
Introduction

Infectious diseases continue to impact human mor-
bidity and mortality. Every individual is vulnerable 
to microbial infections regardless of socioeconomic 
status, gender, age group or ethnic background. There 
has been an explosion of international air travel 
with an estimated 2 billion passengers travelling on 
commercial airlines every year. The rapid expansion 
of globalization and mass tourism has facilitated the 
spread of disease-causing pathogens from one conti-
nent to another at unprecedented rates. This has led 
to an alarming increase in the number of infectious 
diseases. According to the World Health Organiza-
tion, at least 40 new diseases have emerged over the 
past two decades, at a rate of one or more per year. 

An epidemic in one corner of the world may only 
be hours away from becoming an impending threat 
elsewhere as was dramatically demonstrated at the 
beginning of 2009. Viruses such as the pandemic 
(H1N1) 2009 influenza virus, often labeled as swine 
influenza virus, and recent H5N1 avian influenza 
viruses have the capacity to cause global outbreaks 
in which persons worldwide are at risk for infec-
tion and illness. The WHO declared that pandemic 
(H1N1) 2009 influenza virus had reached pandemic 
proportions in summer 2009 and in autumn, some 
Northern hemisphere countries such as the USA 
declared it as a national emergency. Unprecedented 
vaccination programs against pandemic (H1N1) 
2009 influenza virus were initiated in many EU coun-
tries and in North America. Historically, pandemic 
influenza viruses have caused millions of deaths; the 
1918 influenza alone caused over 40 million deaths, 
more than occurred during the whole First World 
War. The public health authorities were completely 
taken by surprise in 2003 when the sudden and 

unexpected multi-country outbreak of severe acute 
respiratory syndrome, SARS, occurred. The unfolding 
tragedy of AIDS, particularly in many developing 
nations, has been vividly highlighted by the scientific 
and public media. Tuberculosis, malaria and other 
infections that caused ravages in the nineteenth 
century are once again resurgent. Several infec-
tious agents, such as vector-borne West Nile virus in 
the USA, neurological variants of Creutzfeldt-Jakob 
disease in Europe, and resistant forms of bacteria 
in several countries have emerged as public health 
concerns over the past few years.

Antimicrobial drugs have been instrumental in 
saving the lives of millions of people worldwide. The 
effectiveness of many antibiotics is, however, being 
steadily eroded by the emergence of drug-resistant 
microorganisms [1]. This is evidenced by the adverse 
effects on the control and treatment of deadly dis-
eases caused by Mycobacterium tuberculosis and 
Plasmodium falciparum. Extensively drug-resistant 
(XDR) strains of Mycobacterium tuberculosis (MDR-
TB and XDR-TB) are raising new challenges in 
developing countries. The acute respiratory infec-
tions in children, mostly caused by Pneumococci and 
Haemophilus influenzae, are becoming more drug 
resistant. Over 90% of Staphylococcus aureus strains 
and about 40% of Pneumococci strains are resistant 
to penicillin, which was introduced in the 1940s. 
An increasing prevalence of methicillin-resistant 
Staphylococcus aureus (MRSA), multidrug-resistant 
(MDR) and pandrug-resistant (PDR) Escherichia coli, 
Klebsiella pneumoniae, and Pseudomonas aerugino­
sa is being encountered in the clinics; Salmonella 
typhi, Streptococcus pneumoniae, Enterococcus faeci­
um, and Shigella dysenteriae have been also reported 
as MDR. Each year, about 25 000 patients die in the 
EU from an infection with MDR bacteria, and these 
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This chapter concentrates on immunostimulatory 
agents capable of enhancing host defense mech-
anisms to provide protection against infections. 
Synonymous terms for immunomodulators include 
immunostimulants, immunoaugmentors, biologi-
cal response modifiers, or immunorestoratives. Their 
modes of action include augmentation of anti-infec-
tious immunity by the cells of the immune system, 
encompassing lymphocyte subsets, macrophages, 
dendritic cells and natural killer (NK) cells. Further 
mechanisms can involve induction or restoration of 
immune effector functions and tilting the balance 
towards cytokine pathways germane to protection. A 
diverse array of recombinant, synthetic, and natural 
immunomodulatory preparations for prophylaxis 
and treatment of various infections are available 
today [3–6]. A concise mind-map of some of the 
immunomodulators discussed in this chapter is 
summarized in Figure 1. 

