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INTRODUCTION

In the higory of medicing the simulation of host defenses has been an dusve god that
has become attainable only within the past decade. By comparison, immunosuppresson
has been a pat of the thergpeutic amamentarium for the latter hdf of this century.
Immuno-simulation has lagged s0 far behind immunosuppresson as a result of two
fundamentd difficulties. First, there was inadequate knowledge as to the cdlular
compodtion of the immune sysem, and as to how the sysem is regulated via
immunological molecules. Second, as a consequence of this lack of knowledge, there
have been no suitable thergpeutic agents that could be used to make the system function
better. As a result, early atempts a immuno-dimulation yieded severe toxicity. A
century ago, living bacteria and then bacterid extracts were used in attempts to promote
inflammation for the trestment of cancer. However, the trestments were so toxic that the
therapy was often worse than the disease, and such attempts were largely abandoned with
the advent of radiotherapy in the 1920s and then chemotherapy in the 1940s. However,
we have come a long way since the use of bacterid toxins, and non-toxic immuno-
dimulation is findly within our grasp. This chapter is devoted to a detailed examination
of the thergpeutic use of the first hormore of the immune system, interleukin 2 (1L2).

HISTORCAL CONSIDERATIONS
TheHumoral & Cdlular Schools

To undeagand why immuno-gimulatory thergpy lagged s0 fa behind  immuno-
suppressive thergpy, and to undersand why immuno-stimulatory therapy can be ® toxic,
it is necessary to dudy the higory of immunology in the past century. At the turn of the
twentieth century, the science of immunology was just beginning and two schools of
thought developed. With the discovery of antibodies by Von Behring and Kitasato in
1890(1), the humordist school developed at the Robert Koch Inditute in Berlin, and the
notion of usng serotherapy to treat infectious diseases evolved. At the time, great
excitement was generated, in tha the trandfer of sera from immunized animds to infected
humans could be shown to have marked efficacy. However, the phenomenon of “serum
dckness’, a sysemic inflammation due to the immune response to the heterologous
serum components, limited the use of serotherapy. Therefore, when chemothergpeutics
and antibiotics were developed in the 1930s and 1940s, serotherapy gradualy became
forgotten.

The second immunologicd school in the early pat of the twentieth century formed
aound Eli Mechnikoff, a Russan biologis who fird described phagocytoss.
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Metchnikoff recognized that the host defenses must have a cdlular bads, and as Chef de
Service a the Pagteur Ingtitute, Metchnikoff's studies forwarded the concept that the
cdlular immune response was primay, and responsble for the humord immune
regponse.  Unfortunately, Metchnikoff was severd generations ahead of his time
Although he recognized the phenomenon of phagocytoss and identified two digtinct
phagocytic cdls, i.e. macrophages and microphages (polymorphonuclear leukocytes), the
compostion and cdlular origin of antibodies ill remaned unknown. Metchnikov
postulated that the phagocytes themsdves were responsible for eaboraing the “fixatives’
detectable within plasma (2). The role of lymphocytes in the immune sysem had not yet
been recognized. Moreover, the promise of atenuated microorganisms introduced by
Pasteur for use as vaccines was not redized (3, 4). It proved difficult, if not impossble to
atenuate the virulence of most pathogens. Accordingly, during the firg hdf of the
twentieth century the science of immunology became preoccupied with studies focused
on the identification and characterization of the Sructures and functions of antibodies,
and the stience of microbiology focused on studies of the characteristics of individud
microbes. Any thoughts regarding the cdlular origin of the antibodies, serotherapy,
vaccines and immunotherapy were largely abandoned.

The Antibody Puzzle

As the dructures of antibody molecules gradudly became determined after severd
decades of research (5, 6), by the 1950s immunologists darted to ponder how the
tremendous diversity of antigen recognition could be crested. Nells Jerne proposed that
the diversty of recognition was inherent in the sysem, and that upon introduction of
antigen, antibodies were sdected naturdly, as in a Dawinian sense, from the population
that dready exiged (7). However, the undelying cdlular bass for such diversty
remained problematic until Burnet proposed the clond sdection hypothess, which held
that asngle cell was respongble for the production of only one specific antibody (8).

Proceeding beyond theory proved difficult, in that the cells responshble for the formation
of antibodies remained obscure. Like Metchnikoff 50 years earlier, Jerne postulated that
antigen-antibody complexes phagocytosed by the antibody forming cells was the stimulus
for the production of additiona antibodies (7). Therefore, even then, it was not clear how
the antigen-antibody reaction could lead to the production of larger amounts of the
specific antibody. Various theories were proposed to account for this phenomenon, but
there appeared to be no way of testing the hypotheses forwarded. Sir McFarland Burnet
succinctly stated the problem confronting immunology in 1959 (9):

“Until such methods of handling pure clones of cellsin vitro are available, a choice
between the clonal selection hypothesis of antibody formation and other alternatives
can only be on the basis of convenience and their heuristic value in stimulating new
experiments.”
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Cdlular Immunology

Consequently, invedtigators focused on identifying and studying the cells comprising the
immune sysem for the next two decades, thereby creating the science of cdlular
immunology. Peter Nowel pioneered this new science by reporting in 1960 that
lymphocytes are capable of proliferating in response to simulation by mitogens (10), and
his discovery was soon followed by the demondration that specific antigens could aso
activate the proliferative expanson of antigen-selected cdls. Prior to this discovery it had
been thought that lymphocytes were end-stage cells, incgpable of sdf-renewd, and they
were not thought to be the source of the antibody forming plasma cdls. This
understanding dlowed Burnet's clond sdection hypothesis to be modified to include the
proliferative expansgon of the clones of antigen-specific cedls after they had been
sdlected. Then, in 1963 Jarne and Al Nordin introduced an assay capable of detecting
individud antibody forming cels and the sdection of antigen-specific cdls, as wel as
their proliferative expanson was visudized and quantified for the first time (11).

