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In Focus

The Immune System,
Our Personal Bodyguard

The central role of the

human immune system

The complexity of our immune sys-
tem evolved over millions of years
to minimize the threat by pathogens
and neoplasms. Although we nor-
mally are not aware of its subtle
functions as long as we enjoy our
health, an early inflammatory reac-
tion clearly denotes the beginning
of the fight of our immune cells
against invaders, such as viruses,
bacteria, fungi, and even parasites.
Close collaboration between innate
and specific immunity ensures the
elimination of the infectious agent
by cellular and/or humoral immune
responses. In some instances, long-
lived immunity is generated. The
aim of the present article is to briefly
outline important mechanisms of
immune reactions against infectious
microorganisms. The molecular de-
tails of these interactions are beyond
the scope of this article, but they can
easily be found in the reviews cited.

Structural organization of the
human immune system

Whereas innate immune responses
are immediately available on contact
with pathogens, the activation of
specific immunity takes longer. The
T and B cells, with their highly di-
verse antigen receptors, play a cen-
tral role in this activation.

All immune cells originate from he-
matopoietic stem cells in the bone
marrow. Under the influence of nu-
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merous cytokines and growth fac-
tors, the so-called pluripotent stem
cells differentiate in a multistep pro-
cess into several types of granulo-
cytes (i.e., neutrophils, eosinophils,
and basophils), each of which has
specialized functions;
(which differentiate to the tissue
macrophages when settling in dif-

monocytes

ferent organs); natural killer (NK)
cells; and B and T cells.

The lymph nodes are localized as a
large network throughout the hu-
man body to sample antigens from
the tissues via the lymph vessels.
Lymph nodes are usually the site of
sensitization of T cells by antigen-
presenting cells (APCs). The muco-
sa-associated  lymphoid tissue
(MALT) includes the Peyer’s patches
along the gastrointestinal tract, the
tonsils, and the nasal- and bronchus-
associated lymphoid tissue. All of
these tissues form highly organized
structures supporting the interaction
of antigens with the few available
antigen-specific lymphocytes circu-
lating in the blood or the lymph.
The MALT is essential as a protec-
tive barrier at the highly vulnerable
mucosal surfaces."”

Innate immunity:

a powerful first-line defense

The first defense against infectious
agents starts when the invader is rec-
ognized by phagocytes that nonspe-
cifically engulf and digest patho-
gens. Even this most primitive
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defense function is a highly com-
plex cellular process.*” Two differ-
ent types of phagocytosis exist: the
removal of pathogens and the elimi-
nation of apoptotic tissue cells
(apoptosis means programmed cell
death). The former causes an inflam-
matory alarm response, whereas the
latter (which is, for example, neces-
sary during embyrogenesis) prevents
inflammation. Moreover, phagocy-
tosis bridges innate and adaptive
immunity, through antigen presen-
tation.

The engulfment of pathogens by
neutrophils and macrophages dis-
criminates between diverse particles
through an array of receptors ex-
pressed on their surface. Among
these receptors are several for com-
plement proteins, combinations of
scavenger receptors, and numerous
integrins, described extensively by
Stuart and Ezekowitz in 2008.
Most of these receptors are able to
recognize both pathogens and al-
tered-self ligands, such as apoptotic
cells.

After receptor ligation by the parti-
cle, a “phagosome” is formed within
the phagocyte. This phagosome then
fuses with a lysosome, generating
the “phagolysosome.” In the latter,
the final destruction of pathogens
occurs by an arsenal of degrading
enzymes, oxygen radicals, bacteri-
cides, etc. Proteomic analysis has re-
vealed that phagosomes contain
more than 600 different types of



proteins. A key role of phagolyso-
somes is to provide, by only partial
degradation, the antigenic ligands
for the stimulation of the T and B
cells (which are further described
later in the article).

Role of toll-like receptors in

antimicrobial immunity

The family of receptors called toll-

like receptors (TLRs) is essential for

the discrimination between self and
nonself structures, a central require-
ment for the immune system. This
topic was extensively reviewed by

Akira and Takeda® and Iwasaki and

Medzhitov.”

The TLRs sense microbial infections

as a “general danger” to the body,

recognizing conserved molecular
structures unique to the microbial
world and widely invariant among
the single classes of pathogens. Each
of these pathogen-associated mo-
lecular patterns (PAMPs) is detected

by a different TLR subtype (e.g.,

TLR4 recognizes lipopolysaccha-

rides). The PAMPs are among the

strongest stimuli for immune cells.