bacteria are causing extra healthcare costs and 
productivity losses of at least EUR 1.5 billion each 
year (European Medicines Agency report, 2009, see 
Selected websites). Crucial drug choices for the treat-
ment of common bacterial, viral, parasitic, and fungal 
infections are becoming limited or even nonexistent 
in some cases in the current era of antimicrobial 
resistance [2]. This development has not been par-
alleled by an effective increase in the discovery of 
new medicines for most pathogens, and the rate of 
new antimicrobials approvals is steadily dropping. 
The struggle to control infectious diseases, far from 
being over, has acquired a new poignancy. Novel 
concepts acting as adjunct to established therapies 
are urgently needed.

The immune system can be manipulated spe-
cifically by vaccination or non-specifically by immu-
nomodulation. Immunomodulators include both 
immunostimulatory and immunosuppressive agents. 

Figure 1. Broad classification of immunomodulators
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to intracellular microbes. In the type 2 response, 
Th2 cells produce IL-4, IL-5 and IL-13 that enhance 
humoral immunity to T-dependent antigens and are 
necessary for immunity to helminth infections.

Recent studies have shown dendritic cells (DCs) 
to be crucial antigen-presenting cells that possess 
unique T cell-stimulatory capacity. In mouse, lym-
phoid progenitor-derived dendritic cells (DC1) can 
express IL-12 and preferentially induce type 1 T cell 
responses, whereas myeloid progenitor-derived den-
dritic cells (DC2) express IL-10 and induce type 2 T 
cell responses. In humans, DCs are subdivided into 
plasmacytoid DCs, which secrete copious amounts 
of IFN-α, and myeloid DCs. Both subtypes of DCs rec-
ognize diverse microbial pathogens through specific 
toll-like receptors (TLR). Local and systemic effects 
of cytokines are, thus, intimately involved in the host 
control of infections (Fig.  2) (also see chapters A4, 
A5, A7). Several recombinant and natural cytokine 

Cytokine immunomodulators

The interactions between a host and an infec-
tious pathogen are complex, diverse and intricately 
regulated. cytokines, hormone-like polypeptides pos-
sessing pleiotropic properties, are crucial in orches-
trating the appropriate immune responses critical 
for the outcome of an infection. Certain cytokines 
stimulate the production of other cytokines and 
interact in synergistic or antagonistic networks. cyto-
kines exhibit specific immunomodulatory properties 
that can enable manipulation of the host response 
to enhance overall immunogenicity, and direct the 
nature of the response either toward a type 1 or type 
2 pathways. In the type 1 response, Th1 cells produce 
interferon (IFN)-γ, tumor necrosis factor (TNF) and 
interleukin (IL)-12 that are required for effective 
development of cell-mediated immune responses 

Figure 2. Interaction of immune system cells and cytokines
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chronic active hepatitis B and for hepatitis C virus 
infections. 

Standard IFN-α has the drawbacks of a short 
serum half-life and rapid clearance. To overcome this 
problem, pegylated forms of IFN have been devel-
oped and tested clinically (Box  1). Pegylated IFN-
α2b (PegIntron) is formed by covalent conjugation 
of a 12-kDa monomethoxy polyethylene glycol mol-
ecule to IFN-α2b, and pegylated IFN-α2a (Pegasys) 
by covalent conjugation of a 40-kDa branched 
monomethoxy PEG molecule to IFN-α2a. Pegylated 
IFN-α2b has a prolonged serum half-life (40 hours) 
relative to standard IFN-α2b (7–9 hours). The greater 
polymer size of pegylated IFN-α2a acts to reduce 
glomerular filtration, markedly prolonging its serum 
half-life (72–96 hours) compared with standard IFN-
α2a (6–9 hours) [7].

