibody genes
There followed in 1975 the creation of plasmacytoma/Bcell hybrids (hybridomas), which produced monoclonal
antibodies by Kohler and Milstein [34]. With the advent
of monoclonal antibodies, the hope of "serotherapy" was
rejuvenated. Thus, scientists as well as the business world
had dreams of "magic bullets" that would target many intractable diseases, such as cancer. However, hybridomas
could not be generated using human cells and the Human
Anti-Mouse Antibody (HAMA) response that was induced

http://www.medimmunol.com/content/1/1/1

with the mouse antibody treatment was reminiscent of
"Serum Sickness" instead.
In 1976, Hozumi and Tonegawa reported the amazing
findings that revealed how the tremendous diversity of
antibody molecules is generated: genes were found to rearrange and recombine [35]. This startling discovery set in
motion a flurry of research that culminated in cloning of
cDNA encoding immunoglobulin chains and ultimately
the cloning of immunoglobulin genes by Tonegawa's
group and Phil Leder's group [36–38]. Accordingly, almost a century of science was necessary to finally solve the
mystery of the tremendous diversity but exquisite specificity of antibody molecules.
The advances contributed by many investigators in the 25
years since the initial identification of the immunoglobulin genes, have culminated in the ability to "humanize"
mouse monoclonal antibodies by replacing most of the
mouse gene sequences with human gene sequences. This
manipulation considerably reduces the incidence of
HAMA responses when the antibodies are used therapeutically. In addition, because of advances in molecular genetics, it is now possible to replace mouse
immunoglobulin genes with human genes in embryonic
stem cells, so that mice that produce human antibodies
can be made [39,40]. Since the immune systems of these
mice recognize as foreign everything that is "non-mouse",
it is now possible to generate human monoclonal antibodies reactive with any and all human molecules and
cells. The therapeutic potential of these antibodies is enormous, so that the dreams of the medical immunologists of
a century ago may now finally be realized.

The flow cytometer and CDs
The combination of fluorochrome-conjugated monoclonal antibodies with the timely invention of the flow cytometer/Fluorescence-activated cell sorter (FACS) by Len
Herzenberg and his colleagues revolutionized immunology [41]. For the first time, large numbers of individual
cells within a population of mononuclear cells from
blood, or spleen and lymph nodes could be identified and
separated. Stuart Schlossman together with Ellis Reinherz
and Jerry Ritz and their colleagues reported that monoclonal antibodies could be used to identify functional
subsets of lymphocytes and leukemia cells [42–44], and
they promoted cooperative efforts that led many investigators over the course of the next decade to identify hundreds of monoclonal antibodies that react with cell
surface molecules or Clusters of Determinants (CD) that
detect and discriminate separate lymphocyte subsets and
functions. It is now routine to send blood to the clinical
lab to determine the differential count of CD3+ T cells
(both CD4+ and CD8+ subsets) [44,45], B cells (CD20+)
[46], NK cells (CD16/56+) [47] and monocytes (CD14+)
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[48], which is performed using the flow cytometer and
some of the first lymphocyte subset-specific monoclonal
antibodies reported.
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vealed that the TCR genes and molecules belong to the
immunoglobulin super family [61].

Cloned NK cells
Cloned T cells, cloned T cell antigen receptors
(TCR) and cloned TCR Genes
In 1979 we reported the creation of the first monoclonal
T cells [49]. Using lymphocyte conditioned media that
Morgan and coworkers had found could promote longterm T cell growth [50], we had already generated the first
antigen-specific cytolytic T lymphocyte lines (CTLL) by
immunizing mice with allogeneic tumor cells [51]. Subsequently, upon limiting dilution cloning, we could show
unequivocally that monoclonal T cells were reactive either
with tumor-specific antigens or alloantigens [49]. At the
time we speculated that monoclonal antigen-specific CTL
might be used as therapy [52]. The generation of T cell
clones that retained antigen-specific function reduced to
the progeny of a single cell the tremendous diversity of T
cell antigen recognition encountered when studying cell
populations isolated from the blood or spleen. Consequently, this breakthrough quickly led to the unequivocal
demonstration of MHC restriction of antigen recognition
by Schwartz and coworkers [53].
Moreover, monoclonal antibodies reactive with T cell
clones led to the discovery of the elusive T cell antigen receptor (TCR). In 1982, Allison and his co-workers reported the generation of monoclonal antibodies reactive with
a T lymphoma cell line [54]. They speculated that the antibodies recognized a tumor-specific antigen, or perhaps
the TCR. However, they had no way of testing the antibodies to prove their suspicions. Thus, the generation of
"clonotypic" monoclonal antibodies reactive with IL2-dependent normal antigen-specific cytolytic T cell clones enabled Reinherz and co-workers in 1983 to identify the first
human TCR [55,56]: their clonotypic monoclonal antibodies blocked antigen-specific activation of the cloned
cytolytic T cells.
As well, Kappler and Marrack and their co-workers identified the murine TCR by generating clonotypic monoclonal antibodies reactive with an antigen-specific T cell
hybridoma. These clonotypic antibodies were agonistic,
and stimulated IL2 production, a TCR-specific functional
assay [57]. Then, all three groups concurred simultaneously on their very similar findings, which indicated that
there were both variable and constant portions to the TCR
molecules they had identified on T lymphoma cells, T cell
hybridomas and normal T cell clones [58–60].
Subsequently, in 1984 Hedrick and Davis applied classical nucleic acid hybridization kinetics and subtractive hybridization to search for the TCR genes, and cloned the
cDNA encoding the first of the TCR chains, which re-