Subsequently, in 1967 Richard Dutton and Robert Mishell improved upon Jerne's assay
for antibody forming cdls by performing the entire immune response in vitro (12). This
development was critical, in that it permitted a reductionis gpproach to both the
activation phase, as well as the effector phase of the immune response for the fird time.
Armed with these new cdlular assays, it became recognized that there were at least three
diginct types of cdls comprisng the immune sysem, ie B cdls T cdls ad
macrophages.  Although plasma cells were found to be the actua antibody forming cdlls,
it was not shown that B cells are the precursors of plasma cdls until 1970, when B cells
were found to express immunoglobulin molecules on the cel surface (13, 14). However,
by 1970 it was redized that antibody formation by B cdlg/plasma cdls was dependent
upon help derived from T cdls and macrophages, dthough the mechanisms responsible
for this help remained obscure (15).

The interdependence of the cdls in generating an antibody response was further
confounded by the observations of Baruch Benacerraf and co-workers, who reported that
antibody production was geneticdly determined, and that the cdlular immune response
was somehow related to this genetic linkage (16, 17). Subsequently, Hugh McDevitt and
co-workers reported that the magnitude of antibody production reective with synthetic
peptide antigens was dependent upon the genes encoded by the Mgor Histocompatability
Complex (MHC) (18, 19). Together, Benacerraf and McDevitt demondrated that this
Immune response (Ir) gene effect depended on T cdll recognition of antigen (20).

Throughout the 1970s it remained a mystery as to how B cdls T cels and macrophages
cooperated to generate the production of antibodies. However, between 1965 and 1975
there were a growing number of reports of activities in the culture medium of
proliferating lymphocytes that promoted or augmented the function of in vitro immune
responses. Depending on the assays used to detect the activities, they were shown to
augment ether the generation of antibody forming cels so-cdled T cdl Replacing
Factors (TRF) (21), or the proliferation of T cells, so-caled Blastogenic Factors (BF) (22,
23). However, the exact chemicd nature of these activities remained obscure. As well, it
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was unclear as b whether these activities were primary for the generation of an immune
response or were merely amplifying agents that were secondary to the functioning of the
system. Moreover, it remained controversd as to whether there were many such factors,
or whether one or a few molecules were responsible for al of the activities detected. As
well, the cdlular sources of these various activities were equaly myserious, in that both
T cdls (24) and macrophages were implicated (25) (26).

Assays that detected the cgpacity of T cdls to kill target cdls through direct cdl-cdl
contact were devised in 1968 by Ted Brunner and Jean-Charles Cerottini and their co-
workers (27). Subsequently, Rolf Zinkernagel and Peter Doherty reported in 1974 that
cytotoxic T Lymphocytes (CTL) could only recognize specific antigens if expressed by
hisocompatible target cdls (28), a phenomenon that came to be known as MHC
resriction of CTL antigen recognition. This finding, and the previous observations
regarding the MHC redtriction of antibody production, led to an explosive controversy as
to the nature of the T cdl antigen receptor (TCR), and how it recognized both antigen and
MHC-encoded molecules that continued unabated for the next decade.

Then in 1975, Rolf Kesding, Eva Klen and Hans Wigzdl, and independently, Rondd
Herberman's group discovered a different type of killer cell that did not appear to
recognize specific antigens or to be redricted by the MHC. This type of cel became
known as the Naturd Killer (NK) cdl, which was thought to be andogous to the naturd
antibodies that were found in individuds in the absence of specific immunization. The
origin of NK cdls remained controversd for more than 2 decades, and only with
additiona ways to identify B cells and T cdls, has it become recognized that NK cells
represent a distinct lineage of lymphocytes.

Also in 1975, George Kohler and Cesar Milstein made the surprisng discovery that
somdic cdl hybrids between immunized splenic B cdls and murine plasmacytoma cell
lines could make continuous quantities of monoclond antibodies (MoAbs) (29). Thus,
Burnet's clond sdection hypothess was findly proved correct, and his prediction that
the proof would rest with the ability to manipulate and study the clond progeny of a
gngle cdl was borne out. The discovery of hybridomas and MoAbs revived the idea of
using antibodies as thergpeutic “magic bullets’. However, the technology to make human
monoclona antibodies proved difficult, and the Human Anti-Mouse Antibody (HAMA)
response, which is redly a form of serum sckness, effectively precluded the widespread
use of mouse MoADbs as thergpeutic agents.

In 1976 Doris Morgan and Frank Ruscetti working in Robert Gdlo's laboratory reported
that culture medium conditioned by proliferating lymphocytes promoted the long-term
growth of T cdls (30). Subsequently, usng conditioned medium containing the T cel
growth factor (TCGF) activity, we reported the creation of the first antigen-specific T cel
clones in 1979, twenty years after Burnet firs forwarded his clona sdlection hypothess
(31). Having reduced the tremendous diverdty of antigen recognition by the cdl
population to the progeny of a sngle cdl, for the firg time it was possible to prove tha
antigen recognition by T cdls, like B cdls, was dso clond. At the time, we predicted that
monoclond T cdls would be just as important for future studies directed a determining
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the function of T cdls as monoclond antibody producing cels were for understanding
the function of B cdls Thus, we fdt tha “the growth of large numbers of monoclonal
antigen-specific T cellswould lead to theidentification and molecular characterization
of the TCR, the mechanismsresponsible for T cell cytolysis, and the identification of T
cell differentiation markers’ (31).