Hepatitis B

Hepatitis viruses cause inflammation of the liver. 
There are five types of hepatitis viruses as is shown 
in Table 1. Hepatitis A, hepatitis B, and hepatitis C are 
the most common types. Hepatitis B virus (HBV) 
infection is widespread throughout the world, espe-
cially in developing nations, and is considered to be 
a serious global health problem. HBV is heteroge-
neous and has eight genotypes, A–H. Genotype D is 
more prevalent in Mediterranean countries, whereas 
genotype A is frequent in Western countries. Patients 
infected with genotype C have more severe outcome 
of chronic liver disease than those infected with 
genotype B, particularly in Asia, who seroconvert 
earlier than those infected with genotype C. Trans-

preparations such as, IFNs, and granulocyte colony-
stimulating factor (G-CSF) are already licensed for 
use in patients.

Interferons and combinations

IFNs play an important role in immune activation 
and mediate an antiviral state that results in impaired 
viral replication. There are two classes of IFN, type I 
and type II. The type I IFN is produced in response to 
a viral infection and includes IFN-α and IFN-β. Most of 
the IFN-α in human is released by the plasmacytoid 
DCs, whereas IFN-β is produced by fibroblasts and 
many other cell types. IFN-α was the first cytokine 
to be produced by the recombinant DNA technol-
ogy. The type II IFN is secreted by activated T cells 
and NK cells. IFN-γ, known as immune interferon, is 
a representative of type II IFN. Immunomodulatory 
IFNs also include omega IFN, tau IFN, asialo IFN and 
consensus IFN. The mode of action of IFN includes 
reduction of viral gene protein synthesis, apoptosis, 
and up-regulation of major histocompatibility com-
plex (MHC) molecules. The immunity-promoting 
action of IFN may be a result of direct effect on 
Th1 differentiation, activation of Stat4 signaling and 
enhancement of antibody through stimulation of B 
and T cells. 

IFN-α is a clinically effective therapy used in a 
wide range of viral infections besides its application 
in malignant melanoma, basal cell carcinoma and 
warts. Natural IFN-α obtained from human serum 
and leukocytes is currently licensed for the treat-
ment of a rare form of cancer, hairy cell leukemia. 
Recombinant IFN-α2a is licensed for treatment of 

Box 1. Pegylated interferons

Pegylated IFN-α2a is formed by covalent conjugation of a 40-kDa branched monomethoxy PEG molecule to IFN-α2a.
Pegylated IFN-α2b is formed by covalent conjugation of a 12-kDa monomethoxy polyethylene glycol molecule to IFN-
α2b.
Greater polymer size of pegylated IFN reduces glomerular filtration.
Serum half-life is prolonged from 6–9 hours to 72–96 hours. 
Pegylated IFN is injected only once weekly in contrast to multiple administrations necessary for standard IFN, improv-
ing patient compliance.
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steps. Most of these therapies are limited in the clinic 
by a low response rate in terms of loss of hepatitis Be 
antigen (HBeAg), normalization of serum transami-
nase levels and loss of HBV DNA. Only a small subset 
of patients with hepatitis B and around 40% of cases 
with hepatitis C are generally responsive to IFN 
therapy. IFN-α is also approved for treating conyloma 
acuminata caused by human papilloma virus and 
for Kaposi sarcoma in patients with HIV infection.

Long-term treatment with lamivudine or adefovir 
can result in selection of drug-resistant mutants, 
while troublesome side effects limit the use of IFN-
α. Adefovir has been shown to be effective in sup-
pressing lamivudine-resistant HBV. Several promising 
studies have shown the effectiveness of adefovir and 
pegylated IFN-α2a and lamivudine-interferon combi-
nation therapy and it is gaining increasing favor in 
the treatment of chronic HBV [8]. Pegylated IFN-α2a 
plus adefovir or lamivudine has been shown to offer 
a superior protection [9, 10] and to be of a better 
cost-benefit value. Besides pegylated IFN [11], newer 
drug formulations demonstrated in clinical trials to 
be active against HBV include tenofovir, telbivudine 
and clevudine.