Soon after we had reported the first T cell clones, Gunther
Dennert also used lymphocyte conditioned media to derive the first murine NK cell lines and clones, which allowed an unequivocal distinction to be made between
these unique lymphocytes vs. T cells and B cells [62,63].
There followed the derivation of the first human NK cell
lines and clones by Jerry Ritz and his colleagues [64,65],
which enabled them to derive NK cell-specific monoclonal antibodies that could be used to distinguish these
cells in a mixed population for the first time [65]. Subsequent studies with these NK cell clones revealed that NK
cells produce a restricted set of cytokines that activate
macrophages and DCs (see below). Therefore, innate immune reactivity would eventually be understood to revolve around a synergistic interaction between NK cells,
macrophages and DCs (see below).

The interleukins: the hormones of the immune
system
Although it was possible to culture T cell and NK cell
clones using lymphocyte conditioned media as a source of
growth factor(s), the identity of the molecules in the conditioned media responsible for the growth promoting activity remained obscure. Therefore, we used monoclonal T
cells to construct an assay for the T cell growth factor
(TCGF) activity in mitogen-activated lymphocyte conditioned media [66], which enabled the identification and
discrimination of the first hormones of the immune system, interleukin-1 (IL1) and interleukin-2 (IL2) [67]. IL1,
a product of activated macrophages originally termed
Lymphocyte activating factor (LAF) [68], was found to
augment the production of TCGF by T cells, hence the numerical order of these first two interleukins [57].
Over the next two decades many additional cytokines
were discovered and found to be responsible for the regulation of the maturation, proliferation, differentiation and
survival of B cells, T cells, NK cells, macrophages and dendritic cells [69–74]. The numbering of interleukins now
includes IL27 and promises to continue. Some of the most
important of these interleukins include IL4, initially described by simultaneously by Vitteta and Krammer, and
Howard and Paul and their colleagues, which serves as a
growth and differentiation factor for B cells and promotes
the differentiation of monocytes to DCs [69,70], IL7, discovered by Namen,s group, which is a primary growth and
differentiation factor for immature T cell and B cell progenitors [74], IL10, first described by Moore and coworkers, which serves as an important differentiation factor for
B cells and regulates both T cell and dendritic cell function
[75,76], IL12, discovered by Gately and Trinchieri and
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their coworkers, which is an important growth and differentiation factor for cytolytic T cells and NK cells, and promotes the production of IFN-g by NK cells and T helper-1
cells [73,76], and IL15, first described by groups led by
Waldmann and and Grabstein, and which promotes the
maturation of NK cells and the survival of memory CTLs
[77,78]. IFN-g is an important differentiation factor for
both T cells and B cells, as well as macrophages and dendritic cells [79]. In addition, Granulocyte-Macrophage
Colony Stimulating Factor (GM-CSF) described by Metcalf's team [80,81] promotes the proliferation and differentiation of macrophages and dendritic cells (DCs) from
bone marrow myeloid precursors and blood monocytes
[82].
The generation of the first monoclonal antibodies reactive
with IL2 allowed its purification to homogeneity in milligram quantities in a single step, which was a first in cytokine research [83]. As each cytokine was discovered,
monoclonal antibodies reactive with them aided their purification as well as detection using ELISA [84], which improved the analysis of cytokine physiology immensely.
However, the development of a flow cytometry assay by
O'Gara's group [85] that allows detection of cytokines
within single cells via cytokine-reactive fluorochromeconjugated monoclonal antibodies provided a quantum
jump in the detection of antigen-specific T cells. The key
technical improvement proved to be the addition of inhibitors of secretion such as monensin or Brefeldin A,
which allow the accumulation of the cytokines inside the
cells. The power of the single cell analysis of flow cytometry, combined with the capacity to examine intracellular
as well as extracellular molecules has thus extended the
analytical capability of the flow cytometer enormously.
Beutler, Cerami and their co-workers showed that pro-inflammatory cytokines such as cachectin or tumor necrosis
factor-alpha (TNF-a), IL1 and IL6 produced by both lymphocytes and macrophages are the "endogenous pyrogens" that had led to so much toxicity from Coley's toxins,
and to septic shock from bacteremia [86–89]. Based upon
these findings, Marc Feldmann and his colleagues painstakingly developed the concept that inhibition of TNF-a
activity would suppress downstream IL1 and IL6 production and the chronic inflammation of rheumatoid arthritis [90,91]. Most investigators at the time felt that the proinflammatory cytokines were redundant, so that blocking
only one of them would have little effect. However, subsequently, they showed that humanized monoclonal antibodies reactive with TNF-a are effective in suppressing
the inflammation and destruction of rheumatoid arthritis
(RA) [92], while others found them effective in the treatment of inflammatory bowel disease [93].
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Studies of T cell clones and the cytokines they produced
also led to the discovery of two distinct types of cytokineproducing "helper" T cell clones by Mosmann and Coffman and their co-workers [94], which regulate the differentiation of B cells (Th-2 cells) [95], as well as T cells (Th1 cells) [96]. Subsequently, Swain's [97,98] and Paul's
[99] groups showed that the differentiation of a Th cell to
a Th-2 cell was dependent upon the cytokine milieu. Thus,
IL4 was found to be an important trophic cytokine, promoting the differentiation of Th-2 cells, which secrete
high amounts of IL4, IL5, IL6 and IL10, all cytokines that
influence the differentiation of B cells to antibody producing plasma cells.
By comparison, O'Gara, Murphy and co-workers found
that IFN-g influences Th cells to further secrete IFN-g,
thereby favoring activation of macrophages and delayedtype hypersensitivity. Furthermore, IL12 produced by
IFN-g-stimulated macrophages and DCs promotes Th-1
differentiation to high IFN-g production, so that there is a
reciprocal relationship between Th-1 cells and macrophages and DCs, with each favoring the other [100,101].
Pat Bucy and coworkers have examined the expression of
cytokine genes using in situ hybridization and have found
evidence for heterogeneity, consistent with the interpretation that there is not coordinate regulation of cytokine
genes, and that each cell expresses a restricted repertoire of
cytokine genes in a quantal manner [102]. More recent experiments reported from Glimcher's, Rao's and Murphy's
groups have revealed that this regulation of gene expression is dependent upon newly discovered transcription
factors and response elements [103–105]. Thus, it appears
that the differentiation of Th cells depends upon the types
and concentrations of cytokines that the cells are exposed
to, which activate specific transcription factors and make
the regulatory sites accessible.
T cell clones were also instrumental in the analysis of cytolytic granules [106] and the isolation of perforin, one of
the active lytic molecules responsible for CTL activity by
Podack and coworkers [107]. Therefore, the complex effector mechanisms of T cells became to be understood at
the molecular level for the first time. These advances have
spurred the hope that antigen-specific cytolytic T cells
might be used for specific cellular therapy of cancer and
infectious diseases. Actually, Riddell working with Greenberg's team has shown that cultured monoclonal cytolytic
T cells are effective in the treatment of infection by cytomegalovirus (CMV) [108], while O'Reilly's group have
pioneered the use of T cell clones for the treatment of Epstein-Bar Virus-induced T cell lymphoma [109]. Moreover, recently Yee and Greenberg and their coworkers have
demonstrated that cloned T cells specific for antigens expressed by normal melanocytes and malignant melanoma
cells are active in killing both cell types in vivo [110], and
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Rosenberg's group has recently confirmed these observations [111]. Now that it is possible to identify the T cell
clones after transfer in vivo using the new assays to detect
antigen-specific cells [112], this area will undoubtedly see
a great deal of activity in the future, using T cell clones to
treat both viral infections and tumors.
The identification of the interleukins and pro-inflammatory cytokines led to the isolation of cDNA and genomic
DNA clones encoding each molecule, which enabled the
production of large quantities of recombinant proteins,
thereby greatly facilitating research into the physiology of
cytokines. Taniguchi first cloned the cDNA encoding IL2
[113], thereby showing the way toward cloning all of the
subsequent cytokine molecules. As a result, recombinant
cytokines have now become available for use therapeutically. Since IL2 was the first recombinant cytokine available, it was the first to be used in the clinic. Steven
Rosenberg and Michael Lotze and their team administered IL2 in high doses to cancer patients, which resulted
in the signs and symptoms of septic shock or SIRS, reminiscent of Coley's toxins [114]. However, like Coley's patients, some of those treated with high dose IL2, ~5%,
appear to have been cured [115]. We have developed a different approach based on the high affinity of the IL2 receptor (IL2R) (see below), pharmacokinetic studies, and
experiments by Doreen Cantrell, which showed that the
magnitude of the IL2 biological response is dependent
upon the IL2 concentration, the IL2R density and the duration of the IL2/IL2R interaction [116]. We administer
100-fold lower doses of IL2 continuously by daily subcutaneous injections without systemic toxicity [117,118].