Monoclond antibodies reective with diginct human T cdl subsets were generated at the
same time tha we had generated T cel clones (32), and in a seies of reports, Ellis
Reinherz, Stuart Schlossman and their co-workers demondtrated that these antibodies
were ussful in defining helper (CD4+ T cdls) and cytotoxic (CD8+ T cdls) (33).
Subsequently, they discovered that an antibody that recognized a molecule expressed on
dl peiphed T cdls (CD3) blocked T cdl proliferation in response to mitogens, while
this same MoAb was mitogenic itsdlf (34).

Molecular |mmunology

While the 1960s and 1970s were devoted to identifying and isolating the cells responsible
for the immune response, the 1980s and 1990s were devoted to discovering and
characterizing the molecules involved in promoting the proliferation and differentiation
of the vaious cdls paticulaly the T cdls With TCGF-dependent T cdl clones
available, it was possble for us to create a quantitative assay for the TCGF activity (35),
which we then used together with standard biochemica methods to identify, characterize
and purify the molecule respongble for the activity (36). Subsequently, we generated
monoclona antibodies reactive with the purified molecule, then used these antibodies to
purify the molecule to homogeneity for the firgd time (37). These findings were dso the
fird to show that a lymphokine or cytokine activity could be ascribed to a sngle molecule
and not severd molecules, as had been proposed by others. Moreover, they immediately
pointed us to a series of experiments that eventudly identified the first cytokine receptor
(38) and to the conclusion that cytokines function in exactly the same way as cdassc
hormones, i.e. by binding with high affinity to specific cell surface receptors,

Anticipating the discovery of additiond cytokines, in 1979 this new class of molecules
were named interleuking, to desgnate that they functioned to signad between leukocytes.
At the time, an activity derived from macrophages had been identified that we had shown
functioned to augment TCGF production by T cdls (39) (40). Therefore, the macrophage
product, which had been termed lymphocyte activating factor, was renamed IL1, and the
TCGF molecule was renamed 1L2.

The decade of the 1980s resulted in an exponentia increase in the amount of information
avalable regarding the molecules of the immune sysem, and in our understanding of
how these molecules function to initiate and regulate the immune reaction, dl of which
st the dage for immuno-dimulatory therapy. Udng antigenspecific T cdl cdones and
hybridomas, and clone specific monoclond antibodies, the T cdl antigen receptor (TCR)
was identified and characterized biochemicaly by Ellis Reinherz's group (41, 42)and by
Phillipa Marack and John Kappler and their students (43). Soon theresfter, Steve
Hedrick and Marc Davis and their co-workers isolated the firss cDNA encoding one of
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the 4 chains of the receptor (44). This information placed the TCR into the
immunoglobulin  super-family, and reveded that the basc dructures of the TCR and
immunoglobulins are quite Smilar. Subsequent sudies focused on TCR dgnding and
gene activation reveded that TCR triggering is obligatory for the transcriptiond
activation of the IL2 gene (45) (46) (47) as wdll as the genes encoding the IL2 receptor
(IL2R) (48-50). Subsequently, the same TCR triggering was found to be respongble for
the expression of additiona cytokines as they came to be discovered.

Dendritic cdlls were discovered, and found to present antigen to T cdls with marked
efficdency (51). Moreover, B cdls were dso shown to present antigen effectively to T
cdls (52). Also, macrophages were found to process protein antigens and present
peptides as antigens to the TCR, reveding that T cells recognized fundamentdly different
antigenic molecules as compared with antibodies (53). Ultimately, the structure of MHC
encoded molecules was determined, and for the fird time it was redized how antigenic
peptides are bound to the MHC molecules and presented to T cells, thereby solving the
controversy of MHC redtriction of TCR antigen recognition (54). The TCR recognizes a
complex of peptide antigen and MHC encoded molecules. This revelation explained for
the firg time the MHC redriction of immune responsss, in that CD4+ helper T cdls
recognize antigens bound to MHC Class |l-encoded molecules, and CD8+ CTL recognize
antigen bound to MHC Class I-encoded molecules.

During the 1980s and 90s, dmost two dozen new interleukins were discovered, most of
them with homologies to IL2. Some of these interleukins, such as IL4 (55), IL6 (56), and
IL10 (57), were found to be important for helping the production of antibodies.
Therefore, the T cdl Replacing factor activity described in the early 1970s was explained
in pat by the discovery and characterization of these cytokines. Direct cel-cell contact
between helper T cdls and B cdls mediated by T cel derived CD40 ligand and B cell
CD40 was dso demondrated to be necessary for optimad T cdl hedp in antibody
formation (58). Other cytokines, in particular IFN-g (59) and I1L12 (60), were found to be
primaily involved in the generation of cassc cdl-mediated immune responses, such as
the Delayed Type Hypersengtivity (DTH) reaction. 1L2 was found to be important for the
production and action of both the so-cdled TH1 cytokines, i.e. DTH cytokines, and the
TH2 cytokines, i.e. antibody-related cytokines (61 , 62). IL2 itsdf became the firg
interleukin to be discovered a the genetic level by Tadatsuga Taniguchi and colleagues
(63), and recombinant DNA technology became the method of choice to identify and
characterize the new interleukins.