Thymosin-α1 is a synthetic immunomodulator 
that mimics thymic-derived thymosin [12] and is 
approved in over 35 countries for the treatment of 
viral hepatitis. Thymosin-α1 influences T cell matura-
tion, production of Th1 cytokines, and activity of NK 
cell-mediated cytotoxicity. Thymosin-α1 stimulates 

mission is perinatal in areas of high prevalence and 
sexual or parenteral in regions with low prevalence. 
The virus, transmitted by blood or body fluids, is 
up to 100 times more infectious than human immu-
nodeficiency virus (HIV). HBV infects around 400 
million people and kills between 1 and 2.5 million 
people a year. Overall, 15–25% of HBV carriers die 
from chronic hepatitis, cirrhosis or hepatocellular 
carcinoma (HCC). HCC accounts for up to 90% of 
all liver cancers, and individuals who carry HBV 
have a greater than 100-fold increased relative risk of 
developing HCC. The development of HBV to HCC 
is due to the activation of a signaling pathway that 
includes the protein β-catenin. Around 50–70% of all 
HCC tumors show an abnormal accumulation of this 
oncoprotein within the cell.

At present, the three licensed therapies widely 
used for treating liver disease caused by HBV are 
IFN-α (Box  2), lamivudine and adefovir. A further 
potent inhibitor of HBV DNA polymerase, entecavir, 
was approved in 2005 by the US FDA. Lamivudine 
gets incorporated into growing DNA chains and 
leads to premature chain termination. Adefovir is 
an oral adenosine monophosphate (nucleotide) 
analogue that acts by inhibiting reverse transcriptase 
and DNA polymerase activity of HBV. Entecavir 
(Baraclude) is an orally administered cyclopentyl 
guanosine analogue that is rapidly phosphorylated 
to the active intracellular 5’-triphosphate form capa-
ble of inhibiting replication of HBV at three different 

Table 1. Hepatitis viruses

Hepatitis virus Source of infection Comments

Hepatitis A virus Contaminated food Most common type, vaccine available

Hepatitis B virus, (serum hepatitis) Blood products, body fluids Highly contagious, causes liver cancer,  
vaccine available

Hepatitis C virus Infected blood, blood transfusion Chronic liver infection

Hepatitis D virus, (delta hepatitis) Infectious blood Incomplete virus, infection only in presence 
of hepatitis B, common in Mediterranean 
region

Hepatitis E virus Fecal matter, contaminated 
water

Endemic in South America and India
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viral liver disease and is a leading indication for liver 
transplantation. Almost all such patients show recur-
rent hepatitis C viremia. Progressive fibrosis and cir-
rhosis after liver transplantation have been observed 
with some of the patients progressing to cirrhosis 
within 5 years of transplantation. Combination thera-
py with pegylated IFN and ribavirin (Pegetron) is the 
current standard of care for the treatment of chronic 
hepatitis C (CHC) infection. The mechanisms for 
the observed synergistic effects of combination of 
pegylated IFN-α and ribavirin have not been elu-
cidated in detail, but in addition to direct antiviral 
mechanisms, the immunomodulatory effects of both 
drugs seem to be important, with a shift from Th2 to 
Th1 cytokine profiles in successfully treated patients. 
HCV has six genotypes, 1–6, multiple subtypes and 
quasi-species (Box  2). Genotype 1 is considered to 
be the most resistant to therapy, whereas genotypes 
2 and 3 are more responsive to therapy; genotype 
4 seems to be similar to genotype 1 in this respect. 
IFN-α2b plus ribavirin combination therapy has been 
found to be effective in chronic HCV patients with 
genotypes 2 and 3 who are virological non-respond-
ers to IFN monotherapy [7, 16]. The treatment dura-
tion is 48  weeks for genotype 1 and 24  weeks for 
other genotypes. 

