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Learning Objectives

. Identify the mechanisms by which compo-
nents of the innate immune system protect the
body from infection.

. Discuss the events involved in the inflamma-
tory response.

. Identify innate
cytokines.

. Recognize pathogen-associated molecular
patterns (PAMPs) and predict how the immune
system will recognize them.

. Recognize the biological structure of the
TNF-« inhibitors.

. Discuss the pharmacology of the TNF-a, IL-1,
IL-6, and IL-12 inhibitors, including mecha-
nism of action, clinical uses, and adverse effects.
. Discuss the pharmacology of the integrin
inhibitors, including mechanism of action,
clinical uses, and adverse effects.

. Discuss the pharmacology of interferon thera-
pies including mechanism of action, clinical
uses, and adverse effects.
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Drugs discussed in this chapter

Classification
Anti-TNF-a monoclonal
antibody

Recombinant IL-1R
antagonist

Anti-IL-1p antibody
Anti-TNF-a antibody
fragment

Anti-TNF-a fusion
protein

Anti-TNF-a monoclonal
antibody

Anti-TNF-a monoclonal
antibody

Interferon

Interferon

Anti-ayf}; integrin
monoclonal antibody
Anti-IL-1 fusion protein
Anti-IL-6 receptor
monoclonal antibody
Anti-IL-6 monoclonal
antibody

Anti-IL-6 receptor
monoclonal antibody
Anti-1L-12/23
monoclonal antibody
Anti-ayf}; integrin
monoclonal antibody
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Introduction

As the immune system’s first defense against for-
eign invaders, innate immune cells and mediators
play important roles in keeping the body free
from infection. Because innate immune cells and
their receptors are only equipped to recognize
molecular patterns of potential pathogens and not
specific antigens, their job is said to be non-
specific. In some instances, however, the inap-
propriate response of the innate immune system
can play a role in the pathophysiology of condi-
tions in which chronic inflammation contributes
to disease symptoms and progression. Here, we
will discuss and outline the normal physiological
role of the innate immune system and its compo-
nents, and then highlight these as potential drug
targets in disease states in which the immune sys-
tem may be over-activated (i.e. autoimmunity).

First Barriers to Infection
Non-cellular Defenses

The body’s first lines of defense against infection
by foreign invaders includes its physical barriers.
These barriers include the skin and epithelia of
the digestive, respiratory, and urogenital tracts—
all areas of the body that are able to have first
contact with the outside environment. Some of
these barriers are colonized with the body’s
microbiome, or microorganisms that have a com-
mensalistic relationship with the host, creating a
type of microbial antagonism that makes it diffi-
cult for disease-causing pathogens to penetrate
and cause infection. Infants begin to be colonized
with commensal microorganisms at birth. Besides
these microbiological barriers, mechanical and
chemical barriers also exist to prevent coloniza-
tion by potential pathogens. Examples of these
barriers can be found in Table 2.1.

If a pathogen penetrates any of the physical
barriers, plasma proteins in the form of what is
called the complement system are an immediate
non-cellular defense against bacteria and virus
particles. The complement system is a cascade
of approximately 30 serine proteases that cleave

Table 2.1 Physical barriers at external surfaces

Mechanical

Tissue barriers Chemical barriers

Skin Tight junctions | Antimicrobial
between peptides and fatty
epithelial cells, acids
sweat

Lungs Tight junctions Surfactant
between Antimicrobial
epithelial cells peptides
Tracheal cilia,
movement of
mucus

Eyes, Tight junctions | Enzymes in saliva

Nasopharynx | between and tears,
epithelial cells antimicrobial
Nasal cilia peptides
movement, tears

Gut Tight junctions | Low pH,
between antimicrobial
epithelial cells, enzymes,
movement of antimicrobial
fluid peptides

subsequent proteases in the pathway, one of the
most important being C3, and induce the
removal or destruction of pathogens. The net
effect of the activities of individual complement
proteins in the cascade is to induce either the
opsonization or lysis of pathogens and the
recruitment of inflammatory cells to infectious
sites. The complement cascades are arranged
into three different pathways: Alternative,
Classical, and Mannose-Binding Lectin (MBL)
(Fig. 2.1). The alternative pathway is the first to
be activated during initial infection and involves
the protease C3 which is made in the liver and
released into the blood. When C3 is hydrolyzed,
especially near the surface of a pathogen, it
becomes subsequently cleaved by an enzyme,
C3 convertase into C3a and C3b. C3b is then
able to bind covalently to the surface of the
pathogen. This creates a positive feedback loop
in which the deposition of more C3b results in
further cleavage of C3 by C3 convertase, result-
ing in a coating of the pathogen by C3b. This
C3b “coating” is then able to interact with com-
plement receptors on phagocytes, resulting in a
more efficient phagocytosis. The process of
coating with complement for phagocytosis is
known as opsonization.
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Fig. 2.1 Activation and roles of the three complement pathways. Activation of complement results in recruitment of
leukocytes, opsonization of pathogens to promote phagocytosis, and formation of the membrane attack complex to aid
is destruction of microbes via perforation of cell membranes

The MBL and classical pathways are activated
later during infection, but result in the same
effect, which is the deposition of C3b on the sur-
faces of pathogens. The MBL pathway is initi-
ated when mannose-binding lectin, an acute
phase protein produced by the liver during
infection, binds mannose residues on the surface
of pathogens. This activates the complement
cascade via the lectin pathway. Similarly, the
classical pathway is activated when C-reactive
protein, another acute phase protein, binds phos-
phorylcholine on pathogen surfaces and triggers
complement proteins. It is also activated by anti-
bodies that are produced during the adaptive
immune response.

While opsonization is one of the most impor-
tant effects of complement, products beyond C3b
are also integral for pathogen killing. Complement
C5 is structurally similar to C3 and can be cleaved

by C5 convertase into C5a and C5b. C5b initiates
the forming of the membrane attack complex
(MAC) which is composed of C5, C6, C7, and
C9 interactions with the bacterial cell membrane.
These, in effect, poke holes in the cell membranes
of bacterial cells, causing them to lyse and die.
Lastly, while C3b and C5b contribute to impor-
tant effector mechanisms of complement, the
smaller components of C3 and C5 cleavage, C3a
and C5a, sometimes referred to as anaphylatoxins
for their ability to induce anaphylaxis, can help
recruit leukocytes to the site of infection. Specific
activities include the degranulation of mast cells
and basophils with the consequent release of hista-
mine, and a vasodilating effect on blood vessels
that allows for easier passage of leukocytes out of
the blood and into the site of infection. C5a in par-
ticular can act as a chemoattractant to help neutro-
phils and monocytes adhere to blood vessel walls
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and get to the site of infection where C3b mole-
cules have already opsonized pathogens.

Defensins are usually found at mucosal sur-
faces in an effort to initially protect the epithelium
from infection. Defensins are antimicrobial pep-
tides; their main role in the immediate response to
infection is to penetrate and disrupt the integrity of
bacterial and fungal cell membranes, as well as the
envelope of enveloped viruses. Defensins can be
divided into two classes—a-defensins and
B-defensins 6 and 4 There are six types of
a-defensins. a-defensins HDS and HD6, for exam-
ple, are secreted by special epithelial cells within
the crypts of the small intestine called Paneth cells.
a-defensins can also be found in the granules of
neutrophils to help kill microbes that have been
phagocytosed. The four different types of
-defensins are typically produced by epithelial
cells of the skin, respiratory, and urogenital tracts
but can also be produced by monocytes, macro-
phages, and dendritic cells.

Pathogen damage to host tissue, usually by
secreted proteases can also initiate the release of
plasma proteins known as a2-macroglobulins
which are structurally similar to C3 but can aid in
the inactivation of microbial proteases by chemi-
cally inducing a conformational change. The
covalent binding of the a2-macroglobulin to the
protease forms a complex that can then be cleared
by macrophages which recognize this complex
via a receptor present on the surface.

The Acute Phase Response

The innate immune response that occurs soon after
the start of an infection and involves the production
and systemic release of acute phase proteins by the
liver is termed as the acute phase response (APR).

or inflammatory stimuli and usually occurs when
immediate immune barriers have been breached.
Acute phase proteins (APPs) are made in the liver
in response to release of proinflammatory cyto-
kines including IL-1, IL-6, and TNF-a from mono-
cytes and macrophages at the site of inflammation
or infection. APPs have many roles including acti-
vation of complement, pathogen elimination, and
modulating the immune response. During the APR,
when fever is being initiated, leukocyte numbers
are increasing, and proinflammatory cytokines are
being released, Kupffer cells in the liver are also
producing IL-6, the major stimulus for release of
APPs by hepatocytes. There are several APPs
which provide for different immunomodulatory
functions. Positive APPs include C-reactive pro-
tein (CRP), fibrinogen, D-dimer protein, and man-
nose-binding protein which binds to mannose on
the surface of pathogens and helps to activate com-
plement in the MBL pathway. C-reactive protein
also binds to bacterial surfaces, acting to opsonize
the bacteria for phagocytosis as well as activate
more complement via the classical pathway.