Two other cytokine families were found to differ dructurdly and functiondly from the
interleukins, the interferons (IFN) (64, 65) and the tumor necross factor (TNF) family
(66). Although closdly reated to the interleukins, the IFNs are didtinct, both structurdly
and functiondly, in that the IFNs have direct anti-vird activity (hence ther name as
substances that interfered with vira replication). As the name connotes, TNF is capable
of causng the necross of tumors (67). However, in addition, subsequent to its
identification a the molecular level, TNF was discovered to be one of the primary
mediators of inflammation and responsble for much of the toxicity associated with
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severe infection, including the systemic inflammatory response syndrome (SIRS), or
septic shock (66). Bacterid toxins, such as endotoxin from coliforms and exotoxins from
pyogenic organisms were found to be potent simuli for the production of TNF-a. One of
the mgor functions of TNF-a is to increese vascular permegbility, which promotes the
extravasttion of cdls and plasma a the gte of inflammation. Thus, the classc sgns of
inflammetion, i.e. rubor, dolor, cdor ad tumor, in large pert can be ascribed to the
effects of TNF-a and the other pro-inflammatory cytokines When locdized, this
inflammatory response is beneficid to the hog, in tha the immune effector cels and
serum components can readily access the dte. However, if TNF-a is rdeased in large
quantities systemicaly there is a genedized extravasttion of cdls and plasma, which
results in  hypotenson. Thus, pro-inflammatory cytokines ae responsble for the
toxicities observed when bacteria and bacterid extracts were administered in attempts to
treet mdignancies a the turn of the las century. This underganding solved a
longstanding controversy as to the origin of the toxicities of bacteria and other microbes.
The dgns and symptoms of inflanmation result from the microbid toxin-induced
production of “endogenous pyrogens’ (cytokines), and not due to direct effects of the
microbes or microbia toxins themsalves.

The cdlular origins of the various cytokines were identified as these molecules became
purified and cloned. Thus, in addition to T cells, NK cdls and macrophages came to be
known as mgor sources of cytokines during an immune/inflammatory reaction. Only 3
cytokines were found to be restricted to T cdls, IL2, IL4, and IL5. By comparison, IFN-g
is produced by both T cells and NK cdls, while TNF-a is produced by T cells, NK cdls
and macrophages. Macrophages are adso the source of other pro-inflammatory cytokines,
in paticular IL1 and IL6. In retrospect, the origind Lymphocyte Activating Factor was
most probably a mixture of these macrophage-derived pro-inflanmatory cytokines The
cdls tha paticipae in the immuneinflammatory reections are connected with one
another via these cytokines, which becomes of magor importance when cytokines are
adminigtered thergpeutically.

The mechaniams involved in the interaction of the cytokines with their respective target
cdls were found to resde in the expresson of high dfinity, ligand-specific receptors
expressed on the cdl surface (38, 68, 69). The IL2R is comprised of 3 chains that
cooperae to form a very high affinity receptor (Kd = 10 pM). These high afinity
heterotrimeric  receptors are expressed trandently only on antigensdected T cdls,
thereby consarving the specificity of the immune response. By comparison, NK cels
differ from T cells by expressng IL2Rs conditutively. However, unlike T cdls, ~ 90%
of NK cdls lack the a chan of the IL2R (70, 71). This results in IL2Rs comprised of
only the b and g chains, which have a 100-fold lower affinity for IL2 compared with
heterotrimeric IL2Rs. This difference between T cdl and NK cdl IL2R expresson
eventually became important when IL2 was administered as a thergpeutic (72).

Also, in the 1990s, immunoglobulin Fc receptors (FCR) were characterized a the
molecular leved, and were shown to be the mgor molecular connections between the
humord immune response and the cdlular immune system of phagocytes, as proposed
origindly by Metchnikoff (73). In addition, B cells and NK cells were found to express
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FcRs, and the function of these specid FcRs are now know to be important in the
regulation of the production of antibodies, as well as the function of cytolytic cdls via a
phenomenon termed Antibody-Dependent Cdlular Cytotoxicity (ADCC).

History of the Use of IL2 in the Clinic: High Dose, I nter mittent Therapy for Cancer.

In the early 1980s before IL2 was available in pure form and in large enough quantities
for thergpeutic use, Steven Rosenberg attempted to use lymphocyte conditioned medium
contaning TCGF (IL2) activity to generate large quantities of tumor-specific
lymphocytes in vitro. He intended to then reinfuse these cdls as adoptive
immunothergpy for the trestment of cancers that were refractory to conventiond
radiotherapy and chemothergpy. Unfortunately, it was difficult to generate tumor-specific
CTL reactive to autologous tumor cdls, so that Rosenberg resorted to smply culturing
PBMCs from his patients for severa days in lymphocyte conditioned medium, then re-
infuang the in vitro cultured cdls tha he termed Lymphokine-Activated Killer (LAK)
cdls. Concomitantly, the lymphocyte-conditioned medium was dso adminigered. The
identity of the LAK cdlls, whether T cell, NK cdll, or monocyte, remained obscure.

As purified naturd L2 became avalable, soon followed by purified recombinant L2,
Rosenberg together with Michadl Lotze and others from their group began using IL2 as a
continuous infuson together with the cultivaled LAK cdls as immunotherspy (74).
Based upon experimenta tumor models in mice, they used the principles of cytotoxic
chemothergpy of dose intendfication to toxicity to establish their IL2 dosng regimens
(75). Thus, doses of 150 million Units of IL2/day, or ~ 10 mg of recombinant 1L2
protein, became standard. This tota dose is administered as an intravenous bolus in three
divided doses daly every 8 hours for 3-5 days and ill is in use today, having been
approved by the FDA for the trestment of rend cdll carcinomaand maignant melanoma

The initid 25 patients treated with high doses of IL2 together with LAK cdls were
reported to undergo ether a patid or complete remisson rae of ~ 40%, an
unprecedented response rate (74). Subsequent studies by many investigators revealed tha
the LAK cdls added no benefit to the IL2 thergpy and the LAK infusons were
abandoned. Now, 15 years later, several hundred patients have recelved this treatment,
and the overdl results reved that 9% of patients enjoy a long-term (i.e. > 5 years)
disease-free remisson, while 10% achieved a partia remission, with > 50% decrease in
measurable tumor mass (76).