Cytokine receptors
The discovery of cytokines also led to the discovery of cytokine receptors. Over the course of the 1980s and 1990s,
the molecules responsible for binding the cytokines and
for signaling the cell were identified and the genes encoding these molecules were cloned. The IL2R was prototypic,
and was found to have a very high affinity (Kd = 10-11 M)
of binding and that the IL2 concentrations that bind to
the receptor are identical to those that promote the biological response [119]. Initially we used radiolabeled IL2
in classic hormone/receptor binding experiments to demonstrate the IL2R. This assay was then used to identify the
three chains of the receptor responsible for formation of
the high affinity IL2 binding site [120–123]. Subsequently, these same methods were used to discover each additional cytokine receptor, as the cytokines became known.
Waldmann's group championed the development of humanized monoclonal antibodies reactive with the a-chain
of the IL2R for the suppression of allograft rejection [124],
which have now been shown to be effective in suppressing
rejection of both renal [125] and cardiac allografts [126].
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Moreover, soluble TNF-a R-Ig chimeric molecules have
also been found efficacious in RA [127]. Thus, blocking
cytokine activities with either monoclonal antibodies or
soluble cytokine receptors promises to be an active area in
medical immunology.
All of the work in the discovery of cytokine receptor
chains recently has resulted in the first successful gene
therapy experiment. Soon after Sugamura's group discovered and cloned the g-chain of the IL2R [128], Leonard's
group mapped the gene encoding this chain to the X chromosome and showed that there were mutations in this
gene in patients suffering from X-linked Severe Combined
Immundeficiency (SCID) [129]. Subsequent work revealed that this IL2R chain is also a component of the receptors for IL4, IL7, IL9, IL13 and IL15, so that this chain
has become known as the common g chain (gc) [130].
Then, Alain Fischer's group successfully circumvented the
genetic immunodeficiency using retrovirus transferred gc
cDNA into bone marrow stem cells [131].