Innate Immune Cells

The innate immune system is made up of leuko-
cytes that have various overlapping roles in rid-
ding the body of potential pathogens. If the
body’s primary borders are breached, innate
immune cells are one of the next lines of defense
(with nonspecific receptors for foreign invaders)
to rid the body of the invader. These cells include
macrophages, neutrophils, dendritic cells, eosin-
ophils, basophils (Fig. 2.2) mast cells, and NK
cells. As will be discussed, these cells release

This is mediated in response to trauma, infection, mediators (cytokines and chemokines) that
Monocytes/ Dendritic cell Eosinophil Neutrophil Basophil
Macrophages

-

74

Fig. 2.2 Morphology of cells of the innate immune system
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Fig. 2.3 Toll-like receptors and the ligands they recognize. Some TLRs exist on the cell surface while others are

internalized

further stimulate the innate response, so the
infection is controlled while the adaptive arm of
the immune system is mounting a response.
Many innate immune cells use receptors to
detect infection. Bacterial components, such as
lipopolysaccharide (LPS) signal to innate
immune cells that an infection is present. LPS is
found in the cell walls of Gram-negative bacte-
ria, of which many human pathogens exist. Toll-
like receptors (TLRs), of which there are at
least ten, recognize a broad spectrum of patho-
gen components, and are usually found on mast
cells, macrophages, and dendritic cells. TLRs
are transmembrane proteins consisting of
approximately 700-1100 amino acids with
extracellular, transmembrane, as well as cyto-
plasmic domains, with the extracellular portion
containing the site for ligand binding. TLRs 1, 2,
4, and 5 are expressed in the cell membrane and
usually interact with extracellular components of
pathogens. As is the case with LPS (recognized
by TLR4), many ligands are from bacterial cell
walls and membranes, including lipoteichoic
acids and lipoproteins (recognized by TLR 1/2).
Bacterial flagellin can be recognized by TLRS.
Some TLRs (3, 7, 8, and 9) exist intracellularly

in the endosomes and lysosomes. After a patho-
gen has been phagocytosed, it will end up in one
of these organelles to be broken down. At that
point, microbial DNA and RNA are exposed and
can be recognized by these internal TLRs. TLRs
3,7, and 8 are typically responsible for recogniz-
ing viral RNA while TLRY recognizes bacterial
DNA. Figure 2.3 illustrates Toll-like receptors
and their ligands.

After binding to their ligand, TLRs convert the
signal to a response by the cell via a signal trans-
duction pathway. Protein kinases which phosphor-
ylate other proteins to activate them, are also a part
of the TLR pathways. Some commonly studied
messengers in the TLR pathways include IRAKSs
(IL-1 receptor-associated kinases) and MAPKSs
(mitogen-activated protein kinases). Kinases in
this pathway are possible drug targets for mitiga-
tion of certain conditions in which inflammation
contributes to the pathophysiology of the disease.
The goal of the TLR pathway is to transcribe genes
responsible for production of inflammatory medi-
ators in response to the pathogen that was detected.
The mediators, generally cytokines and chemo-
kines, are released by the cell to activate other
immune cells to help fight the infection.
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The activation of the transcription factor
nuclear factor-kB (NF-kB) plays a paramount
role in the induction of many immune genes
including genes for pro-inflammatory cytokines
TNF-a, IL-1 and IL-6, and others that play a
prominentrole inimmune responses. Engagement
of a TLR such as TLR4 by a pathogenic compo-
nent like LPS results in the activation of a signal-
ing cascade that includes the recruitment of
adapter proteins such as MyD88 and the phos-
phorylation of various tyrosine kinases. Inactive
NF-kB is bound in the cytoplasm by IkB, which
prevents its translocation to the nucleus.
Activation of the TLR pathway leads to phos-
phorylation of IxkB by IKK or I kappa kinase,
resulting in the degradation of IkB and the release
of NF-xB, which can now enter the nucleus.
Activated NF-xB now induces the transcription
of genes for proinflammatory cytokines (Fig. 2.4).

Agranular Leukocytes
Monocytes are large mononuclear cells. This cell
type was discovered in the late 1800s by the

Fig.2.4 TLR4
recognizes bacterial
LPS. Activation of this
signaling pathway
results in translocation
of the transcription
factor NF-kB to the
nucleus, leading to
transcription of
pro-inflammatory
cytokines that aid in
activation and
recruitment of other
immune cells to help
fight the infection

TRIF

famed immunologist Ilya Metchnikoff who used
starfish to identify phagocytes after injury with a
rose thorn. Since the 1960s, classical research
has suggested that after spending 1-2 days in the
circulation, inflammation causes monocytes to
enter the tissues, which where they differentiate
into macrophages. However, more recent find-
ings have suggested that some macrophages
already exist in tissues (tissue-resident macro-
phages), and probably arose during embryonic
development. Both monocytes and macrophages
can recognize, phagocytose, and destroy cellular
debris, cells that have undergone apoptosis, and
many types of pathogens without any help.
Macrophages are covered in cell surface recep-
tors, including TLRs, to recognize pathogen
associated molecular patterns (PAMPs). Upon
recognition of a pathogen, they release cytokines
to signal to other cells that there is an infection
present. They are also considered to be one of the
three types of antigen-presenting cells that can
help coordinate the innate and adaptive immune
responses.
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Table 2.2 Macrophage nomenclature based on tissue of
residence

Tissue Macrophage nomenclature

Bone Osteoclast

Lung Alveolar macrophage

CNS Microglial cell

Liver Kupfter cell

Connective Histiocytes

tissue

Spleen White pulp, red pulp, marginal-zone,

metallophil macrophages

Macrophages are derived from common

myeloid progenitors in the bone marrow, where
their development is controlled by macrophage
colony-stimulating factor (M-CSF) produced by
stromal cells. This growth factor drives the dif-
ferentiation of progenitor cells to become mono-
blasts, which are committed to the monocyte
lineage and eventually differentiate into macro-
phages in the tissues. Macrophages within tissues
(both those derived from monocytes and tissue-
resident macrophages) may be referred to by dif-
ferent names (Table 2.2).

On their surfaces, macrophages express sev-
eral different receptors to help them recognize
pathogens or phagocytose pathogens that have
been “tagged” by other components of the
immune system for removal. These include TLRs
but also complement receptors and scavenger
receptors whose ligands are diverse microbial
proteins. In addition to the recognition of patho-
gens, TLRs also induce intracellular signaling
that leads to macrophage activation. Complement
receptors and scavenger receptors help macro-
phages recognize complexes targeted for phago-
cytosis. This binding usually results in an
irreversible ‘“capture” of the pathogen by the
macrophage and results in receptor-mediated
endocytosis, or engulfment of the target into a
phagosome. The phagosome combines with the
lysosome to form a phagolysosome wherein
destructive enzymes in the membrane-bound ves-
icle mediate pathogen killing.

Macrophages may be activated based on stim-
uli produced by innate immune cells during early
tissue damage or infection and thus can have dif-
ferent effects on the resulting physiology of the

responding macrophages. Classically activated
macrophages become active as a result of the
cell-mediated immune response and their major
function is the removal of pathogens during
infection. These macrophages tend to be primed
and activated by IFN-y produced by innate or
adaptive cells during the immune response and
release TNF-a for enhanced microbicidal activ-
ity. NK cells are a major source of IFN-y during
the innate immune response. During the adaptive
immune response, Tyl cells helps maintain this
classically activated macrophage population.
Interactions between macrophages and T cells
will be explored further in Chap. 3. Upon activa-
tion, macrophages release a host of pro-
inflammatory cytokines, superoxide, oxygen
radicals, and nitric oxide. These mediators serve
to destroy the infectious organism and alert the
rest of the immune system. Cytokines produced
by macrophages include a number of pro-
inflammatory cytokines such as IL-1, IL-6, and
TNF-a, as well as those that induce that the
recruitment of neutrophils (such as CXCLS8) and
those that activate NK cells (such as IL-12). In
addition to IL-1, and IL-6, other cytokines
released include IL-23 which aid in the develop-
ment of IL-17-producing Ty17 cells. These cells
induce the activation of neutrophils to extracel-
lular pathogens and are also implicated in
autoimmunity. While classically activated mac-
rophages are essential for host defense against
infection, their effects must be highly regulated
to prevent tissue damage. In the absence of such
regulation, they can become highly pathogenic as
occurs during certain autoimmune disorders such
as inflammatory bowel disease or rheumatoid
arthritis.