The mechaniams respongble for the anti-tumor effects of high dose IL2 thergpy reman
obscure to this day. Rosenberg has maintained that the severe, clinicd grade IlI-1V
toxicity is necessxy for the anti-tumor response (76). However, 100% of the patients
experience the toxicity, while only 19 % achieve an objective diminution of tumor mass.
The toxicities experienced are remarkably smilar to those symptoms described for the
SIRS, or septic shock. Thus, patients experience high fevers, 104-5°F, with severe rigors,
followed by hypotenson and hypoxemia. Accordingly, this therapy is adminisered in the
hospitd, usudly in an intensve care unit, and mogt patients require asssted ventilation
and blood pressure support in the form of IV fluids and vasopressors. Mogt patients who
undergo high dose IL2 therapy gain ~ 20 Kg of body weight in the form of fluid.
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BIOLOGICAL EFFECTSOF IL2

IL2 is the principle growth factor for T cells in vivo, and as well serves as a growth factor
for NK cdls (77, 78). In addition, IL2 promotes the differentiation of both T cells (both
TH and CTL) and NK cdls, serving to promote the differentiated function of these cdll
types. Accordingly, IL2 is respongble for the expanson of the absolute number of
mature antigen-selected T cdls, and the number of NK cells. Moreover, the differentiated
functions of these cdls, i.e. the secretion of cytokines and the capacity to effect cytolyss,
are promoted by IL2. Because these effects of IL2 set in play a cascade of additiona
cytokines and cytolytic effector molecules, IL2 has the potentid of eventudly leading to
a severe inflammatory reection. In essence, the IL2 produced by antigen-dimulated T
cdls acts to expand the number and function of these cdls, but as wdl, by activating NK
cdls, 1L2 communicates between the antigen-specific, acquired immune response, and
the nonspecific innate host defenses mediated by NK cells and macrophages. Upon 1L2
activation, NK cells produce a redtricted subset of cytokines that include Granulocyte-
Macrophage Colony Stimulating Factor (GM-CSF), IFN-g, and TNF-a. These cytokines,
in turn, are potent stimuli for monocytes and macrophages. Accordingly, the simulation
of macrophages that occurs indirectly via the IL2-activation of NK cdls eventudly
results in the production of cytokines by macrophages, in particular the pro-inflanmatory
cytokines TNF-a, IL1 and IL6 (79). Moreover, the macrophage production of IL12 then
feeds back to further enhance the function of the NK cells, thereby credting a circuit that
can promote itsdf to creste the inflammatory responses  The NK  cel-derived
monocytotropic cytokines aso enhance macrophage antigen processng and presentation
via. MHC molecules, as wdl as antigen clearance via potentistion of Fc receptor
expression.

IL2 adso imparts survivd ggnds to its target cdls, mediated via the activetion of the
expresson of a set of genes that encode molecules, such as Bc2 and related family
members that are anti-apoptotic (80). However, if IL2 is withdravn from IL2R+ cdls, the
expresson of these genes is extinguished, and subsequently the cdls undergo
programmed cell death. This “cytokine withdrawa apoptoss’ is a mgor phenomenon
regulating the Sze of the expanded pool of antigensdected cdls, paticularly after
antigen is cleared and no longer promotes the production of IL2 (81).

When antigen perdsts, even though the immune sysem has been activated, a
phenomenon termed Activation-induced Cedl Death (AICD) ensues, which aso leads to
apoptosis (82). It has been shown that this form of programmed cdl death is mediated via
the activation of the Fasl/Fas pathway (83)as wdl as the TNF-a/TNF-aR pathway (84),
and is dependent upon both TCR triggering and IL2R activation. At present the
physiologicd sgnificance of this phenomenon remans obscure, but some have proposed
that it underlies the mechanisms responsble for peripherd tolerance, as wel as to the
phenomenon of “high zone tolerance’ (85).

10
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IL2 PHARMACODYNAMICSAND THE THERAPEUTIC INDEX

At the time that Rosenberg and Lotze first used high-dose IL2 therapy in the mid 1980s,
it was not immediately obvious as to why there should be so much toxicity generated.
Theoreticaly, low IL2 concentrations should fully saturate the high affinity 1L2Rs
expressed by antigen-activated T cdls, and higher doses should have no further effect.
However, it was not appreciated that most NK cells expressed a different type of IL2R
compared with antigen-activated T cdlls. Also, it was not appreciated that there are ~ 1
billion (10%) circulating NK cells. Understanding the effects of IL2 therapy has required a
detaled determination of [L2 pharmacodynamics, as wel as pharmacokinetics.
Moreover, the determination of the interaction between IL2 target cels and other cdls
regponsble for the generation of the inflammatory response was necessary to fully
comprehend why high doses of IL2 are toxic, and therefore, as to how to effectively use
IL2 inthedinic.