Signaling the cells
The discovery of the antigen receptors and the cytokine receptors initiated a quest still ongoing to identify the intracellular signaling molecules and the transcription factors
activated by the triggered receptors. In this search, many
of the immunosuppressive drugs already known were
found to block specific signaling molecules and transcription factors activated in lymphocytes and macrophages.
For example, glucocorticoids have been the mainstay of
immunosuppressive and anti-inflammatory therapies for
the past 50 years. Our early experiments revealed that glucocorticoids inhibit the TCR activation of IL2 production
[132]. Subsequent work by both Michael Karin's and Al
Baldwin's groups showed that glucocorticoids block the
TCR activation of Activating Protein-1 (AP-1) and the Nuclear Factor-kappa of B cells (NF-kB) [133–135]. Similarly, Hermann Wagner and his co-workers showed that the
immunosuppressive antibiotic cyclosporin-A (CSA) is effective because it also blocks the TCR signaling of cytokine
production [136], and subsequently, Gerald Crabtree's
group found that CSA inhibits the TCR activation of the
Nuclear Factor of Activated T cells (NF-AT) [137].
Subsequent work using gene-deleted mice by Gerondakis'
and Hsiou-Chi Liou's groups have shown that c-Rel,
which is the only member of the NF-kB transcription factor family restricted to the hematopoietic system, is obligatory for TCR and BCR signaling of cytokine gene
expression, proliferation, differentiation and cellular survival [138–142]. Thus, NF-kB, originally described by Sen
and Baltimore as involved in Ig gene expression [143], has
proven to be one of the most important transcriptional activating factor families in the immune system and is oblig-
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atory for optimal functioning
macrophages and dendritic cells.
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of

lymphocytes,

All of these data underscore the importance of targeting
these signaling molecules and transcription factors for the
development of new traditional small molecule drugs capable of either suppressing or enhancing immune responsiveness. Recently, the power of our new knowledge in
designing effective immunosuppressive regimens was
demonstrated in the combination of the drug FK506,
which like CSA blocks NF-AT activation and thereby IL2
gene expression, with the monoclonal antibody reactive
with the a-chain of the IL2R thereby competing for ligand
activation of the IL2R, and Rapamycin, a drug that blocks
IL2/IL2R signaling. This is the first immunosuppressive
combination therapy that has avoided using glucocorticoids (which are diabetogenic), and it has been found effective in preventing rejection of pancreatic islet b-cell
grafts as a new therapy for Type I diabetes [144].
Signaling via the interferon receptors and the interleukin
receptors involve some pathways in common with the
TCR and BCR, but a whole new series of molecules were
discovered as critical for cytokine signaling that are not
triggered via the antigen receptors. Experiments focused
on signaling via interferons by Darnell revealed a family
of molecules that upon triggering via interferon were
found to translocate to the nucleus and regulate gene expression [145]. Subsequently, extensive work by Darnell's
group with elegant genetic experiments by Stark and Kerr
revealed that this family termed Signal Transducers and
Activators of Transcription (STAT) is critical for signaling
new gene expression by the cytokine receptor super-family
[146–148].
The Janus kinases (JAK) were identified by Jim Ihle's
group as important for signaling via erythropoietin (EPO)
receptors [149], and subsequently many of the receptors
for the interleukins and hematopoietic colony stimulating
activities that are members of the same super-family of cytokines and receptors were found to activate distinct
members of the JAK family [150]. These experiments thus
showed how the JAKs connect the cytokine receptors with
the STATs. As pointed out by O'Shea, future research into
agents that either inhibit or enhance the activities of these
molecules are obvious areas for drug development to
identify new compounds useful as immunomodulators
[151].

ognition by T cells remained an enigma. However, there
were several discoveries that gradually clarified the molecular mechanisms responsible for these phenomena. First,
in the 1960s, Stuart Schlossman and coworkers had
shown that very short peptides with as few as 6 amino acids, could be recognized during cell mediated immunity
[152]. Also, as early as 1968, Unanue and Askonas [153]
showed that despite rapid degradation of radiolabled antigen by macrophages, these cells remained immunogenic
for as long as 3 weeks. Then, in 1982 Zeigler and Unanue
[154] showed that the catabolism of antigen by macrophages was actually necessary for their capacity to present
antigen to T cells.
Moreover, already in 1969, George Mackaness had shown
that antigen-activated lymphocytes activate macrophages
to kill intracellular microbes [155]. Soon thereafter, this
macrophage activation was found to be due to a soluble
lymphocyte-derived factor by John David's lab [156,157].
Then, Michael Tovey working with Ion Gresser's group
showed that interferons, which had such potent antiviral
activity, also promoted the expression of histocompatibility antigens [158,159]. In 1983 this macrophage activating factor (MAF) activity was shown to be interferon-g
(IFN-g) by Henry Murray, Carl Nathan and Bob Schreiber
their co-workers [79,160,161]. Now it is known that IFNg upregulates just about everything that macrophages are
capable of doing, including antigen processing and presentation, in addition to phagocytosis and intracellular
killing.
In 1985, Unanue's group demonstrated that "processed"
protein antigens of short peptides (10 amino acids) actually bind to MHC molecules inside the cell, prior to appearing on the cell surface [162]. Subsequently, in 1987
Pam Bjorkman, working as a doctoral student with Don
Wiley and Jack Strominger, solved the 3 dimensional crystal structure of the first MHC encoded molecule [163].
The visualization of the structure of a MHC molecule was
a revelation: Two parallel alpha helices form a pocket
where short antigenic peptides reside. Thus, T cells recognize peptide antigens bound to MHC-encoded molecules,
and antigen presenting cells (APCs) process complex proteins by degradation to short peptides of 8–15 amino acids. This information, combined with structural
information from Ig molecules and the knowledge that
the TCR chains are homologous to Ig molecules provided
a picture for the first time of the way in which the TCR
docks onto the peptide-MHC molecular complex [164].