Other types of macrophages can also play a
large role in wound healing and are necessary for
tissue repair. In doing so they are activated by
both innate and adaptive mediators. An early
mediator released by mast cells and basophils is
the cytokine IL-4, which is produced in response
to tissue injury or even fungal infection. IL-4 is
also produced during the adaptive response by
T2 cells, primarily at mucosal surfaces includ-
ing the lung and intestines. IL-4 released during
these responses (innate or adaptive) results in
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increased arginase activity in macrophages.
Arginine is then converted to another amino acid
(ornithine), which is a precursor of collagen and
leads to production of extracellular matrix for
tissue repair. While the response of wound heal-
ing macrophages is not aimed at pathogen
removal, there is evidence to suggest that this
subset of macrophages may play a role in anti-
fungal and antiparasitic responses. Like classi-
cally-activated macrophages, a dysregulation of
the matrix-building effects of wound healing
macrophages may also be responsible for some
of the pathological manifestations of
autoimmunity.

Lastly, regulatory macrophages have anti-
inflammatory activity and can be activated either
innate or adaptive immune responses. These
macrophages usually produce high levels of
IL-10 and downregulate IL-12 and other pro-
inflammatory cytokines. Later in the adaptive
response, regulatory macrophages suppress the
immune response and decrease inflammation.

Dendritic cells (DCs) are also derived from
the myeloid lineage and are found at ports of
microbial entry such as the skin, the respiratory
tract, and the gastrointestinal/genitourinary (GI/
GU) tracts. DCs are commonly recognized by
their dendrite-like projections and are essential
for innate/adaptive immune crosstalk. Myeloid
DCs are central to this task, first engulfing the
pathogen at the site of infection, then processing
its antigens and displaying them on their cell sur-
face for CD4 T cells to “see” on MHC II mole-
cules in the secondary lymph nodes. When DCs
themselves are infected by viruses or intracellu-
lar bacteria, processed antigens are similarly pre-
sented on the surface of MHC I molecules to
CD8 T cells. This makes DCs one of the profes-
sional antigen-presenting cells (APCs). Antigens
that are picked up in the blood may be transported
to the spleen, while antigens captured in the
respiratory, GI, or reproductive tissues are trans-
ported through a draining lymphatic vessel to the
closest lymph node. At the sites of infection or
antigen capture, these DCs are referred to as
immature DCs (iDCs). As they migrate toward
the secondary lymphoid organ, they undergo sev-
eral physiologic changes that make them better

equipped for their interaction with naive T cells
and are referred to as mature DCs.

Like macrophages, DCs also sense pathogens
and undergo activation through TLR-mediated
signaling. DCs express all the TLRs except
TLRO. The induction of TLR signaling activates
the DC and enhances its ability to engulf and pro-
cess antigen for display on MHC II. It also
increases surface expression of CCR7, which is a
receptor for the chemokine CCL21 expressed
within secondary lymphoid organs. This induces
the migration of DCs to the secondary lymphoid
organ, where they can prepare to interact with
naive T cells. Specific DC/T cell interactions will
be elaborated on in Chap. 3.

Granular Leukocytes

Neutrophils are one of the major pathogen-
fighting leukocytes recruited to the site of infec-
tion. They have a short lifespan of approximately
8—12 h in the circulation and 1-2 days in the
tissue. They are formed in the bone marrow in
response to GM-CSF and are generally found
circulating in the bloodstream until they are
called to a site of infection. Neutrophils account
for 50-70% of circulating leukocytes, and as
such much of the bone marrow is dedicated to
their development. Neutrophil count is nor-
mally defined as Absolute Neutrophil Count
(ANC) which is the portion of the total white
blood cell count that is made up of neutrophils.
It is defined as:

[% of mature neutrophils + % of almost mature
neutrophils (bands)] X total WBC count

100

A normal ANC is approximately 1500-8000/
mm?®. A level less than 1000 is referred to as neu-
tropenia. A higher than normal level is consid-
ered neutrophilia, which is most often indicative
of infection, but can also occur as a result of any
type of acute inflammation.

Two hematopoietic growth factors that are
essential for neutrophil function are granulocyte
colony stimulating factor (G-CSF) and
granulocyte-macrophage colony stimulating fac-
tor (GM-CSF). G-CSF is a glycoprotein which
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acts on granulocyte precursors in the bone mar-
row to produce differentiated granulocytes and
release them into the bloodstream. G-CSF can
also enhance neutrophil function and stimulate
the release of proinflammatory cytokines by neu-
trophils such as TNF-a. In contrast, GM-CSF can
recruit and enhance the functions of both neutro-
phils and monocytes. Due to their ability to mobi-
lize circulating neutrophils, these factors are
often used therapeutically in immunosuppressed
patients, most notably those who are neutropenic
from undergoing chemotherapy.

To get to the site of infection, neutrophils must
squeeze themselves out of the bloodstream, a
process called diapedesis. The small cytokine/
chemokine, CXCLS8 (IL-8) is a potent chemoat-
tractant molecule that helps call neutrophils from
the circulation, through the tissue, and to the site
of inflammation or injury. CXCLS is a chemo-
kine which binds to chemokine receptors CXCR1
and CXCR2, both of which are expressed on neu-
trophils. These receptors may also be expressed
on epithelial and endothelial cells, as well as
fibroblasts and neurons, but one of the main roles
of CXCLS is neutrophil recruitment.

Neutrophils are activated by LPS, TNF, che-
mokines, and growth factors. Once they reach the
sites of infection, the vast repertoire of pattern
recognition receptors expressed by neutrophils
allow them to recognize various types of microbes
and phagocytose opsonized pathogens. C-type
lectin receptors like Dectin-1 recognize fungal
B-glucan. The cytosolic microbial sensors NOD1
and NOD2 can recognize peptidoglycan mole-
cules of Gram-negative and Gram-positive bacte-
ria, respectively. Lastly, neutrophils also express
a wide array of Toll-like receptors, including
TLRs 1, 2, 4, 5, 6, 8, and 10 and complement
receptors.

At the site of infection, neutrophils help mac-
rophages in cleaning up the infection by recog-
nizing, phagocytosing, and killing pathogens.
The destruction of pathogens by neutrophils
occurs within the phagolysosome. This internal
microbial killing is aided by hydrogen peroxide,
as well as several enzymes and antimicrobial
peptides, which kill the ingested bacteria. When
pathogens are engulfed into the phagosome, the

activity of enzymes such as NADPH oxidase pro-
duces superoxide radicals that are rapidly con-
verted to hydrogen peroxide. This raises the pH
of the phagosome to 7.8-8.0, activating antimi-
crobial peptides and other enzymes that attack
the engulfed pathogen. After about 10-15 min,
the pH of the phagosome returns to 7.0, inducing
the formation of the phagolysosome. Here the
pathogen is completely degraded by acid hydro-
lases. The release of hydrogen peroxide and other
superoxide radicals is referred to as the respira-
tory burst and has the potential to harm neighbor-
ing cells. Enzymes that inactive these molecules
such as catalase are also produced during the
respiratory burst and limit the damage to host
cells.

The successful destruction of the pathogen
through the release of granular contents results in
the death of the neutrophil and its phagocytosis
by nearby macrophages. In addition to the above-
mentioned method of pathogen destruction, neu-
trophils can also kill pathogens during the process
of dying themselves. This process called netosis
produces neutrophil extracellular traps (NETSs)
which consists of nuclear contents, defensins,
and other proteins that can trap and destroy
pathogens.

Basophils and Mast cells Basophils, like the
other leukocytes, are produced in the bone mar-
row and circulate in the peripheral blood. During
a parasitic infection, they can be recruited to tis-
sues, where they can be activated to release gran-
ular contents and various cytokines. Basophils
make up less than approximately 1-2% of circu-
lating leukocytes. They have a bilobed nucleus
and contain many large cytoplasmic granules.
These contain several preformed mediators
including heparin and the vasodilator histamine.
Basophils share many similarities and functional
characteristics with their tissue-resident counter-
parts, the mast cells. They are the only circulating
leukocytes that contain histamine, which is rap-
idly released when they are activated. In addition,
they also release a number of cytokines including
IL-4, IL-13 and GM-CSF and synthesize lipid
mediators including the prostaglandins and leu-
kotrienes as well as platelet activating factor.
They also express receptors for various cytokines
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and chemokines, and Fc receptors for antibodies
such as IgE.

In contrast to basophils, mast cells are tissue-
resident immune cells that have a sentinel role in
immune function and protect the host from para-
sitic infections; their precursors come from the
bone marrow and circulate in the blood until they
home to the tissues to mature, usually the blood
vessels or epithelial surfaces. Mast cells are
approximately 20 pm in diameter and contain an
abundance of cytoplasmic granules compared to
basophils. These contain a number of mediators
including histamine, tryptases, heparin, and
TNF-a among others. When activated, mast cells
are also induced to release numerous cytokines
and synthesize lipid mediators such as leukotri-
enes and prostaglandins.