IL2 only directly effects target cdls that express IL2Rs (i.e. T cdls and NK cdls).
However, because these target cedls produce bioactive cytokines that can have wide
ranging effects on many tissues, it is important to understand the pharmacodynamics of
IL2, which are dependent upon the type and distribution of the IL2Rs. As described, the
only cdls tha express IL2Rs are antigenactivated T cdls, and NK cdls The T cdls
express high dfinity (Kd = 10 pM) heterotrimeric 1L2Rs, which bind and respond to I1L2
in the 1-100 pM concentration range (15 pg/ml-15 ng/ml)(68, 69). It is convenient to
express the plasma IL2 concentrations in Molar concentrations because the equilibrium
dissociation congtants of the receptors are expressed in these units of measure. However,
as doses of drugs are usudly expressed in protein weights, or units of biologicd activity,
it can be confusng when trying to undestand the pharmacodynamics and
pharmacokinetics. In this regard, it is hdpful to meke the cadculation of Molar
concentration  into  moleculesml, usng Avagadro's Number (602 x 107
moleculesmole). Thus, 1 pM = 10*? molesL = 600 million moleculesiml. Therefore the
effective range of concentration of IL2 for T cdls in moleculesml is 600 million
moleculesml to 60 hillion molecules'm.

By comparison, the equilibrium dissociaion condant of the intermediate affinity 1L2R
expressed by ~ 90% of NK cells is 100-fold lower than the high affinity IL2R, i.e. Kd =1
nM. Accordingly, the IL2 concentration range that binds to this class of IL2Rs varies
from 100 pM to 10 nM, which in molecular terms is 60 hillion moleculesml to 6 trillion
moleculesml. The difference between the high &ffinity and intermediate affinity IL2R
resdes in the absence of the a chan (86). Thus, the intermediae affinity IL2R is
comprised of only the b and g chains, and thus these receptors lack the fast association
rate imparted by thea chain.

The thergpeutic index is influenced by these two digtinct receptor classes, in that 100-fold
higher doses of IL2 are required to generate 1L2 concentrations high enough to bind to
the intermediate affinity 1IL2Rs expressed by the mgority of NK cdls. Since there are ~
10° circulating NK cells, most of the systemic toxicity can be avoided if the doses of 1L2
are kept low, resulting in IL2 concentrations < 100 pM. This results in the activation of <
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10% of the intermediate affinity 1L2Rs expressed by NK cdls, while saturating the high
afinity 1L2Rs expressed by antigenactivated T cdls (87, 88). Whether or not systemic
toxicity is produced a any IL2 concentration is dependent upon how many cells express
IL2Rs, in that the absolute number of cdls that produce secondary proinflammatory
cytokines, such as TNF-a, IFN-g, and GM-CSF essentidly determines how grest the
symptoms of the SIRS will occur. Accordingly, if there is a systemic persgent infection
as occurs in untreated HIV infection, one would expect grester numbers of antigen+
activated T cells to be present. Therefore, lower doses of IL2 may produce toxicity in this
Setting than in a gtuation when the number of IL2R+ cdllsis lower.

IL2 PHARMACOKINETICS

IL2 is a smdl (15 kDa) globular glycoprotein. Therefore, when injected IV, IL2 rapidly
passes between capillary endothdiad cdls and didtributes into tota extracdlular space,
which in a norma adult is ~14 L (89). When injected ether subcutaneoudy or
inramuscularly 1L2 is repidly teken up by the lymphatics and didributed via the
circulatory sysem to totd extracdlular space. Subsequently, IL2 is filtered via the
glomeruli, then reabsorbed by the tubular epithdid cdls and metabolized. Consequently,
itis cleared farly rapidly.

The hdf time for didribution after an IV injection is ~10 minutes. Therefore, within 40
minutes >94% of the injected IL2 is didributed into the 14 L of extracdlular space. This
explans why in the initid experiments from Rosenberg's group, the IV bolus doses of
IL2 disgppeared from the circulation so regpidly, and why they attempted to counteract
this phenomenon by injecting higher and higher doses Once didributed into the
extracdlular space, the rena clearance of IL2 proceeds with a t %= 2 %2hours.
Therefore, > 94% of the IV administered IL2 is cleared within 10-11 hours.

After a subcutaneous injection, IL2 is absorbed into the lymphatics and appears in the
blood with at ¥= ~ 50 minutes, and peak plasma IL2 concentrations ae attained by 2-3
hours (89). Theredfter, the same rate of rend clearance ensues as found after IV
adminigration, and by 12-14 hours only very low levels are detectable. Accordingly, to
achieve a congant IL2 concentration within the extra-cdlular space, the administration of
IL2 every 12 hours would be ided. In practice, we find that daly subcutaneous
administration of 1.2 mU/n? BSA is sufficient to achieve an ongoing IL2 response. This
dose of IL2 results in a pesk plasma IL2 concertration of 20-30 pM, which is high
enough to saturate ~ 70% of the high affinity IL2Rs on antigen-activated T cdls, but will
only bind to ~ 2-3% of the intermediate affinity IL2Rs expressed by the mgority of NK
cdls.

IL2 TREATMENT REGIMENS: INTERMITTENT vs. CONTINUOUS THERAPY

At present, there are two schools of practice regarding dosing regimens. As the initid
dosng as used by the oncologists employed intermittent ultrarhigh doses of IL2, this
regimen has been maintained and has been approved by the FDA for use in the trestment
of rend cdl carcinoma and mdignant meanoma. The daly dose amounts to 150 million
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U (10 mg), given in 3 divided bolus IV injections. This regimen is adminigered for 3-5
days, and repeated within 68 weeks if there is an objective response but not a complete
disappearance of detectable tumor.