The signal transduction pathways

that TLRs activate in different im-

mune cell subtypes result in a multi-

tude of antimicrobial and inflamma-
tory responses, which usually lead
to the elimination of the pathogen.

The TLRs also do the following:

1. help recruit cells to infected
sites by triggering the release of
chemotactic mediators (chemo-
kines)

2. help make functionally mature
APCs

3. contribute to antiviral immu-
nity®

Therefore, PAMPs very efficiently

link innate and adaptive immune

mechanisms, thus potentiating de-
fense efficacy.
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The neutrophil:

a prototypic cell type of anti-
bacterial defense

Neutrophil granulocytes are the
most abundant cells of the immune
system. Beyond being pure “eaters
and killers,” they are recognized as
major contributors to the overall
regulation of immune responses.
Neutrophils also contribute to the
recruitment, activation, and pro-
gramming of APCs by producing an
array of cytokines, chemokines, lipid
mediators, and, last but definitely
not least, an arsenal of cytolytic
agents for killing ingested patho-
gens, as described by Nathan.’
Among the latter are bactericidal
peptides (defensins), oxygen radicals
produced by myeloperoxidase, and
others. Lactoferrin, or lipocalin, can
slow down bacterial growth by de-
pleting iron at the site of infection.
In addition, neutrophils secrete fac-
tors that assist B-cell maturation and
proliferation and can also function
as prominent suppressors of T-cell
function (e.g., by secreting prosta-
glandins).

The role of complement
proteins in immunity

The complement system deserves at-
tention in that this proteolytic ma-
chinery, resembling in its cascade-
like mode of action the coagulation
cascade, effectively interlinks innate
and specific immune mechanisms.
First described as a heat-sensitive
factor in fresh serum that is able to
“complement” the effects of specific
antibodies in the lysis of bacteria,
the complement system now repre-
sents a system of more than 30 se-
rum proteins and cell surface recep-
tors. An excellent review on
complement concerning numerous
immunoregulatory roles beyond the
killing of bacteria has been pub-
lished by Carroll."
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Messaging between cells of the
innate immune system

To accomplish the antibacterial de-
fense during innate immune reac-
tions, the phagocytosis of microbial
pathogens is accompanied by the re-
lease of several messenger molecules,
such as arachidonic acid metabolites
(prostaglandins and leukotrienes),
chemokines, cytokines, and proteas-
es. Only a fine-tuned release of these
hundreds of mediators coordinates
the activities of different immune
cells sufficiently to successfully clear
the tissues of almost all infectious
microorganisms before they can cre-
ate problems.

Initiation of an antigen-specific
immune response against
infection

In many cases, the first line of de-
fense established by the phagocytes
is not enough, especially when mi-
crobial and viral pathogens evolved
to exhibit sophisticated survival
strategies. In such cases, antigen-
specific immune responses are initi-
ated. Even these begin with phago-
cytosis, although, as reviewed
recently by Finlay and McFadden,"!
some pathogens may resist phagocy-
tosis and others interfere with anti-
gen presentation. Those pathogens
that resist digestion and multiply
within the phagocytes constitute a
tremendous threat to the body (e.g.,
mycobacteria and parasitic helminth
worms). Despite their subversive ac-
tivities, these pathogens can be de-
stroyed by more specific cellular im-
There is
cytotoxicity

mune  mechanisms.
antibody-dependent
and enforced cellular immunity; the
latter results in a profound activa-
tion of macrophages, boosting them
to destroy even microorganisms as
resistant as mycobacteria. Such re-
enforcement usually involves the
cells from the antigen-specific part
of the immune system, the T and B
cells.
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Bacteria display a wide diversity of
shapes and sizes. Here: Salmonella
typhimurium (red) invading cultured
human cells.

T and B lymphocytes are
responsible for generating
antigen-specific immune
responses

True antigen specificity resides in
the T and B lymphocytes, which are
able to recognize antigens through
highly specific membrane-bound
receptors. Each cell has peculiar re-
ceptors that recognize only one an-
tigen. Yet, hypothetically, all B and
T lymphocytes together are able to
respond to virtually any antigen in
the world. The antigen size may
range from small chemical structures
to highly complex molecules. The
receptors of both cell types recog-
nize only a small part of large anti-
gens, referred to as the epitope.
Complex antigens usually consist of
more than one epitope. This tremen-
dous variability in T- and B-cell
specificities is achieved by DNA re-
arrangement.'>"?