Both mast cells and basophils constitutively
express the high affinity receptor for IgE antibod-
ies, FceRI. During a parasitic infection, large
amounts of parasite-specific IgE are made which
bind the receptor on mast cells and basophils.
When parasitic antigens bind these IgE mole-
cules, they induce aggregation of the receptor,
which induces degranulation of the mast cells
and a FceRI-mediated signaling cascade. This
results in the release of preformed mediators
such as TNFa, histamine, and proteoglycans and
the de novo synthesis of cytokines, lipid media-
tors, and platelet activating factor. In addition to
IgE-mediated activation, mast cells and basophils
can also be activated via other means including
TLRs. The binding of TLR3 on mast cells by
dsRNA induces the release of IFN-y.

Both mast cells and basophils are pathologic
during the development of allergic reactions,
including allergic rhinitis, urticaria, asthma, and
anaphylaxis. Mast cells can also contribute to
other conditions such as rheumatoid arthritis,
osteoporosis, and cancers.

Eosinophils Like mast cells and basophils,
eosinophils are also involved in host defense
against parasitic worm infections. They are also
involved in the pathogenesis of conditions such
as allergic asthma. Eosinophils have a bilobed
nucleus and release two main types of granules—
specific granules and primary granules. The spe-
cific granules contain major basic protein,

eosinophil peroxidase, eosinophil cationic pro-
tein, and eosinophil-derived neurotoxin.

The development of eosinophils is mediated
by cytokines such as IL-5, IL-3, and GM-CSF.
IL-5 released at the site of helminth infection
promotes the generation and differentiation of
eosinophils from bone marrow progenitors, after
which they enter the circulation and home to the
tissues. Many eosinophils that are located in the
tissues exist in the gastrointestinal tract mucosal
surfaces during homeostasis, and at Ty2-
dominated sites of inflammation where IL-4 and
IL-13 are released. Here, the upregulation of
eotaxin and cell adhesion molecules by various
immune cells induces the recruitment of eosino-
phils. On their surfaces, eosinophils express Fc
receptors for antibodies including IgE, IgA, and
IgG. The receptor for IgE is induced during
infection. Eosinophils also express other recep-
tors including complement receptors, cytokine
receptors, and chemokine receptors. They also
express adhesion molecules, leukotriene and
prostaglandin receptors, and TLRs 7 and 8. Upon
activation by the cross-linking of Fc receptors,
eosinophils release pro-inflammatory mediators
including granule-stored cationic proteins,
newly-synthesized eicosanoids, and cytokines.
While a normal level of eosinophils in the periph-
eral blood is up to 500/mm?, an elevated level
(eosinophilia) may indicate atopic asthma
(usually mild eosinophilia in blood), a drug reac-
tion, or helminth infection. With atopic asthma,
eosinophilia is more likely to be found in nasal
secretions, sputum, or the bronchoalveolar lavage
(BAL).

Natural Killer (NK) cells play a prominent
role in the initiation and maintenance of antiviral
immunity. They are also extremely effective
against cancerous cells. Under the microscope,
NK cells look like T and B cells, deriving from
the common lymphoid progenitor and the lym-
phoid lineage. They are a highly diverse cell type
consisting of heterogeneous subsets that can
carry out cytotoxic function or release inflamma-
tory cytokines. In humans they are identified on
the basis of the adhesion molecule CD56, as well
as other NK cell markers. Similarly, in mice they
can be identified using markers such as NKI.1
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and DXS5. These populations can be further
divided into those that perform cytotoxic activity
(CD56 dim) and those that release cytokines
(CD56 bright). They are distinguished from T
cells and other invariant T cells such as NKT
cells based on the absence of CD3.

NK cells play a vital role in the induction of
immune responses to viruses and tumors. Their
activation and cytotoxic functions are governed by
an intricate balance between the functions of vari-
ous surface receptors that promote either activa-
tion or inhibition of cell function. These receptors
are stochastically expressed on various cell subsets
and include inhibitory receptors such as the lectin
CD94-NKG2 and KIR receptors and activating
receptors such as NKG2D. The inhibitory recep-
tors bind HLA-E molecules on the surface of
endogenous cells which prevents the activation of
NK cells. Infection or other inflammatory condi-
tions can induce loss of MHC class I and induction
of stress proteins such as MICA and MICB. This
results in disengagement of the inhibitory MHC I
receptor and engagement of activating receptors
such as NKG2D with its ligand (MICA/B), induc-
ing activation and NK cell-mediated cytotoxicity.

Activation of NK cells can occur in response
to several stimuli, predominantly the release of
type I interferons by infected cells (Fig. 2.5).
Soon after viral entry, both infected cells and
neighboring epithelial cells produce large
amounts of IFN-o and IFN-f. In addition, plas-
macytoid dendritic cells, also called interferon
producing cells, are potent producers of type I
interferons. The release of type I interferons
results in the induction of the interferon response,
leading to resistance to viral infection and the
activation of NK cells. This results in the killing
of infected cells by activated NK cells. In addi-
tion to type I interferons, NK cells can also be
activated via cross-talk with macrophages and
DCs. These cells produce cytokines such as IL-
12 and IL-15, which can promote their activation
and function.

Activated NK cells produce large amounts
of IFN-y. This cytokine not only has the ability
to promote anti-viral effects, but also has other
effects on the immune system such as the acti-
vation of the immunoproteasome and the
upregulation of MHC II on APCs. In addition,
NK cells are known to produce other cytokines
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including TNF-a and type II cytokines such as
IL-13 and IL-5.

The cytotoxic functions of NK cells are medi-
ated via the induction of caspases and pro-
grammed cell death. They involve the release of
perforin and granzymes from granular contents.
While perforin and other proteins such as granu-
lysin poke holes into the target cell membrane,
granzymes initiate proteolytic cleavage reactions
resulting in the induction of apoptosis and death
of the infected cell.

NK cells can also be activated to perform anti-
body dependent cellular cytotoxicity or ADCC.
This occurs when antigen-specific IgG antibodies
engage the FcyRIIl or CD16 receptor on NK
cells, inducing their activation. Activated NK
cells then kill target cells expressing the antigen.
ADCC is a common mechanism of action of
many therapeutic drugs such as rituximab.

Inflammation

Inflammation is the characteristic response to
infection (non-self) or the presence of danger.
The process of immunity begins when normal
host defenses are breached and when the immune
system senses a threat to the host. This can occur
as a result of pathogen sensing by TLRs or the
production of alarmin cytokines by epithelial and
other sentinel cells indicating the presence of
injury or danger. The type of immune response
that is initiated ultimately depends on the type of
pathogen and the offended target tissue. Various
strategies are employed by the immune system
depending on whether the pathogen is extracel-
lular or intracellular, or depending on the type of
injury or danger to tissue. The initial response is
targeted towards the presence of molecular pat-
terns such as LPS, while the latter adaptive
response is more specific and antigenic in nature.
Extracellular offenders include extracellular bac-
teria, some fungi, virions in the extracellular
space and allergens. Intracellular offenders
include viruses, intracellular bacteria and some
parasites.

A ubiquitous initial response to the entry of
extracellular bacteria is the induction of the com-

plement system. As described earlier, this com-
plex system involves the activation of a number
of heat-labile serine proteases that are constitu-
tively produced by the liver. These are classified
as C1-C9, depending on when they were discov-
ered and the functions they perform. Several
complement proteins can be further cleaved into
smaller components by enzymes referred to as
convertases. The most important complement
component is C3. This protein is normally pres-
ent in the inactive state, but in the presence of
infection or on engagement of complement com-
ponents by ligands such as mannose-binding pro-
tein, C-reactive protein (CRP) or antibody, it can
be hydrolyzed or cleaved into a larger C3b mol-
ecule and a smaller C3a molecule. C3b tags the
extracellular pathogen, initiating the process of
complement fixation. In the case of some bacteria
such as Neisseria, the deposition of C3b on the
bacterial surface can lead to further events in the
complement cascade, resulting in the cleavage of
C5 and the formation of the membrane attack
complex (MAC), which perforates pathogen cell
membranes and induces their lysis. Pathogen-
bound C3b itself is detected by complement
receptors on cells such as macrophages, resulting
in the induction of phagocytosis. Other comple-
ment components, such as C3a and C5a induce
the recruitment of neutrophils and induce mast
cell and basophil activation. Thus, activation of
complement has the net effect of inducing phago-
cyte recruitment, opsonizing macrophages and
neutrophils for phagocytosis, and lysing bacterial
cell membranes. All of these result in death of the
pathogen.

In addition to complement activation, several
other non-specific mechanisms may also contrib-
ute to innate defense including the production of
antimicrobial peptides such as defensins, the acti-
vation of the kinin system and the production of
a-macroglobulins.