For the tretment of HIV infection, Cliff Lane and colleagues have dso used intermittent
adminigtration, but the dose has been reduced ~ 10-fold from that used in cancer therapy,
to 15 million U/day (1 mg/d) (90, 91). This dose is divided into twice daly dosng and is
ether given as a subcutaneous injection or as a continuous 1V infuson. An intermediate
dose of 9-10 million U/day (~ 600 ng) has recently been described for the trestment of
HIV infection, given in two daily doses subcutaneodly.

When these high intermittent dosing schedules are used, during the treatment intervd a
marked lymphopenia is observed, and dl circulating mononuclear cells decrease to very
low leves. Smultaneoudy, a capillary lesk syndrome occurs, and hypotension can be a
problem during this interval. After the cessation of IL2 injections, a rebound
lymphocytoss occurs, with dl circulaing mononuclear cdls increesng to concentrations
10X the pre-trestment values. Subsequently, over the ensuing weeks the lymphocyte and
monocyte concentrations gradudly return towards the pre-treetment vaues. Thus, high
dose intermittent 1L2 adminigration results marked cdlular and fluid shifts ad it is
difficult to determine whether there is actudly a net gain or loss of lymphocytes with this
regimen.

The low dose continuous dosing regimen was developed by us in an attempt to arrive a a
dose and schedule that was nontoxic, and aso would provide for farly continuous
exposure of the cdls to IL2 (88, 92). Continuous IL2 exposure, rather than intermittent
dosng was congdered preferable to maximize the IL2 cdlular signding. The rationde is
based on a series of experiments where we found that the T cdl proliferative response
was proportiond to the IL2 concentration, the IL2R dendty, and the duration of the
ILZIL2R interaction (45, 48). Accordingly, if antigenactivated T cdls expressng
optima levels of IL2Rs are exposed to an IL2R saturating concentration, i.e. ~100 pM,
the magnitude of the proliferative response is directly dependent on the duration of the
IL2 exposure. In addition, the withdrawad of 1L2 from IL2R+ cdls results in rapid
gpoptosis, such that the cels are irreversbly damaged within 12-24 hours without IL2.
Therefore, exposure to IL2 intermittently may well creste a Stuation where recently
antigen-activated IL2R+ cdls are actudly killed by withdrawa of the surviva-enhancing
properties of IL2.

THERAPEUTIC USESFOR L2

Intermittent 1L2 therapy at dl of the high doses that is used primarily to promote rapid
changes within the immune system, ether for the trestment of cancer, or in Stuations
where there is a need to enhance the number of drculating lymphocytes rapidly. As
dready mentioned, the ultra high 1L2 dose used in cancer trestment does result in long-
term disease-free intervas for a smal number of patients. In patients infected with HIV,
the high dose and intemedigte intermittent IL2 doses can rapidly increese the
concentration of circulaing CD4+ T cdls, which then can reman eevated for severd
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months after the trestment intervd. However, whether these changes in the
concentrations of dcrculating CD4+ T cdls trandate into a dinical benefit remans
unknown. Consequently, currently, there are two large-scde clinicd trids on-going thet
are designed to determine the answer to this question.

The problem with dl of the higher IL2 doses that are used intermittently is one of
toxicity. The sysemic dSde effects generated, including fatigue, fever, rigor, and capillary
lesk, are remarkably smilar to the symptoms and signs described a century ago, when
bacteria and bacteria extracts were used in cancer trestment. Because of these toxicities,
a wider range of illnesses where it might be beneficid to augment the function of the
immune system are precluded. It is important to redize that the toxic sde effects are 1L2
dose-dependent, which accounts for the progressive decreases in dosing that has occurred
snce the initiation of the ultra high dose used for cancer trestment.

Low doses of IL2 can be given daly for prolonged intervals. We have administered low
dose IL2 to asymptomatic HIV+ individuds for as long as 5 years without Sgnificant
adverse events (89). In particular, we have not experienced the development of
autoimmune phenomena, a danger that many have thought probable with continuous L2
therapy. We now have experience with ~ 100 individuds trested continuoudy with low
dose IL2 for at least 1 year, and we find tha the earliest change detectable in the immune
sysem is a 5-10-fold increese in eosinophils within the firsd two weeks of initiation of
therapy. Theredfter, the next change that is readily detectable is a progressve increase in
the concentration of circulating NK cells. The NK cell concentration increases by a mean
of ~ 200 cdldm over 2 months, then dabilizes a this increment as long as IL2 is
adminigered.  In asymptomatic HIV+ individuds trested with Highly Active Anti-
Retrovird Thergpy (HAART) and low dose IL2 for 1 year, there is an increase in the
concentration of circulating CD4+ T cdlls a& a rate of ~ 10 cdlsg/month. This rate is ~ 2.5
times faster than reported for HAART done. A randomized, controlled trid testing the
effectiveness of IL2 for the accderation of the recovery of the immune sysem is
presently in progress. The prdiminary data andyzed after 6 months of combined
HAART + IL2 has reveded a dgnificant difference in the rate of increase in the
concentration of nave CD4+ T cells and in the concentration of NK cells. Whether these
changes in the concentration of circulaing lymphocytes will trandae into a dinica
benefit remains to be determined.