Antigens are internalized and pro-
cessed to smaller fragments, which
are then presented at the surface of
APCs to “naive” T cells, teaching
the latter about the current antigen
load. Compared with T cells, B cells
do respond to nondigested epitopes.
The surface structures to which the
antigens or the fragments are at-
tached are the proteins of the major
histocompatibility complex (MHC),
of which 2 classes are highly impor-
tant for immune and tissue cells:
class I (MHC-I) and class IT (MHC-
11).

Antigen presentation by MHCs
Recognition of antigens in the bind-
ing grooves of MHC molecules by
specific T-cell receptors (TCRs) is
the central event to T-cell activation.
MHC-I, found on all cells of the hu-
man body, was originally described
as transplantation antigen(s), being
the cause for organ rejection. The
natural function of MHC-I is to
sample antigens from within the
cells (e.g., during infection [viruses
or intracellular bacteria] or tumori-
genesis).'* The recognition of anti-
gens presented by MHC-I molecules
leads to the activation of cytotoxic T
cells (CTLs) bearing the CD8 sur-
face marker (CD8+ CTLs).

The MHC-II proteins are found ex-
clusively on cells of the immune sys-
tem (e.g., macrophages, B cells, and
dendritic cells [DCs]). The DCs are
recognized as the most efficient
APCs to stimulate naive T cells. The
DCs seem to decide which type of
T-cell response is induced by differ-
ent antigens (Reis e Sousa and
Shortman and Naik'® provide re-
views). In contrast to MHC-I mole-
cules, MHC-II molecules sample
antigens from the extracellular space
to activate CD4-positive (CD4+) T-
helper (Th) cells.

Effector/inflammatory CD4+
Th cells and cytotoxic CD8 T
cells

Viruses are crucial pathogens be-
cause they hide and multiply inside
susceptible tissue cells. Antibodies
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neutralize viruses only outside cells
(i.e., before they enter target cells or
when they are released by these cells

after replication). The elimination of
virus-infected host cells is, therefore,
a real challenge for the immune sys-
tem.

Evolution enabled infectious patho-
gens (i.e., viruses, bacteria, and para-
sites) to develop improved strategies
to override the immune defense,
which, in turn, improved its effector
mechanisms to destroy even these
pathogens. This is the reason why
we have specialized populations of
T cells, such as CTLs and various Th
cells.

Basically, CD4+ T-cell activation is
initiated by the interaction of the
antigen receptor (TCR) with anti-
gen/MHC-II complexes on APC
Antigen/MHC-II
plexes trigger a complex concert of

surfaces. com-
intracellular signals, activating a
whole series of genes that control
the proliferation, differentiation, and
effector functions of T cells. Anti-
gen-specific T-cell activation is initi-
ated only when these signals are
strong enough.'”” When a T cell is
activated, it proliferates to give a
clone, with each clone cell having
the same TCR specificity as the par-
ent cell. Notably, proliferation needs
several growth factors (e.g., the very
well-known interleukin [IL] 2). IL-2
is the prototype of a T-cell growth
factor and acts to promote prolifera-
tion and differentiation of antigen-

activated T cells.'®!”
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A macrophage forming two processes
to phagocytize two smaller particles.

CD4+ T cells activate cellular
immunity

A core function of CD4+ T cells in
antibacterial defense is the re-en-
forcement of tissue macrophages to
better kill intracellular parasites and
bacteria that otherwise may survive
phagocytosis and use these cells as
incubators. Macrophage activation
by T cells is essential to cellular im-
munity against pathogens, such as
leishmania and mycobacteria. This
activation of macrophages depends
on cytokines from activated CD4
Th cells, most importantly interfer-
on (IFN) v, which is also provided
by NK cells. Other cytokines sup-
porting cell-mediated immunity are
mediators, such as IL-12 and IL-18,
which are produced by activated
APCs in a positive feedback loop.
Macrophages activated in this man-
ner express a higher ability to pres-
ent antigens, provide stronger co-
stimulation, and secrete more
activating cytokines (e.g., IL-1, IL-6,
and IL-10) or tumor necrosis factor
o.. Moreover, the CD4+ T lympho-
cytes are important helper cells for
antiviral CTLs. CD4+ T cells are
not only crucial for macrophage ac-
tivation but also provide help to B
cells by secreting growth factors fa-
voring antibody production.