The induction of infection or the presence of
injury also results in the secretion of a number of
cytokines and immune mediators by injured cells.
Depending on the type of injury or infection, cells
such as epithelial cells can release a vast number
of mediators including cytokines such as TNF-q,
IL-33, IL-25, thymic stromal lymphopoietin
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(TSLP) and type I interferons, various chemo-
kines, and antimicrobial peptides. This has the net
effect of recruiting and activating various innate
cells such as macrophages, dendritic cells, innate
lymphoid cells, mast cells, and NK cells.

Pathogen sensing by macrophages using
either scavenger receptors or the TLRs results in
the activation of NF-xB, and the induction of
genes for various cytokines. Some of the first
cytokines to be produced by macrophages are the
proinflammatory cytokines TNF-a, IL-1 and
IL-6. TNF-a is a potent cytokine that has pleio-
tropic effects on the immune system. It induces
vasodilation increasing the flow of blood within
blood vessels and causes vascular permeability,
allowing cells and molecules to leak out of blood
vessels. It also promotes the expression of adhe-
sion molecules on blood vessels to enable leuko-
cyte migration. Mast cells in tissues can also be
activated resulting in the production of histamine
which can also contribute to vasodilation.

IL-1 and IL-6 are pyrogenic and raise the body
temperature, making it difficult for pathogens to
survive. IL-6 also acts on hepatic cells inducing
the acute phase response, by leading to the
increased production of the acute phase proteins
MBP and CRP. These acute phase proteins fur-
ther act to activate the lectin and the classical
pathways of the complement cascade.

In addition to these cytokines, macrophages
also produce the chemokine CXCLS, which is a
chemotactic migratory factor for neutrophils,
drawing in neutrophils from blood vessels.
Neutrophils act as first responders, quickly
phagocytosing bacteria and producing cytokines.
The phagocytic response is dependent on the
release of several antibacterial substances in neu-
trophil granules and the induction of a respiratory
burst, resulting in the release of superoxides that
damage the bacteria. Eventually, acid hydrolases
within the neutrophil granules completely digest
the bacteria, leading to death of the neutrophil
and the formation of pus.

Similarly, when infection occurs due to intra-
cellular pathogens such as intracellular bacteria
or viral infection, macrophages can produce
additional cytokines such as IL-12. The concomi-

tant production of type I interferons by virally
infected cells has the net effect of activating NK
cells and inducing their recruitment to the
infected tissue.

The series of physiologic events give rise to
the four main hallmarks of inflammation
described since ancient times which include red-
ness (rubor), pain (dolor), heat (calor), and swell-
ing (tumor). Vasodilation results in increased
blood volume contributing to redness; vascular
permeability leads to leakage of blood vessel
constituents such as cells and molecules into tis-
sues resulting in swelling or edema; the swelling
has the effect of pinching on associated nerves
resulting in pain; and the cumulative effects of
vasodilation and cytokine function make the
inflamed area warm to touch.

Innate Immune Deficiencies

Genetic mutations leading to dysfunction in one
or more components in the innate immune sys-
tem can often manifest in an immunodeficiency
disorder characterized by frequent and recurrent
infections. Some of these disorders are outlined
in Table 2.3.

Therapeutic Inhibitors Which Target
the Innate Immune Response

Phagocyte recruitment

Targeting cell adhesion molecules (CAMs) to
reduce leukocyte recruitment may be an effec-
tive method of reducing inflammation in certain
disease states in which leukocyte migration con-
tributes to inflammation. CAMs allow cells to
bind and interact with their extracellular envi-
ronment, including other cells. Certain CAMs
allow leukocytes to migrate out of general circu-
lation, “roll” along the surface of blood vessels,
and permeate through tissue to reach tissues
where they contribute to inflammation and injury
(Fig. 2.6). Leukocytes expressing a specific
CAM, a,f3; integrin, have been implicated in the
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Table 2.3 Primary immunodeficiencies affecting the innate immune system

Disease Deficiency

Chronic Phagocytes unable to produce

granulomatous reactive oxygen species for

disease intracellular killing of
microorganisms

NK cell deficiency | Classic—absence of NK cells
within peripheral blood
lymphocytes
Functional—NK cells are
present but dysfunctional

Leukocyte LAD1—deficient 2 integrin

adhesion expression resulting in defective

deficiency (LAD)

leukocyte adhesion
LAD2—deficient expression of
ligands for E- and P-selectins,
decreasing leukocyte migration
into tissues

LAD3—defective adhesive
function of integrins on

leukocytes and platelets
Complement C3—defective complement
deficiency cascade activation

Chédiak-Higashi
syndrome

C2,C4—defective activation of
classical pathway, inability to
clear immune complexes

Defective phagolysosome
formation in neutrophils,
macrophages, and dendritic
cells. Defective NK cell granules

Mutation

Mutation in phagocyte
oxidase enzyme
(cytochrome b558)

Classic—mutations in
GATA2, MCM4
Functional—mutation
inCDI16

LADI—mutation in 3
chain of P2 integrin
LAD2—mutation in
sialyl-Lewis X
component of selectin
ligands
LAD3—mutation in
Kindlin 3 protein
needed for integrin
activation

C3 gene mutation

C2 or C4 gene
mutation

Mutation in lysosomal
trafficking regulatory
protein (CHS1)

Clinical manifestations
Formation of granulomas,
recurrent infections including
pneumonia, skin abscesses

Susceptibility to viruses such as
VZV, EBV, HSV, HPYV, and
CMV

LAD1—recurrent bacterial and
fungal skin infections, gingivitis,
periodontitis, slow wound
healing

LAD2—recurrent bacterial
infections, pneumonia, otitis
media, cellulitis, periodontitis
LAD3—recurrent bacterial and
fungal infections, increased
bleeding tendency
C3—recurrent bacterial
infections (particularly
gram-negative), sinusitis,
tonsillitis, otitis media
C2,C4—increased risk of
infection, pneumonia,
meningitis, sepsis

Deficiency in complement may
also lead to a lupus-like
conditions due to inability to
clear immune complexes
Susceptibility to infection,
particularly by Staphylococci
and Streptococci. Associated
with oculocutaneous albinism

pathogenesis of inflammatory bowel diseases
such as ulcerative colitis and Crohn’s disease.
Cells expressing ayf; integrin have been shown
to exhibit preferential binding to endothelial sur-
faces of the GI tract.

Vedolizumab (Entyvio®) is a relatively new
antibody that targets the oyf; integrin. It inhibits
leukocyte binding to the GI tract, significantly
decreases the symptoms of inflammatory bowel
disease (IBD) and is approved for adult ulcerative
colitis and Crohn’s disease. Adverse effects of
vedolizumab include infusion-related reactions,
nasopharyngitis, headache, arthralgia, and upper
respiratory tract infection.

Natalizumab (Tysabri®) is another human-
ized monoclonal antibody with a similar

mechanism of action in that it is an oyf}; integrin
inhibitor used for Crohn’s disease and multiple
sclerosis. The most common adverse effects
include headache, pain in the arms and legs,
abdominal pain, fatigue, joint pain, vaginitis,
urinary tract infection, and lung infection. Taking
natalizumab increases a patient’s risk of devel-
oping a rare but severe brain infection called
progressive  multifocal  leukencephalopathy
(PML). The risk increases with long-term use
(greater than 2 years), infection with John
Cunningham (JC) virus, or taking other immu-
nosuppressant drugs before beginning natali-
zumab. Patients should be tested periodically for
JC virus, and because of the PML risk, natali-
zumab is only distributed through the TOUCH®
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inflamed tissue where they sense chemokines and other inflammatory mediators

prescribing program to help patients understand
the risk of PML and if necessary, diagnose it ear-
lier if it occurs.

Pro-inflammatory Cytokines

While it is important to understand the pivotal
roles innate immune cells play in the immune
response, it is also important to know that many
of their activities are mediated by cell to cell
communication through cytokines. Thus, cyto-
kines represent an important therapeutic target in
several inflammatory diseases, in which in the
case of inappropriate inflammation, one can
intervene with pharmacotherapy in an effort to
“turn off” or suppress intercellular crosstalk to
reduce symptoms.

Cytokines are small proteins that are released
in response to a stimulus and induce responses by
binding to their specific receptor. There are three
main families of cytokines, the larger families
being the Hematopoietin and TNF families, as
well as the smaller IFN family (Table 2.4).

Table 2.4 Cytokine families

Hematopoietin family TNF family | IFN family

EPO, IL-2, IL-3, IL-4, TNF-a, IFN-a,

1L-6, G-CSF, GM-CSF TNF-B, FasL | IFN-B,
IFN-y

The three main pyrogenic (fever-inducing)
cytokines are IL-1, TNF-a, and IL-6. Acting on
the hypothalamus to increase the temperature of
the body, fever allows for decreased viral and
bacterial replication, increased antigen process-
ing, and a more efficient adaptive immune
response. The effects of these pyrogenic cyto-
kines are outlined in Fig. 2.7.