Pegylated IFN-α2a (40  kDa) has superior viro-
logical efficacy to IFN-α2a, and elicits histological 
improvements in chronic hepatitis C genotype 1 
patients, with and without sustained virological 
response, and is effective in those with liver cirrho-

maturation of CD34 stem cells into CD3+CD4+ cells 
and induces increased IL-7 synthesis and GM-CSF, 
IFN-α, IFN-γ and IL-2 production. Patients with chron-
ic hepatitis B treated with thymosin-α1 had augment-
ed NKT cells and CD8+ cytotoxic T lymphocytes in 
the liver [13]. Forty-eight weeks after thymosin-α1 
treatment some patients showed normalized ALT 
and decreased HBV-DNA to undetectable level from 
serum. The lamivudine and thymosin-α1 combina-
tion treatment was shown to be superior to lami-
vudine monotherapy and gave better virological 
response, HBeAg seroconversion and biochemical 
response [14]. The combination of thymosin-α1 and 
IFN-α has been used in patients affected by chronic 
B and C hepatitis including IFN-non-responders [15]. 
The combination of thymosin-α1, ribavirin and either 
pegylated IFN-α, -α2a, -β and -γ are stated to simulta-
neously and substantially reduce or eliminate the 
side effects normally associated with the administra-
tion of IFN alone. A number of studies have shown 
that genotype B is associated with a higher response 
rate to thymosin-α1 therapy than genotype C.

Hepatitis C

Hepatitis C virus (HCV) is the major ecological agent 
of post-transfusion and community-acquired non-A, 
non-B hepatitis worldwide. It is estimated that over 
200 million people worldwide are infected by the 
virus. HCV infection is a common cause of chronic 

Box 2. Response to IFN treatment in patients with hepatitis B and C 

Hepatitis B virus has eight genotypes, A–H.
Patients with genotype A, B and C give sustained response to PEG-IFN-α when they have high transaminases or low 
virus levels.
Genotype D patients are more prevalent in the Mediterranean region and have a lower chance of sustained response 
to PEG-IFN-α.

Hepatitis C virus has six genotypes, 1–6.
Genotype 1and 4 are resistant to IFN therapy, whereas genotypes 2 and 3 are more responsive.
IFN-α2b plus ribavirin combination therapy is effective in chronic hepatitis C virus patients with genotypes 2 and 3.
Treatment duration is 48 weeks for genotype 1 but only 24 weeks for other genotypes.
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Chromobacterium violaceum. Multicenter clinical tri-
als have shown that sustained administration of IFN-γ 
to chronic granulomatous disease patients markedly 
reduced the relative risk of serious infection. IFN-γ is 
licensed as a therapeutic adjunct for use in patients 
with chronic (septic) granulomatosis for reduction 
of the frequency of serious infections. Imukin and 
Actimmune™ are IFN-γ preparations marketed for 
chronic granulomatous disease, mycobacterial and 
fungal infections. 

The major side effects of all interferon thera-
pies include flu-like syndromes, fever, myalgia, head-
ache and fatigue. Hypotension, granulocytopenia, 
and thrombocytopenia can also occur. Deleterious 
effects on central nervous system (CNS), particularly 
at high doses, have been observed.

Colony-stimulating factors

Granulocyte colony-stimulating factor (G-CSF) prep-
arations such as Filgrastim (r-metHuG-CSF) can sig-
nificantly enhance neutrophil functions. Filgrastim 
induces neutrophil production within the bone mar-
row by stimulating the proliferation, differentiation 
and survival of myeloid progenitor cells. A high 
incidence of neutropenia is seen in HIV-infected 
patients, which considerably increases the risk for 
bacterial and fungal infections. G-CSF preparations 
such as Filgrastim can significantly enhance neutro-
phil functions in patients with AIDS [18] and reverse 
neutropenia associated with HIV and cytomegalovi-
rus (CMV) infections. Filgrastim has been granted 
license extension to cover the treatment of persistent 
neutropenia at an advanced stage of HIV infection. 
In one study, Filgrastim-treated patients have been 
shown to have 54% fewer severe bacterial infections 
and 45% fewer days in hospital for any bacterial infec-
tions [19]. Determination of absolute numbers of 
CD34+ progenitor cells and progenitor cell function 
in HIV-infected patients showed that G-CSF mainly 
increases the number and differentiation of myeloid 
progenitors. In another study conducted at 27 Euro-
pean centers on AIDS patients with CMV infection, 
G-CSF (lenograstim) was found to be suitable for the 
treatment of ganciclovir-induced neutropenia [20]. 
Recently, pegfilgrastim, a novel recombinant human 