Cytotoxic CD8+ T cells and
NK cells kill virus-infected and
tumor cells

Virus-specific CD8+ CTLs are the
major effector cells for eliminating
established viral infections. NK cells
also lyse virus-infected cells and tu-
mor cells. Therefore, both cell types
are often summarized as cytotoxic
lymphocytes. It seems that both cell
types share common mechanisms
for antiviral and antitumor de-
fense.**** For example, both cell
types secrete the cytotoxic protein
perforin, along with granzymes. To-
gether, they kill infected cells and
tumor cells on cell-to-cell contact.
This is a thoroughly controlled pro-
cess to kill only the diseased target
cell (not healthy neighbor cells).
The most important difference be-
tween the CTL and NK cells is that
NK cells do not have a TCR; NK
cells recognize virally infected cells
by their ability to recognize and lyse
virally infected cells by other recep-
tors showing a more general speci-
ficity for pathogen-induced changes
in tissue cells (e.g., intracellular in-
fection or neoplasia). Other NK cell
receptors possess inhibitory activity,
enabling a close control of cell kill-
ing.”

The major advantage that NK cells
have over antigen-specific CD8+ T
cells is that they kill target cells
without the need for clonal expan-
sion (i.e, without a “lag” phase).
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Therefore, NK cells effectively limit
the early spread of infection.

CD8+ CTLs recognize antigens by
their TCR in association with MHC-
I molecules. In addition, similar to
CD4+ T cells, CD8+ T cells need
clonal expansion to establish full ef-
fector functions.

Role of IFN synthesis in
antiviral immunity

In addition to cell contact-depen-
dent killing mechanisms, soluble
mediators released during viral in-
fection of cells directly stimulate the
production of IFNSs, of which type 1
IFNs (o and f3) possess the strongest
direct antiviral activity. Type 1 IFNs
are produced by many cell types and
cause an “antiviral state” in the in-
fected cells; this state is character-
ized by inhibition of viral replica-
tion and cell proliferation. Type 1
IFNs also enhance NK cell activity
to lyse target cells and improve anti-
gen presentation in APCs.

Multiple ways to control T-cell
activation

T-cell responses do not only con-
sume lots of energy by clonal ex-
pansion but are also highly power-
ful when it comes to destroying
tissue cells. Taken together, the costs
of false alarms are high; therefore,
such a process needs to be controlled
strictly.
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The elimination of viruses is a real
challenge for the immune system.

The ability of T cells to become ac-
tivated primarily depends on the
signal strength received by the TCR;
therefore, only those T cells show-
ing the best binding fit to the anti-
gen will become fully activated. An-
other potent means to effectively
control T-cell activation is by “co-
stimulation.” This is accomplished
by a series of costimulating counter-
receptors on the APC surface bind-
ing to ligands on T cells. These add
positively and negatively to the reg-
ulation of the proliferation and dif-
ferentiation of a given T-cell clone.
One of the best characterized co-
stimulation signals is induced by the
CD28/CD80 receptor pair.**

Finally, much progress has been
made to characterize the functional
diversity of T cells, leading to the
current description of subpopula-
tions such as the Th cells (Th1, Th2,
and Th3) and the regulatory T cells
(which have been extensively re-
viewed by Kalinski and Moser* and
Belkaid*). Briefly, each of these
subtypes of T cells expresses its own
spectrum of activities and soluble
mediators that it secretes. The Thl
cells are involved in cell-mediated
immunity, the Th2 cells support an-
tibody production and participate in
the induction of hypersensitivity,
and the Th3 and Treg cells can gen-
erally be seen as the protectors
(‘down-regulators”) against reac-
tions that are too strong, outdated,
or undesired. Interestingly, the deci-

sion as to which type of T cell is
generated is probably met largely by
DCs, which are able to polarize
nondifferentiated T cells toward
these functional subtypes. This con-
cept is a subject of continuing de-
bate.”