TNF Inhibition

Tumor Necrosis Factor-oo (TNF-o) was first
described in 1975 by the laboratory of Dr. Lloyd
Old at the Sloan Kettering Memorial Cancer
Center in New York. Dr. Old’s team observed that
a cytotoxic factor produced during infection with
endotoxins could cause the necrosis of tumors.
Previously in 1968 Gale Granger from the
University of California and Nancy Ruddle from
Yale University had described another TNF
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family member, which they called lymphotoxin
(TNF-p).

The hypothesis that infections can trigger the
regression of tumors had been around since the
late nineteenth century, when the surgeon William
Coley used therapeutic dead bacteria (Coley’s
toxins) to treat sarcomas. This treatment was
based on a few reports of erysipelas and tumor
regression. Not surprisingly, Coley’s toxins
induced fever and chills and patients but without
true infection. Subsequently, in 1943, scientists at
the National Cancer Institute isolated lipopoly-
saccharide (LPS) from Gram-negative bacteria,
and in turn used it to induce the necrosis of
tumors. Subsequent research demonstrated that
animals injected with LPS produced mediators
which they considered to be anti-tumor factors,
and accordingly named these mediators “tumor
necrosis factor.”

Macrophages are the main cell type that can
secrete TNF, but it can also be produced by neu-
trophils, NK cells, mast cells, eosinophils, and
CD4 T cells. TNF-a is an endogenous pyrogen,
meaning it acts on the hypothalamus to induce
fever to slow down pathogen replication in the
body. It can also induce apoptosis through death
receptor TNFR1. As a signal transducer, TNF
activates MAPK pathways which can result in
cellular differentiation and proliferation, as well
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as activates transcription factor NF-kB which is
generally proinflammatory and anti-apoptotic.
Thus, the activation of NF-kB often masks the
pro-apoptotic effects of TNF through TNFR1
signaling. As a chemoattractant, TNF recruits
neutrophils not only by encouraging the bone
marrow to release new neutrophils, but also by
promoting the expression of adhesion molecules
on the endothelium, and acting as a direct che-
moattractant. In the liver, it can stimulate the
acute phase response and the release of C-reactive
protein and complement for opsonization of
bacteria. In macrophages, it helps to stimulate
phagocytosis and PGE2. In other tissues, it can
promote insulin resistance. Its many effects on
various tissues are outlined in Fig. 2.7.

TNF-a can exist in two forms: soluble TNF
and transmembrane TNF, with macrophages
being the biggest producers. Two receptors exist
which have different outcomes upon receptor
ligation. TNF receptor 1 (TNFR1) is widely
expressed on most cell types (with the exception
of erythrocytes) and as mentioned, plays a role in
apoptosis and induction of acute inflammation. It
binds both soluble and transmembrane TNF. With
regard to TNFR2, several studies have suggested
that signaling through the TNFR2 mediates cell
survival. TNF-a plays a variety of roles in the
immune response. It has been reported in humans
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Fig. 2.7 Effects of pyrogenic cytokines IL-1, IL-6, and TNF-« on tissues
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that after immune encounter with Gram-negative
LPS, TNF becomes elevated in the blood
60-90 min later, and is associated with fever and
flu-like symptoms including chills and myalgia.
TNF-B is very similar to TNF-a in the response it
elicits, binds to the same receptor, and has 30%
homology. The main difference is that TNFp is
produced primarily by T cells and is thus often
referred to as lymphotoxin.

The first TNF inhibitor biologic drugs were
approved by the FDA in 1998 for rheumatoid
arthritis (RA) and Crohn’s disease. Most of the
TNF inhibitors are monoclonal antibodies (except
for the etanercept fusion protein) and have indica-
tions for gastroenterological, rheumatological,
and dermatological conditions (Table 2.5).
Nomenclature of monoclonal antibodies will be
further described in Chap. 3.

Etanercept (Enbrel®) is a fusion protein (not
an antibody) that binds to TNF in both its alpha
and beta forms. TNFB is also known as
lymphotoxin-alpha (LT-o). Etanercept is indi-
cated for the treatment of RA, polyarticular juve-
nile idiopathic arthritis (JIA), plaque psoriasis,
psoriatic arthritis, and ankylosing spondylitis.
Etanercept is given as a subcutaneous injection.

Infliximab (Remicade®) is a human-mouse
chimeric IgG monoclonal antibody with Human
Fc region and murine variable regions. Due to
this, it is generally considered to be more immu-
nogenic than the other anti-TNF biologics. It can

Table 2.5 Clinical uses of approved TNF-inhibitors

Etanercept | Infliximab
Gastroenterology
Crohn’s disease v
Ulcerative colitis 4
Rheumatology
Rheumatoid arthritis v 4
Psoriatic arthritis v 4
Ankylosing spondylitis v v
Juvenile idiopathic arthritis v
Dermatology
Plaque psoriasis v 4

Hidradenitis suppurativa
Opthamology
Uveitis

neutralize all forms of TNF-« (including extra-
cellular, transmembrane, and receptor-bound
TNF). Infliximab has several indications includ-
ing Crohn’s disease, ulcerative colitis, RA, pso-
riatic arthritis, ankylosing spondylitis, and
plaque psoriasis. Unlike the other TNF inhibi-
tors, infliximab is usually given in the form of IV
infusion.

Adalimumab (Humira®) gets its name from
being a “Human Monoclonal Antibody in
Rheumatoid Arthritis”. Thus, is a fully human
IgG antibody targeting TNF. Besides its indica-
tion for RA, adalimumab is also used to treat
juvenile idiopathic arthritis, psoriatic arthritis,
ankylosing spondylitis, Crohn’s disease, ulcer-
ative colitis, plaque psoriasis, hidradenitis suppu-
rativa, and uveitis. Adalimumab is given as a
subcutaneous injection.

Certolizumab pegol (Cimzia®) is a pegylated
Fab fragment of a humanized anti-TNF monoclo-
nal antibody and is indicated for moderate to
severe RA, psoriatic arthritis, active ankylosing
spondylitis, and Crohn’s disease. Unlike the other
anti-TNF biologics, certolizumab does not have
an Fc region. Its pegylation on the Fab fragment,
however, increases its bioavailability, extends its
half-life, and decreases its dosing frequency.
Certolizumab is given as a subcutaneous
injection.

Golimumab (Simponi®), like adalimumab is
a fully human monoclonal antibody used for

Adalimumab Certolizumab Golimumab
v v

v v

v v v

v v v

v v v

v

v

v

v
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Fig. 2.8 Antibody structures of current TNF-a inhibitors

moderate to severe RA, psoriatic arthritis, active
ankylosing spondylitis, and moderate to severe
ulcerative colitis. Like most of the other TNF
inhibitors, golimumab is also given as a subcuta-
neous injection. Another form of golimumab,
Simponi Aria® is given via IV infusion.

The structures of the TNF inhibitors can be
compared in Fig. 2.8.

There are, however, several potential prob-
lems with TNF inhibitors, depending on the
patient. One of the most common is increased
risk of infection, particularly from intracellular
pathogens. This is why the TNF inhibitors
should not be started without first completing a
tuberculin skin test to rule out latent tuberculo-
sis. Increased risk of malignancy is also present
while on one of these drugs. Other possible
adverse events include hypersensitivity reac-
tions, worsening of congestive heart failure or
new onset of CHF, Hepatitis B reactivation, neu-
rological reactions, and pancytopenia or ane-
mia. Other possible issues with the TNF
inhibitors include:

e Primary non-response in
25-50% of patients

e Loss of response in some patients

e Incomplete pain relief despite an indicated
decrease in inflammation

e Incomplete clinical response

e High cost

approximately

IL-1 Inhibition

The interleukin-1 (IL-1) family is a group of
pro-inflammatory cytokines involved in the
pathogenesis of many inflammatory diseases.
Thus, the IL-1 family represents a potential
therapeutic target. There are three forms of IL-1
that are known to exist: IL-la, IL-1f, and
IL-1Ra. IL-1 receptor antagonist (IL-1Ra) is a
natural antagonist for IL-1 and can be produced
synthetically to be used as a therapy. One of
these is anakinra (Kineret®) which is a recom-
binant IL-1 receptor antagonist that competi-
tively inhibits IL-1, specifically IL-lo and
IL-1B, and is used for the treatment of RA in
patients who have failed one or more disease
modifying antirheumatic drugs (DMARD:s). It
is also approved for the treatment of Neonatal
Onset Multisystem Inflammatory Disease
(NOMID), a type of Cryopyrin Associated
Periodic Syndromes (CAPS). RA patients who
take anakinra experience a delayed progression
of their physical symptoms, and those with
NOMID experience improvement in symptoms
and reduction in SAA and CRP levels.