Antigen processing and presentation
Despite all of these advances, particularly in understanding that the TCR belongs to the same family as do antibody molecules, and that the hormones of the immune
system regulate lymphocyte proliferation and differentiation, the requirement for MHC restriction of antigen rec-

Lymphocyte development
With the generation of monoclonal antibodies recognizing distinct CDs, Reinherz and coworkers introduced the
notion of using these markers to track the maturation of
lymphocytes [165]. Scollay and Shortman then led the
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way with detailed studies of murine thymocyte subsets
distinguished by their differential expression of surface
markers detected by flow cytometry [166,167]. However,
the cause and effect of changes in surface marker expression vs. functional maturation of the TCR and accessory
molecules was more difficult to assess. Ada Kruisbeek and
coworkers reported seminal experiments, showing that
monoclonal antibodies reactive with MHC Class II molecules administered to neonatal mice prevented the development of CD4+ T cells, thereby providing proof of the
concept that signals passing from the thymic stromal
MHC molecules to thymic TCRs was important for T cell
maturation [168,169]. Subsequently, using mice expressing transgenic TCRs, von Boehmer's group showed unequivocally that the interaction of the TCR on the
immature thymocyte with MHC molecules on thymic
supporting cells determines the positive selection of thymocytes into "single-positive", CD4+ or CD8+ T cells recognizing non-self epitopes, and negative selection of selfreactive TCRs [170–172].
In the 25 years since the realization that antibody diversity
is generated by the rearragement and recombination of
immunoglobulin genes, a multitude of investigators have
studied the processes by which these phenomena occur.
Early B and T cell precursors generate antigen recognition
diversity by assembling the exons that encode Ig or TCR
variable regions from individual variable (V), diversity
(D), and joining (J) gene segments through recombination-activating gene-1 (RAG-1) and RAG-2 proteins as
shown by Baltimore's group [173].
Much of the work on lymphocyte development was performed initially without consideration of a role played by
cytokines. However, with Namen's discovery of IL7
[74,174], first as a growth and differentiation factor directed toward immature B cells, then as a cytokine that also
promotes the proliferation and survival of immature thymocytes, many of the developmental changes found to
take place are now known to actually be mediated by IL7.
Most of the severe combined immunodeficiencies (i.e.
70–80%) have been traced to mutations that affect the IL7
pathway. Consequently, within the past several years,
Crystal Mackall and her group have reported on the effects
of the administration of IL7 to both normal and T cell depleted mice [175,176]. The data indicate that IL7 may well
be an effective cytokine to accelerate the recovery of the
immune system after bone marrow transplantation or acquired immunodeficiency [177].