sis. The addition of ribavirin to pegylated IFN-α2a 
(40  kDa) further enhances the therapeutic benefit 
for patients with hepatitis C [17]. Once-weekly dos-
ing with either pegylated IFN-α2a or pegylated IFN-
α2b has been shown to produce significantly higher 
rates of viral eradication than standard thrice-weekly 
IFN-α therapy. With respect to the treatment of CHC, 
the greatest anti-HCV efficacy has been achieved 
with the combination of once-weekly pegylated IFN 
and ribavirin [7]. In a clinical study to assess the sus-
tained loss of serum HCV-RNA 12  weeks post-treat-
ment, a regimen employing ribavirin plus pegylated 
IFN-α2b for 48 weeks gave a successful response in 
54% of patients, with a 41% response in those with 
HCV genotype 1. 

IFN-β obtained from human FS-4 fibroblast cell 
lines is licensed for use in severe uncontrolled virus-
mediated diseases in cases of viral encephalitis, 
herpes zoster and varicella in immunosuppressed 
patients. A further indication is viral infection of the 
inner ear with loss of hearing. The standard treatment 
for multiple sclerosis, a disease without definitively 
elucidated etiology, is currently IFN-β.

IFN-γ is the major mediator of host resistance 
during the acute and chronic phases of infection, 
and is pivotal in protection against a variety of intra-
cellular pathogens. IFN-γ is primarily produced by 
T cells, NK cells, and NKT cells. IFN-γ is produced 
by both CD4+ and CD8+ T cells and can induce 
MHC class I and class II products. The mechanisms 
of action that distinguish IFN-γ from type I IFNs 
are in stimulation of DCs and macrophages to up-
regulate major MHC molecules to enhance antigen 
presentation and increase expression of costimula-
tory molecules. IFN-γ-stimulated macrophages can 
produce reactive nitrogen intermediates. NK cells 
secrete IFN-γ early on during an infection and so 
facilitate immune cell recruitment and activation, 
enhancing NK cell cytotoxicity and cell mediated 
immune responses. Additionally, IFN-γ recruits neu-
trophils, and up-regulates chemokines and adhesion 
molecules, and triggers rapid superoxide produc-
tion and respiratory burst. Patients with chronic 
granulomatous disease are unable to generate an 
oxidative respiratory burst. As a consequence, they 
develop recurring catalase-positive bacterial infec-
tions such as S. aureus, Pseudomonas cepacia, and 
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be dealt with here (see the recommended thebody.
com website). It is noteworthy that currently there 
are more women worldwide who have been infected 
with HIV and account for nearly half of the over 
40 million people living with HIV [22]. Women are 
more vulnerable to HIV infection than men and their 
increased susceptibility has been linked to the use of 
hormonal contraceptives and sexually transmitted 
diseases. Also, susceptibility to HIV varies throughout 
a women’s reproductive life; adolescent girls appear 
to be most vulnerable to HIV due to high-risk sexual 
behavior and a not fully mature reproductive system. 
In addition, recent studies have indicated increases 
in the risk of acquiring HIV during pregnancy and 
during the early postpartum period, part of which 
could be attributed to higher levels of progesterone. 
Successful control of the HIV pandemic requires 
continuing focus on gender. Some of the fundamen-
tal issues of HIV transmission have been riddled 
with problems as it is neither feasible to obtain nor 
examine relevant cells and tissue at the precise time 
of HIV acquisition. 