Like TNF-a, IL-1p is an endogenous pyrogen
and is mainly released by monocytes and macro-
phages, but also NK cells, dendritic cells, and epi-
thelial cells early in the immune response.
As mentioned earlier, the release of IL-1 and other
endogenous pyrogens stimulates the release of
APPs from the liver and acts on the hypothalamus
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to induce fever. It can also act as as a chemoattrac-
tant for granulocytes, and in mast cells it can induce
histamine release, contributing to inflammation at
the site of inflammation.

Some biologics have been designed to target
IL-1 itself. Rilonacept (Arcalyst®) is a dimeric
fusion protein that binds to and inhibits the
actions of IL-1f and is approved for the treatment
of CAPS, a group of rare, inherited auto-
inflammatory diseases in which IL-1p is overpro-
duced. IL-1p is a highly pro-inflammatory
member of the IL-1 family. Rilonacept decreases
the severity of symptoms associated with CAPS,
and the levels of Serum Amyloid A (SAA) and
C-Reactive Protein (CRP) which are indicators of
inflammation that are generally elevated in
patients with CAPS. Canakinumab (Ilaris®) is
another IL-1f inhibitor and is used to treat
Systemic Juvenile Idiopathic Arthritis (SJIA),
and a number of Periodic Fever Syndromes.
Periodic Fever Syndrome is a group of auto-
inflammatory diseases characterized by cyclical
fevers, which includes CAPS. Canakinumab is a
human monoclonal IL-1p antibody that binds to
and neutralizes IL-1p, which is overproduced in
Periodic Fever Syndromes and SJIA. It also
decreases CRP and SAA levels and improves
symptoms of both of these conditions. In addition
to increased risk of infection, the IL-1 inhibitors
seem to be generally well-tolerated with the most
common adverse effect being injection site
reaction.

IL-6 Inhibition

As with TNF and IL-1, IL-6 is also an endoge-
nous pyrogen and a pleiotropic cytokine with
roles that can include both pro- and anti-
inflammatory. As a pyrogen it acts on the nervous
system to induce fever, as well as the liver to
release acute phase proteins. Because IL-6 which
is released by T cells and macrophages in
response to infection and trauma also plays an
important role in inflammation, studies have
demonstrated that anti-IL-6 treatments, particularly
in RA, are also efficacious. IL-6 transmits its
pro-inflammatory signal through a soluble IL-6
receptor and a transmembrane protein called
gp130 (CD130) which is ubiquitously expressed

in all cells. When IL-6 binds to its receptor,
gpl30 dimerizes, leading to activation of JAK
family kinases. This is known as trans signaling.
These kinases will phosphorylate and activate
STAT transcription factors, leading to the tran-
scription of several more cytokines. This can lead
to recruitment of monocytes to the site of inflam-
mation, increased adhesion molecule expression
on endothelial cells, as well as promotion of Ty 17
cells. The anti-inflammatory effects of IL-6 tend
to occur through classical signaling at the IL-6
receptor, which is only expressed on macro-
phages, neutrophils, hepatocytes, and some
T-lymphocytes. It is thought that this type of sig-
naling inhibits endothelial cell apoptosis and pro-
motes intestinal epithelial cell proliferation.

Tocilizumab (Actemra®) is a humanized
anti-IL-6 monoclonal antibody that exerts its
effects via inhibition of the IL-6 receptor
(Fig. 2.9), which can be both membrane-bound
and soluble. Tocilizumab is currently used for the
treatment of severe RA.

Sarilumab (Kevzara®) is a recently approved
human monoclonal antibody targeting the IL-6
receptor. Like tocilizumab, sarilumab was also
approved for treatment of RA.

Siltuximab (Sylvant®) is a chimeric mono-
clonal antibody that binds to IL-6 itself (Fig. 2.9)
and is currently approved for the treatment of
Multicentric Castleman’s disease, a rare group of
lymphoproliferative disorders characterized by
excessive release of proinflammatory cytokines
including IL-6. Siltuximab has shown some abil-
ity to promote tumor cell apoptosis and may be
recommended as a cancer treatment.

The main adverse effects associated with the
IL-6 inhibitors include increased risk of infec-
tion, increase in liver enzymes, neutropenia,
infusion-related reactions, and perforation in the
stomach or intestines. Several other IL-6 inhibi-
tors, including olokizumab, and clazakizumab
are currently undergoing clinical trials for RA
and renal transplant rejection, respectively.

IL-12/IL-23 Inhibition

IL-12 is a heterodimeric cytokine known as p70
(made up of p35 and p40 subunits) produced
mainly by antigen presenting cells, (B cells,
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Fig. 2.9 Mechanisms of action of IL-6 and IL-12/23 monoclonal antibodies. (a) While tocilizumab binds to IL-6
receptor, siltuximab is able to bind to circulating IL-6. Both prevent IL-6 from binding to its receptor, thereby suppress-
ing its anti-inflammatory effect. (b) Ustekinumab binds to the p40 subunit found on both IL-12 and IL-23, preventing

both from binding to their receptors

macrophages, and dendritic cells) usually in
response to TLR recognition of intracellular
pathogens. While IL-12 may induce production
of other cytokines, including IFN-y and TNF-a
from NK cells and T cells, it can also act to
enhance the activity of these cells as well as act
as a growth factor. Early in infection, IL-12 aids
in activating phagocytes. Later in the immune
response, IL-12 acts to bridge the innate response
to the antigen-specific adaptive response, specifi-
cally enhancing the cytotoxic activities of NK
and CD8 T cells. To promote adaptive immunity,
IL-12 induces IFN-y in favor of Ty1 cell differen-
tiation as well as cytotoxic T cell generation.
IL-12 is also thought to be anti-angiogenic in that
it upregulates the chemokine CXCL10 which
inhibits new blood vessel formation in tumors.
Because it activates CD8 T cells, it may also
enhance CD8 T cell-induced apoptosis of certain
tumor cells. Thus, IL-12 may have an important
anticancer role. A related cytokine, IL-23 is simi-
lar to IL-12 in that it also uses the IL-12 p40 sub-
unit in its signaling. Like IL-12, IL-23 also
induces IFN-y and activates T cells. IL-23 may
also act to enhance IL-10 release and synthesis of
IL-17.

Ustekinumab (Stelara®) is an anti-IL-12
monoclonal antibody approved for the treatment
of psoriatic arthritis. Ustekinumab is a human
antibody which binds to the p40 subunit of cyto-
kines IL-12 and IL-23, preventing them from

binding to their receptors (Fig. 2.9). The most
common adverse effects include injection site
reactions, cold symptoms, headache, fatigue,
skin rash, and itching.

Type | Interferons

Interferons (IFN) play a role in antiviral immu-
nity. For example, once a cell is infected with a
virus, it begins releasing IFNs-a and -f. Since
viruses are intracellular pathogens, they are rec-
ognized by several different internalized pattern
recognition receptors (PRRs) including TLR9
which recognizes viral DNA, as well as TLR3, 7,
and 8 which recognize various types of viral
RNA. Activation of these receptors with their
viral ligands initiates a downstream signaling
cascade that results in the transcription of type I
IFN genes. IFNs-a and -f released by the infected
cell bind to IFN receptor on infected and nearby
uninfected cells, resulting in JAK-STAT signal-
ing. STATs will then activate transcription of sev-
eral genes that inhibit viral replication including
endoribonucleases that degrade viral RNA, as
well as other proteins which inhibit viral replica-
tion. Additionally, type I IFNs increase the cel-
lular immune response to infection, promote
synthesis of MHC I at the cell surface so viral
peptides can be presented to CD8 T cells, and
activate NK cells to kill virus-infected cells.
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Two IFN-a drugs include peginterferon
alfa-2a (Pegasys®) and peginterferon alfa-2b
(PegIntron®), both of which have been used in
the treatment of Hepatitis C in combination with
ribavirin. Depending on the HCV genotype, the
patient sustained virologic response (SVR) rate is
somewhere between 50 and 80%. Due to the
development of newer Hepatitis C drugs such as
sofosbuvir and ledipasvir which offer a much
higher SVR rate of 96-98%, the use of the IFN
drugs has declined. Both drugs have a 40 kDa
polyethylene glycol chain added to increase their
half-lives, making them long-acting. The dose of
pegylated interferon alfa-2a is the same for all
patients, regardless of weight or size, while the

dosing of pegylated interferon alfa-2b is based on
an individual’s weight.

Common adverse effects of interferon drugs
include flu-like symptoms, depression or other
neurological-related symptoms, or irritability.
Many Hepatitis C patients on a ribavirin/inter-
feron combination complain of a side effect they
call “Riba Rage.” This depression, changes in
mood or irritability is not a result of the ribavirin,
but of the interferon.