From our earlies experiments it was clear that IL2 is effective in promoting T cdl
proliferetion only &fter antigen activation of IL2R expresson (77). Moreover, IL2R
expresson was trandent. Upon removad of the antigen, a progressve decline in the
densty of IL2Rs is detectable, such that after 14 days in culture, most cels lose
expresson of the IL2R and become unresponsive to I1L2 (48). However, if antigen is re-
introduced, the cdls rapidly re-express IL2Rs and once agan become IL2-responsive.
Accordingly, the proliferative response to IL2 is antigen-dependent, and antigen non-
reective cdls will not expand, even though IL2R saturating concentrations of 1L2 are
present. Extrapolating these in vitro findings to dinicd gStuations, it follows that it will be
beneficia to introduce the desired antigen at the time that IL2 is administered to expand
the number of antigen-specific cdls.
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Recently, we have used the interruption of HAART in HIV+ individuas, combined with
low dose daly IL2 thergpy (93). We have found that plasma virus becomes detectable
within 19 + 3 days upon cessation of HAART. Theredfter, there is a rapid increase in
vird concentration (doubling time 1.6 + 0.1 days), to a peak concentration after a mean of
17 days. Subsequently, there is a progressive decline of detectable plasma virus with a t
%= 35 * 0.7 days, with a trough concentration that is ~ 10-fold lower than the peak
reached in 18 + 3 days. Coincident with the vird rdapse, there is a CD8+ lymphocytoss,
which peaks a ~ 2-fold the basdine concentration just after the pesk of viremia
Subsequently, the CD8+ T cdl concentration remains eevated as the virus progressvely
decreases. Moreover, the rate and magnitude of viral decline corrdates with the
magnitude of the CD8+ lymphocytoss.

These data are congstent with the interpretation that the vird reapse activates the CD8+
memory T cels to become IL2R+, and the IL2 administered then promotes ther
expanson. However, we need to do additionad experiments to support this hypothesis. In
paticular, experiments are indicated to identify and quantify the number of HIV-specific
T cdls and as wdll, to evaluate whether the increase in the concentration of CD8+ T cdls
is due to their proliferaive expanson. However, these data support the notion that
antigen + IL2 will be more effective in dimulaing an antigen-specific immune response
than ether antigen or IL2 done, and that the next step will be to combine IL2 therapy
with athergpeutic immunization schedule.

The principles that we have used to develop low dose, non-toxic daly IL2 adminigtration
now permit the extenson of this thergpeutic dosing and regimen to other infectious
diseases, and as well, to cancer. Accordingly, we are developing protocols to test the
efficacy of the addition of low dose daly IL2 thergpy to the dstandard therapy for the
treetment of Hepatitis C Virus (HCV) infection, which congsgts of IFN-a and Ribavirin.
In addition, these same principles can now be gpplied to the use of IL2 as an adjuvant
given in combinaion with vaccines Mogt adjuvants in use today ae focused on
enhancing antigen processng and presentation by antigenpresenting cdls. However, if
IL2 production is limited or compromised in any way, the resultant proliferative
expanson of antigen-sdected cdls will necessarily be abbreviated. Accordingly, 1L2
adjuvant use may wel markedly improve the immunogenicity of week vaccines.

COMBINATION ANTIBODY-IL2 THERAPY

As discussed in the introduction, the use of mouse MoAbs as therapeutics has been
hampered by the human anti-mouse antibody response (HAMA). However, over the past
20 years genetic engineering gpproaches have succeeded in “humanizing” the mouse
MoAbs (94). Thus, the mouse variable regions ae retaned, while the rest of the
antibody, i.e. the congant regions are replaced with human sequences. Even, better, the
antigen-binding Complementarity Determining Region 3 (CDR3) of the mouse antibody
is the only part that is not of human sequences. These approaches have demondtrated the
“proof of principle’ that it is possble to markedly diminish the HAMA, so that MoAbs
are once again feasible to consder as thergpeutics.
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More recently, transgenic mice have been created that express only human genetic
sequences (95-97). These mice are remarkable, because they contain dmogt the entire
genomic DNA encoding both Heavy and Light chains, but they are tolerant to the human
gene products because they have been exposed to the human antibodies during
embryogenesis. Thus, their entire antibody production is from human sequences, yet the
can recognize dl human molecules as foreign. Consequently, it is now possible to cregte
human MoADbs reective with dl foragn molecules and as wdl, dl human molecules
Accordingly, the progpects future thergpeutics usng human MoOAbs now appears
limitless

Anticipating the future, the combination of human MoAbs with cytokines like IL2 should
provide for an enhanced efficacy of the MoAbs 1L2 will function to augment the
capacity of the reticuloendothdid system to recognize antigen-antibody complexes by its
effects on NK cdls and macrophages. Thus, by stimulating NK cells to release IFN-g,
GM-CSF, and TNF-a, these cytokines will increese the cdl surface densty of Fc
receptors, as well as the phagocytic capacities of the cdls. Therefore, the effector arm of
both the humora and cdlular ams can both be atificaly enhanced for the first time.
The nat effect will be to improve the efficiency of MoOADb therapy, so that a maximd
response may be obtained with lower doses of MoAbs. As wdll, the frequency of MoAb
adminigration may be influenced by the use of immunomodulating cytokineslike IL2.

CONCLUSIONS

At this juncture, we stand on a new therapeutic threshold. The separation of the immune
reponse into a humorad and cdlular school resulted in a century of reductionist science
that has findly given us a farly complete picture of the cdls involved in the system, and
of the molecules that direct their activities Armed with cytokines, the hormones of the
immune sysem, and the knowledge that they mediate ther effects via interacting with
high affinity stereospecific cdlular receptors, it is now possble for the firg time to
desgn rationa thergpeutic drategies desgned to improve the function of the system
without generating undue toxicities. Moreover, the principles of thergpeutic cytokine
adminigration can now be gpplied together with vaccines to maximize immune responses
after immunization. In addition, with the avalability of human MoAbs, for the firg time
it will be possble to haness the power of the specificity and diversty of the immune
reponse, to direct therapy a specific molecules and cells. These advances should
transform medicine, as we presently know it.
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