HIV can infect a wide range of human cells, 
but has a particular tropism for CD4+ T cells and 
the monocyte-macrophage cell lineage [23]. HIV 
induces T cell dysfunction and CD8+ T cell apo-
ptosis, decreasing the number of T cells, which 
ultimately leads to immunodeficiency. B cell dys-
function can be caused by HIV and is characterized 
by hypergammaglobulinemia, polyclonal activation, 
and absence of specific antibody responses. HIV 
entry into the host cell is mediated through the CD4 
receptor and a variety of coreceptors. Chemokine 
receptors – mainly CCR5 and CXCR4 – have been 
discovered to be necessary as coreceptors for HIV 
entry [24]. 

The binding of the HIV envelope glycoprotein 
gp120 to CD4 and appropriate chemokine recep-
tor triggers conformational changes facilitating the 
fusion of the viral and host cell membranes. HIV 
found in the vaginal and rectal mucosa is main-
ly CCR5 dependent [25]. Macrophage-tropic (R5) 
HIV variants predominantly make use of the CCR5 
coreceptors [26]. The T cell-tropic (X4) and dual-
tropic (R5X4) HIV strains, generally associated with 
the clinical manifestations of AIDS, emerge after a 
latency of several years, although pathogenesis of the 

G-CSF, has been pharmaceutically developed by 
covalent binding of a polyethylene glycol molecule 
to the N-terminal sequence of filgrastim.

G-CSF and granulocyte-macrophage colony-
stimulating factor (GM-CSF) are used to reverse 
leukopenia as adjunctive therapy for HIV-associated 
infections. The GM-CSF preparation Sargramostim 
helps overcome defects in neutrophil and mac-
rophage function due to its broad range of effects 
on lymphocytes, macrophages, neutrophils, and DCs 
through augmentation of cytokine secretion and up-
regulation of MHC class II and accessory receptors 
involved in the immune response. It enhances the 
anti-retroviral activity of zidovudine and stavudine 
in macrophages and ameliorates the hematological 
side effects of these agents. Multiple deficiencies 
are involved in the progression of fungal infections 
in cancer patients with or without neutropenia. 
Although clinical experience is still limited, G-CSF, 
GM-CSF, and M-CSF show promise as adjuvant thera-
py for fungal infections [21].

Chemokines and chemokine modulators 

Chemokines have been historically regarded as 
leukocyte chemoattractants capable of regulating 
cellular trafficking into inflammatory sites. The sobri-
quet ‘chemokine’ is abbreviated from chemotactic 
cytokines. Accumulating evidence suggests that che-
mokines have a broad range of functions including 
macrophage activation, neutrophil degranulation, 
DC maturation, T cell activation and B cell antibo-
dy class switching. Thus, chemokines can influence 
both the innate and acquired phases of an immune 
response. Chemokines can be mediators of angio-
genesis and also play important roles in the develop-
ment of the immune, circulatory and CNS. The major 
classes of chemokines comprise the CXC or α chemo-
kines, the CC or β chemokines, the C or γ chemokines, 
and the CX3C chemokines. The chemokine family has 
expanded to 80 ligands including CXCL, CCL, XCL 
and CX3CL chemokines and chemokine receptors 
including CXCR, CCR, XCR and CX3CR have been 
described in Table 2.

Many erudite reviews on HIV/AIDS etiology and 
manifestation have been published and these are not 
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gets for intervention in HIV, and the search for mol-
ecules that have a therapeutic potential as inhibitors 
of these receptors has been intense [29]. Intervention 
strategies based on chemokine antagonists that 
could be useful for the therapy of HIV include recep-
tor-ligand interaction, prevention of the chemokine-
glycosaminoglycan interaction, interfering with the 
signaling pathways that are induced upon receptor 
activation, and modification of receptor pathways 
[30, 31]. 

CNS and related symptoms are normally associated 
with M-tropic (R5) HIV strains. X4 HIV infection aug-
ments the expression of chemokines such as MIP-1α 
(macrophage inflammatory protein) and RANTES 
(regulated upon activation normal T cell expressed 
and secreted) [27].