Dendritic cell lines
In 1992 Blanchereau's group working with human cells
[178] and independently, Gerold Schuler, working with
murine cells along with Kayo Inaba and Ralph Steinman
[179], reported that GM-CSF promotes the proliferative
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expansion of mononuclear cells with the characteristics of
dendritic cells (DCs). DCs had remained a curiosity for almost 20 years, because they are present in such low numbers in lymphoid cell populations, usually < 1%.
Consequently, obtaining enough cells for molecular studies was difficult. By comparison, tissue macrophages and
DCs are very prevalent, but difficult to access. However,
the discovery that GM-CSF acts as a myeloid lineage-specific growth and differentiation factor like EPO is for
erythroid cells, and the subsequent finding by Schuler and
his coworkers that the addition of IL4 prevents differentiation to macrophages thereby facilitating the GM-CSFdriven default pathway of differentiation to DCs, fueled
an explosion of work in this area [180].
Originally, it was thought that DCs were a separate cell
lineage that differentiated from a common myeloid stem
cell precursor, present in very small numbers in bone marrow and blood [179]. However, from studies by Lanzavecchia's group, it is now evident that blood monocytes
differentiate into "immature DCs" when acted upon by
GM-CSF and IL4 [181,182]. In the absence of IL4, GMCSF promotes the differentiation of monocytes to macrophages. Thus, DCs are not a separate myeloid cell lineage,
but rather a differentiation pathway of myeloid cells,
much like the differentiation of Th-1 and Th-2 cells, which
is also under the supervision of cytokines such as IL4 and
IFN-g.
Moreover, the switch from immature DCs which are efficient at antigen capture, to "mature DCs", which acquire
attributes that facilitate antigen presentation, is signaled
by a variety of stimuli that are associated with severe infection, including whole bacteria [183], bacterial endotoxin
[182], bacterial DNA [184], and especially pro-inflammatory cytokines such as IL1 and TNF-a, while IL10 inhibits
this differentiative process [185]. Of particular importance, mature DCs secrete large amounts of IL12, and express high levels of MHC Class II molecules, as well as
CD40, co-stimulatory and adhesion molecules, all of
which make for very efficient antigen presentation and activation of T cells. As well, it is important to emphasize
that many of the ligands that impact mature DCs signal
the activation of NF-kB transcription factors, of which cRel is the most important.
Recently, Fred Siegal's group reported a new type of DC,
termed a plasmacytoid DC (pDC) that is thought to derive
from a lymphoid lineage, in that it expresses CD4 and
CD123, but not CD11c, a marker for the myeloid lineage
[186]. pDCs are also distinguished from their myeloid
cousins by their marked production of IFN-a upon induction with viruses and bacteria. By selecting for pDCs, the
production of IFN-a is enhanced ~600-fold, while monocytes-derived DCs produce barely detectable amounts. As
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well, pDCs are distinguished by their differentiation in the
presence of IL3 and CD40L, while myeloid DCs require
GM-CSF and IL4. Given the growing awareness of the phenotypic and functional diversity of DCs, the derivation of
distinct DC clones seems warranted.
In retrospect, given the role of DCs in the activation of
lymphocytes and their production of pro-inflammatory
cytokines such as TNF-a, the toxicity of Coley's toxins
(heat-killed bacterial extracts) can now be better understood. In addition, given the role of adjuvants that contain
bacterial extracts, such as Complete Freund's Adjuvant
(CFA), in promoting maximal activation of the immune
system by vaccines, investigators are now exploring DCs
as a new adjuvant form of cellular therapy [187]. Thus far,
DCs have been employed in cancer therapy studies, with
some promising initial results, but many issues remain to
be explored, including optimal cell numbers, ease of preparation, frequency of administration, and potential side
effects [188].

B cell clones and B cell Differentiation
With much of the immunologic community focused on T
cells, B cells received comparatively much less attention in
the '80s. However, in 1991, Jacques Banchereau's group
reported that it is possible to promote the long-term
growth and clonal isolation of normal human B cells by
stimulating them with a combination of IL4 and monoclonal antibodies reactive with CD40, a member of the
TNFR family [189,190]. Thus, large numbers of normal B
cells could finally be obtained in a manner analogous to
the long-term growth of T cells and NK cells. Soon thereafter, Seth Lederman working in Len Chess's group, reported the derivation of a monoclonal antibody reactive
with a T helper cell surface activation molecule, which is
now known as CD40 ligand (CD40-L) [191,192]. Thus, T
cell "help" for B cells was shown to be mediated by both
a soluble cytokine provided by the Th cells (IL4), and by
a T cell surface ligand (CD40-L). Almost immediately,
Raif Geha's group showed that the genetic defect of the
"Hyper-IgM syndrome", where there is a defect in B cell Ig
isotype switching, is ascribable to mutations in T cell expression of CD40-L [193].
After mature B cells leave the bone marrow and populate
the peripheral lymphoid tissues, they further diversify the
antibody repertoire through two antigen-dependent processes that usually occur in the germinal center of secondary lymphoid organs. These are Ig V(D)J gene somatic
mutation, which increases the antibody affinity for antigen by introducing point mutations within the V(D)J
exon [194], and Ig heavy chain class switching, which
modifies the antibody effector functions by substituting
the constant region of IgM with that of IgG, IgA, or IgE
[195]. Hypermutated and class-switched germinal center
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B cells give rise to long-lived memory B cells or terminally
differentiate to plasma cells, which secrete large amounts
of immunoglobulin.
Experiments using cloned human lymphoma cells by Paolo Casalli and his group have revealed that somatic hypermutation is signaled by activation of the BCR, but that
help is required from T cells via engagement of the
CD40L-CD40 and CD28-CD80 ligand receptor systems
[196]. By comparison, this same group found that class
switch recombination (CSR) is dependent upon the
CD40L-CD40 triggering by Th cells, but as well, cytokines
such as IL10, IL4, and TGF-b are required [197]. Now Andrea Cerutti with Casalli and their coworkers have found
that IFN-a, IFN-g or CD40L upregulate the TNF family
members BlyS and APRIL on DCs. Then in the presence of
IL10 or TGF-b, BlyS and APRIL on DCs induce CSR from
Cm to Cg and/or Ca genes in B cells, whereas CSR to CÎ
requires IL4 [198]. Secretion of class switched antibodies
requires additional stimulation by BCR engagement and
IL15. Thus, unlike T cell-dependent class switching, T cellindependent class switching, which occurs in splenic marginal zone or intestinal lamina propria B cells, provides
prompt protection against invading pathogens. Similar
findings have also been reported by John Kearney and his
group [199]. The implications for these new findings for
host defenses, especially against encapsulated bacteria, are
obvious.