Lastly, IFN-beta (Avonex®) is used mainly in
Multiple Sclerosis to improve the integrity of the
blood brain barrier. Like the interferon-o drugs,
many patients also experience flu-like symptoms
as an adverse effect of this drug.

using infliximab.

From Bench to Bedside: Discovery of TNF Inhibitors

Initially, TNF inhibitors were developed for the treatment of Rheumatoid Arthritis (RA). Sir
Marc Feldman, an Australian immunologist published his hypothesis in 1983 on the role of pro-
inflammatory cytokines in the mechanism of autoimmune diseases. In 1984, a collaboration
with Ravinder Maini at the Kennedy Institute of Rheumatology highlighted RA in particular,
finding that impacted joints contained more pro-inflammatory cytokines than normal joints, in
particular TNF-a. In vitro studies demonstrated that blocking TNF-a could indeed reduce its
levels. Subsequent studies of TNF blockade would be done in patients who had failed current
RA treatments. The first of these trials took place in 1992 at Charing Cross Hospital in London,

In 1993, RA patients began taking the fusion inhibitor etanercept as part of a Phase I study.
In 1998, etanercept became the first TNF inhibitor to be approved by the FDA for moderate to
severe RA. It subsequently received FDA approval for juvenile rheumatoid arthritis, psoriatic
arthritis, plaque psoriasis and ankylosing spondylitis. Clinical trials using TNF inhibitors were
able to show that inhibiting a single cytokine is enough to inhibit and gain control of the immune
activation that leads to inflammatory symptoms in certain disease states. Subsequently, inflix-
imab was approved by the FDA in 1998 for the treatment of Crohn’s disease, particularly in
patients where conventional therapies had failed, as well as RA. Several years later, adalim-
umab, the third TNF inhibitor, and first fully-human monoclonal antibody against TNF for RA
was approved in 2002. It was branded Humira® (Human monoclonal antibody in RA). Two
more TNF inhibitors were to follow. Certolizumab pegol was first approved in 2008 and is a
recombinant humanized Fab fragment specific for TNF which was conjugated with a PEG mol-
ecule to enhance its half-life and bioavailability. One year later, golimumab (Simponi®) was
approved for the treatment of severe RA, active psoriatic arthritis, and active ankylosing spon-
dylitis. While golimumab may seem like another “me too” drug, it was prepared uniquely using
transgenic mice with the human immunoglobulin locus. Among all of the TNF inhibitors, goli-
mumab has the highest affinity for TNF, and lacks some of the immunogenicity of infliximab
because, like adalimumab, it lacks mouse antibody fragments.




64

2 Modulation of the Innate Immune System

Certain biosimilars have also recently been gaining approval by the FDA. Etanercept-szzs
(Erelzi®) was approved in 2016 and, like etanercept, is indicated for the treatment of RA,
polyarticular juvenile idiopathic arthritis (JIA), psoriatic arthritis, and ankylosing spondyli-
tis. Adalimumab-atto (Amjevita®) was also approved in 2016 for the treatment of seven
inflammatory diseases, including plaque psoriasis, Crohn’s, and moderate-to-severe RA.
Infliximab-dyyb (Inflectra®) is yet another biosimilar approved in 2016 for Crohn’s disease,
RA, and several other inflammatory diseases. Due to patent litigation with the parent drugs
and their manufacturers, only a couple of these biosimilars have launched onto the US mar-
ket. Several more are already available on the European market.

For their work on TNF blockade and important contribution to the treatment of inflammatory
disease, both Feldman and Maini received several awards including the Crafoord Prize, the
Albert Lasker Award for Clinical Medical Research, and the Ernst Schering Prize, among

others.

Summary

The primary purpose of the innate immune sys-
tem is to mount an initial response to infection.
Cells of the innate immune system are pro-
grammed to destroy invading pathogenic organ-
isms, and thus, most routine infections are rapidly
terminated by the innate immune response. In
addition, innate immune cells also alert cells of
the adaptive immune system to the presence of
infection, initiating the development of adaptive
immunity. During the initial response, and while
the adaptive response is mounting, innate immune
cells recognize nonspecific bacterial, viral, and
fungal molecular patterns using Toll-like recep-
tors (TLRs). When pattern recognition receptors
such as the TLRs are bound to microbial prod-
ucts, they initiate downstream signaling path-
ways that activate transcription factors that result
in production of pro-inflammatory cytokines and
chemokines. These mediators recruit leukocytes
to the sites of infection to phagocytose pathogens
and Kkill pathogen-infected cells. Leukocyte
recruitment is mediated by selectins and adhe-
sion molecules expressed on both the leukocyte
and the endothelial surface of blood vessels. This
results in the slowing down of leukocytes and
their exit from blood vessels into tissues.

Natalizumab and vedolizumab are integrin inhib-
itors which prevent the inappropriate recruitment
of leukocytes into tissues in certain inflammatory
diseases. The development of inflammation dur-
ing immune-mediated diseases may be targeted
by inhibiting specific cytokines that contribute to
the pathology of the disease. There are several
TNF inhibitors that are used in the treatment of
several inflammatory diseases in which TNF-a
plays a role in the disease pathophysiology. Most
of these are monoclonal antibodies, with the
exception of etanercept, which is a fusion pro-
tein, and certolizumab pegol, which is a pegylated
humanized anti-TNF Fab fragment. These drugs
must be injected either subcutaneously or intra-
venously due to their biological properties.
Because TNF inhibitors are immunosuppressive,
they are associated with an increased risk of
infection. Monoclonal antibodies may also be
used to inhibit the deleterious effects of I1L-1, IL-
6, and IL-12 either by binding directly to the
cytokine, or acting as a competitive inhibitor by
binding to the receptor. Lastly, while IFN-a ther-
apies have been used in the treatment of hepatitis
to promote antiviral immunity, they are being
used less often with the advent of newer hepatitis
antivirals with higher response rates. IFN-f is
still used for relapsing multiple sclerosis and is
discussed in Chap. 7.
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Practice Questions

1. The increased metabolic rate of cells in an

injured area can speed up healing if the
is increased.

(a) heat

(b) pain

(c) vasodilation

(d) swelling

. Which of the following correctly describes

the structure of infliximab?

(a) Itis a fully human antibody

(b) Itis a chimeric human/mouse antibody

(c) Itis a humanized antibody

(d) Itis a fusion protein

. Which of the following conditions can be

treated with etanercept?

(a) Lupus

(b) C. diff colitis

(¢) Rheumatoid arthritis

(d) Crohn’s disease

. Which of these is a fully human anti-TNF-o

monoclonal antibody?

(a) Golimumab

(b) Etanercept

(c) Certolizumab

(d) Infliximab

. Patient MF is about to be put on infliximab

for his psoriatic arthritis. Knowing the mech-

anism of action of this drug, what should be

done prior to beginning this therapy?

(a) MF should learn how to inject himself
with this drug at home.

(b) MF should be tested for latent TB
infection.

(c) MF should have a total WBC count
done.

(d) MF should be tested for Type I hyper-
sensitivity for this drug.

. Which of the following is true concerning

ustekinumab?

(a) It binds to the IL-6 receptor

(b) It binds to both IL-12
receptors.

(¢) Itis a biosimilar for adalimumab.

(d) Itis an IL-1 receptor antagonist.

. Interferon-beta is used for which of the fol-

lowing conditions?

and IL-23

10.

11.

12.

(a) Crohn’s disease

(b) Chronic granulomatous disease
(c) Hepatitis C

(d) Multiple Sclerosis

. Which of the following statements is true

concerning Type I interferons?

(a) They signal to CD4 T lymphocytes for
perforin-mediated killing of the virally-
infected cell

(b) They signal through Toll-like receptors
to activate downstream transcription of
genes for cell death

(c) They signal directly to the adaptive
immune response for antigen presenta-
tion and clonal expansion

(d) They signal through the JAK/STAT
pathway to activate transcription of
genes that inhibit viral replication

Which of these inhibits IL-6 by binding to its

receptor?

(a) Siltuximab

(b) Ustekinumab

(c) Rilonacept

(d) Tocilizumab

Which of the following describes the mecha-

nism of action of vedolizumab?

(a) Anti-IL-12 monoclonal antibody

(b) Inhibitor of ayf}; integrin

(c) Inhibitor of IL-6 receptor

(d) IL-1 receptor antagonist

Which of the following cytokines are

released by virally-infected host cells to acti-

vate NK cells to aid in killing virally-infected
cells? (Select all that apply)

(a) IFN-a

(b) IFN-p

(c) IL-8

(d) IL-12

Which of the following TNF inhibitors does

not contain an Fc region and also contains a

pegol group?

(a) Remicade®

(b) Simponi®

(¢) Humira®

(d) Cimzia®
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