Humoral immunity: the genera-
tion of antibodies

B cells are the only cells that pro-
duce antibodies (immunoglobulins).
As with T cells, each B cell is spe-
cific for a particular epitope on an
antigen (e.g., protein or carbohy-
drate). Antigens are specifically rec-
ognized by surface-anchored anti-
bodies on these cells. By this B-cell
receptor, antigens can be internal-
ized. They are then broken down
into fragments and displayed at the
B-cell surface together with MHC-
II to CD4+ Th cells, which subse-
quently trigger the activation of the
presenting B cell. Activated B cells
develop into plasma cells, producing
huge amounts of antibodies of the
same specificity as the B-cell recep-
tor on their surface originally en-
coded. In the further course of the
immune response, the interaction
with T cells causes the B cells to
switch their production from immu-
noglobulin M (IgM), which is al-
ways the first to be secreted, to the
more versatile IgG.
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Effector functions of different
antibody classes

In humans, 5 different classes of im-
munoglobulins, called isotypes, are
known (i.e., IgM, 1gG, IgA, IgE, and
IgD). These immunoglobulins all
have different structures and activi-
ties. On primary activation, B cells
first always synthesize IgM, peaking
about 7 to 10 days after initial ex-
posure. Because of its pentameric
structure, representing 10 binding
sites for antigen per IgM, IgM is
particularly potent for agglutinating
antigens, enhancing phagocytosis,
and activating complement.

At some point during B-cell activa-
tion, these lymphocytes can switch
from IgM to a different class of anti-
bodies. The most prominent of these
antibodies is IgG. Its capacity to
“coat” bacteria to improve phagocy-
tosis is called opsonization. IgG also
neutralizes microbial toxins, blocks
viral adherence to target cells, acti-
vates complement, and is the main
antibody found on repeated antigen
contact.

IgA, on the other hand, is the anti-
body found primarily in mucus, co-
lostrum, and milk. It protects against
respiratory and gastrointestinal tract
infectious agents.

Finally, IgE is produced in response
to parasites and is also a characteris-
tic mediator of type 1 allergy. In
both of these instances, IgE collabo-
rates closely with Th2 cells to shape
this particular type of immune re-
sponse.”’
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Antibodies usually neutralize viruses
through binding to their surface,
blocking the virus from entering the
host cell. In addition, some viral in-
fections lead to the expression of
viral proteins on the surface of in-
fected cells. These may bind virus-
specific antibodies, leading to com-
plement-mediated lysis, or activate a
subset of NK cells to lyse infected
cells through antibody-dependent
cellular cytotoxicity.

Immune cell memory

Adaptive immune responses lead to
a state of long-lived immunity,
which is established by the genera-
tion of memory cells in the T- and
B-cell lineage, exhibiting the same
antigen specificity as their parent
cells. By contrast, innate defense
does not create memory. The advan-
tage of memory cells is that they can
be activated upon any repeated con-
tact with their specific antigen much
more rapidly than on first contact,
which helps to keep reinfection
down efficiently.

Intercellular communication
during infection

The communication between differ-
ent immune cells to establish a well-
coordinated response during antimi-
crobial defense, as previously
described, would be impossible
without the help of the vast array of
soluble mediators that evolution
elaborated to fine-tune immune re-
sponses. They comprise a large num-
ber of chemokines, cytokines, and
growth factors; there are also whole
series of lipid-derived mediators,
proteases, antiproteases, coagulation
cascade-derived mediators, Kkinins,
and even neurotransmitters. All of
these bind to receptors on the cells
of the immune system and modify
their reactions in a highly controlled
manner. Most of these mediators

form positive- and negative-feed-
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back signaling loops that timely ad-
just the general type and the extent
of response to the current needs,
which in fact differ substantially be-
tween the different types and phases
of a defense reaction.

Concluding remarks
Immunological knowledge is grow-
ing fast. The recent discovery of the
TLRs and their functions and of
functionally different DC types, the
ever-growing list of lymphocyte
subpopulations displaying different
functions, and the enormous amount
of newly discovered mediators have
contributed tremendously to our
understanding of antimicrobial im-
munity. In addition, these discover-
ies are helping us understand the
switch from well-regulated immune
responses to detrimental conditions
such as chronic inflammation. Read-
ers are encouraged to consult one or
more of the articles cited herein,
which will provide a deeper guide
into the complex and highly fasci-
nating world of the immune system,
our personal bodyguard. |
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