Innate immunity: toll-like receptors (TLR)
In a separate, but related area of research, recent detailed
genetic studies finally solved the mystery underlying the
C3H-HeJ mouse, which is resistant to shock induced by
bacterial endotoxin or lipopolysccharide (LPS) [200]. The
story originated in 1976 with the first description of a soluble factor induced by the injection of LPS that induced
the necrosis of tumors by Lloyd Old's group [201]. Subsequently, Tony Cerami's group reported that LPS induced
the inhibition of lipoprotein lipase activity by a factor that
they termed cachectin, which led to a paradoxical hyperlipemia in a situation of a chronic wasting syndrome [202].
Subsequently, the cDNA for tumor necrosis factor-alpha
(TNF-a) was cloned and sequenced by David Goedell's
group [203]. Soon thereafter, Beutler purified, cloned and
sequenced cachectin [204], and it was realized that TNF-a
and cachectin are one in the same [87]. More than a decade later, after painstaking chromosome walking experiments Bruce Beutler's group solved the mysterious lack of
the ability of C3H-HEJ mice to respond to LPS only in
1998 [200]. The genetic defect resides in a receptor originally discovered in fruit flies, the Toll receptor family.
Thus, the LPS receptor is now known to be the Toll-Like
Receptor-4 (TLR-4). This receptor is expressed at high levels on APCs, especially mature DCs. Moreover, TLRs acti-

Page 9 of 17
(page number not for citation purposes)

Medical Immunology 2002, 1

vate the NF-kB family of transcription factors in APCs,
particularly c-Rel.
This discovery has led to a virtual cornucopia of research.
For example, Herman Wagner and his collaborators have
shown that there are TLRs for bacterial DNA, which has a
preponderance of CpG sequences (TLR-9) [205], and Flavell's group has found that double-stranded RNA, long
known to induce interferon and augment immune responses, binds to TLR-3 [206]. These receptors recognize
repeating molecules, and they are now known as pattern
recognition receptors. Doubtless, activation of TLRs will
be a fruitful future area of research for those interested in
both augmenting and suppressing immune responses.

Structure-activity relationships of the peptideMHC-TCR complex
During this same interval, the structure-activity-relationships between the TCR on CD8+ T cells interacting with
antigenic peptides bound to Class I MHC-encoded molecules and CD4+ T cells interacting with antigenic peptides
bound to Class II MHC-encoded molecules were elucidated for the first time by groups led by Don Wiley, Ian Wilson and Ellis Reinherz [207–209]. Analysis of the
intermolecular interaction at the atomic level is revealing
subtleties that promise to explain such fundamental immunological issues as positive and negative selection during T cell maturation in the thymus, the capacity of CD4+
T cell TCRs to recognize multiple peptide-MHC (p-MHC)
ligands, and how alloreactivity differs from the recognition of foreign peptides bound to self MHC [210].
In addition, John Altman, working in Mark Davis' group
capitalized on the new understanding of how p-MHC
complexes bind to the TCR to develop a new way to identify antigen-specific T cells [211]. By forming tetramers of
MHC molecules, which can then be loaded with antigenic
peptides, it is possible to improve the affinity of p-MHCTCR binding so that the tetramer-bound cells can be detected by flow cytometry. This assay can then be used to
enumerate the frequency of antigen-reactive T cells before,
during and after an immune reaction. As well, Florian
Kern and coworkers improved the detection of antigen activated T cells by using mixtures of overlapping peptides
to stimulate cytokine production by both CD4+ and
CD8+ T cells, which can then be detected by using ELISPOT and flow cytometry [212–214]. Accordingly, just as
in the determination of the amount of antibody produced
after antigenic exposure, it is now possible for the first
time to quantify the T cell immune response.
Recent experiments by Mark Davis, Michael Dustin, Paul
Allen, and their co-workers focused on the question of the
threshold of TCR activation by p-MHC complexes has revealed that a TCR "synapse" forms, creating a specialized
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junction between a T cell and an antigen-presenting cell
[215]. Immunological synapse formation is a dynamic
mechanism that allows T cells to distinguish activating ligands from those that are not of sufficient "strength" to result in immunological recognition. Fully formed, the T
cell synapse consists of a central cluster of TCR-p-MHC
molecules surrounded by a ring of adhesion molecules.
However, prior to engagement, TCR-p-MHC complexes
form an outer ring of the nascent synapse. Transport of
these complexes into the center of a cluster, so that the adhesion molecules form an outermost stabilizing ring is dependent upon TCR-p-MHC reaction kinetics and is at the
essence of determining "immune recognition".

Fc receptors (FcR): connecting humoral and cellular immunity
From the humoral side of immunity, it was thought since
the days of Metchnikov, Arthus, Shick and von Pirquet
that the inflammatory responses observed during allergic
and autoimmune reactions were due to antigen-antibody
(Ag-Ab) complexes, which activated polymorphonuclear
leukocytes (PMNs, the microphages of Metchnikov) via
complement (C') ("Arthus Reaction"). In a seminal series
of reports by Jeff Ravetch and his group, the pathogenesis
of these inflammatory phenomena are now known to be
due to the activation of macrophages and mast cells via
antigen-IgG complexes binding to and triggering Fc receptors (FcR), which then results in their production of proinflammatory cytokines [216–218]. Therefore, there is a
synergism between the humoral and cellular arms of the
immune response that mediates the end result, which is
the release of inflammatory cytokines. By comparison,
their work has shown that C' works together with "natural" IgM antibodies to lyse bacteria and other cellular targets without the participation of FcR on macrophages or
PMNs [219].
In addition, both IgG and IgE FcRs participate in the activation of mast cells, leading to their degranulation and release of the vasoactive amines that produce the immediate
hypersensitivity reaction so characteristic of allergic reactions [220]. Finally, as a result of Ravetch's work, there are
now known to be inhibitory FcRs that bind Ag-IgG complexes that serve to attenuate humoral immunity [221], so
that manipulations that activate either the stimulatory
and inhibitory FcRs are prime targets for the discovery of
new immunomodulatory agents.
Because the common pathway of all of these phenomena
initiated by the formation of Ag-Ab complexes is mediated via pro-inflammatory cytokines, it is not too much of a
stretch to imagine that monoclonal antibodies reactive
with TNF-a or soluble TNFRs may be effective in the treatment of such diseases as polyarteritis nodosa, even before
we understand the underlying pathogenesis, just as they
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are for RA and IBD, two other idiopathic inflammatory
conditions. As well, drugs such as Cyclosporine A and
FK506 that block signaling via the FcRs should be effective
in the treatment of allergic and other inflammatory diseases.

The genomic age
Having identified the cells responsible for mediating the
host defenses, the cytokines that direct their maturation,
proliferation, differentiation and survival, the cell surface
receptors responsible for transferring extracellular signals
to the cell interior, and the signaling molecules/transcription factors that serve as second messengers emanating
from the receptors, the identification of the genes that encode the molecules activated now represents a new area of
research that promises to have major impact on the evolution of medical immunology.
Following the lead of Chuck Stiles who 20 years ago first
cloned genes expressed by fibroblasts stimulated with
Platelet-Derived Growth Factor [222], Carol Beadling initiated experiments a decade ago in our lab to identify and
clone IL2-induced genes [223]. At the same time, Jacques
Theze's group have also pioneered this approach [224].
Now, it is evident that DNA arrays will provide the necessary technology to identify the genes responsible for all of
the complex processes that we recognize as the immune
response. Thus, we should anticipate the discovery of
many new genes and gene products that can serve as targets for future therapeutic intervention into the immune
system.
Advances in molecular genetics have already made it possible to express or delete specific genes in mice so that reductionism can now be combined with reconstructionist
science to provide insight into disease mechanisms. For
example, Stefan Ehler's group has performed a tour de
force in experiments directed at understanding the mechanisms responsible for "Koch's phenomenon". Using
mice with deletions of individual genes thought to be involved, they demonstrated unequivocally that T cells and
IFN-g are obligatory for the caseous necrosis of tuberculoid granuloma, long an unexplained aspect of a classic
cell-mediated immune reaction involving the interaction
between T cells and macrophages in TB [225]. These experiments show the way to the determination of the cells
and molecules that play a role in other immunological
disease processes, so that rational interventions can be devised.
A century after Pasteur proposed that it might be possible
to attenuate microbes, which could then be used as vaccines, because of genetic engineering, it is now possible to
remove "virulence genes" from microbes and replace
them with genes that can be expressed in their place,
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thereby immunizing with "safe" microbes. For example,
one of the viruses that is being developed as a vaccine for
the Human Immunodeficiency Virus (HIV) is a modified
version of Jenner's cowpox virus, vaccinia [226]. Another,
similar virus being developed is the canarypox virus [226].
Since the poxviruses are large, with > 200 genes, they
make it possible to remove and replace genes without
markedly altering the infectivity of the virus or the capacity of the altered virus to express the newly inserted genes
[227–229]. Accordingly, Pasteur's dream of vaccines
against the entire microbial world may finally become a
reality.
An additional area where the genomic revolution promises to have a major impact is on the identification of antigenic epitopes, especially for T cells. As the genomic
sequences of all of the various microbes become complete, it will be possible to use the sequence information
to analyze potential peptide sequences for possible binding to the various MHC molecules, as well as whether
there are side chains capable of impacting TCRs. Thus, the
idea of "molecular mimicry" as a cause of autoimmunity
will finally become testable. As well, many allergies due to
cross-reactive epitopes of distinct allergens will finally become illuminated.

Conclusions
From this historical perspective, one can now see how the
vision of our forefathers was not misplaced. Now, it is
possible to generate and use antibodies as therapy, and it
is possible to attenuate microbes to construct vaccines for
the prevention of infectious diseases. However, in addition to these approaches envisioned 100 years ago, now
that we have applied a reductionist approach to such a
complex biological system over the past 30 years, we have
identified the cells that comprise the immune system, and
we have isolated individual clones of all of the major cell
types that participate. As well, we have reconstituted the
immune response in vitro and we have been able to determine how the cells recognize foreign molecules, and how
they communicate with one another through cell surface
ligand/receptor systems and through secreted hormones.
Moreover, we have discerned how the system responds to
the introduction of foreign material, first by massively expanding the number of cells reactive to the invading molecules, and then by their differentiation into cells that
produce an amazing array of immunologic effector molecules. Consequently, we now have available to us a much
more enlightened understanding of the physiology of the
immune system, and as well, multiple cells and molecules
to craft new approaches to the diagnosis, therapy and prevention of diseases that impact the immune system. It is
now timely for a renaissance of Medical Immunology.
Our new journal is meant to provide for a forum and a
medium to voice this new subspecialty of medicine that
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will be freely available to the lay public, scientists and clinicians alike.
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