HIV infection can be inhibited by chemokines 
and chemokine-related molecules that are ligands 
for receptors that function as coreceptors [28]. 
Chemokine receptors thus represent important tar-

Table 2. Chemokine receptors and ligands

Chemokine receptors Ligands Some original names

CC family

CCR1 CCL3, 3L1, 5, 7, 14, 15, 16, 23 MIP-1α, MCP-3, HCC-2, HCC-4

CCR2 CCL2, 7, 12, 13, 16 MCP-1, MCP-3, MCP-2, MCP-5, MCP-4

CCR 3 CCL5, 7, 8, 11, 13, 24, 26, 28 RANTES, MCP-3, MCP-2, Eotaxin

CCR4 CCL17, 22 TARC, MDC

CCR5 CCL3, 3L1, 4, 5, 8, 14 MIP-1α, MIP-1β, RANTES

CCR6 CCL20 MIP-3α

CCR7 CCL19, 21 MIP-3β, SLC

CCR8 CCL1, 16, 17 TCA3, HCC-4, TARC

CCR9 CCL25 TECK

CCR10 CCL27, 28 CTACK ,CCL28 

CXC family

CXCR1 CXCL6, 8 GRO-α, NAP-2, IL-8, 

CXCR2 CXCL1, 2, 3, 5, 6, 7, 8 GRO-α, GRO-β, GRO-γ, IL-8

CXCR3 CXCL9, 10, 11 MIG, IP-10, I-TAC

CXCR4 CXCL12 SDF-1

CXCR5 CXCL13 BLC

CXCR6 CXCL16 CXCL16

BLC, B lymphocyte chemoattractant; CTACK, cutaneous T cell-attracting chemokine; GRO, growth-regulated onco-
gene; MDC, macrophage-derived chemokine; MCP, monocyte chemotactic protein; MIG, monokine induced by 
IFN-γ; MIP, macrophage inflammatory protein; NAP, neutrophil activating peptide; RANTES, regulated by activation, 
normal T cell expressed and secreted; SDF, stromal cell-derived factor; SLC, secondary lymphoid-tissue chemokine; 
TARC, thymus and activation-regulated chemokine; TCA, thymus-derived chemotactic agent; TECK, thymus-
expressed chemokine
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nies working on CCR5 antagonists include Pfizer Inc 
and Schering-Plough Corp. 

Most existing HIV drugs work inside the body’s 
immune cells, after the virus has infected, and can 
cause anemia, diarrhea and nerve pain. These new 
drugs could provide an important treatment option 
for people with HIV/AIDS, by offering a different 
mode of action and an improved toxicity profile. 
Both CXCR4 and CCR5 chemokine receptor inhibi-
tors may be needed in combination and even in 
combinations of antiviral drugs that also target 
other aspects of the HIV replication cycle to obtain 
optimum antiviral therapeutic effects.

RANTES and MIP ligands

Primary isolates of HIV predominantly use 
chemokine receptor CCR5 to enter target cells. 
The natural ligands of CCR5, the β-chemokines, 
RANTES, MIP-1α, and MIP-1β, interfere with HIV bind-
ing to CCR5 receptors and decrease the amount of 
virions entering cells. Productive HIV infection of 
primary lymphocytes requires cellular activation, 
which increases the intracellular cAMP required for 
efficient synthesis of proviral DNA during early steps 
of viral infection. Binding of β-chemokines to cognate 
receptors decreases activation-induced intracellular 
cAMP levels through the activation of inhibitory G 
proteins. RANTES and similar chemokines have been 
shown to exhibit clear-cut suppressive effects on 
HIV replication, and other chemokines such as MIP-
1α and monocyte chemotactic protein (MCP) fre-
quently show HIV-inhibitory effects [35]. MIP-1α and 
RANTES can also reduce T lymphocyte apoptosis in 
HIV-infected individuals. 

A number of experimental approaches directed 
towards RANTES have been explored. CCR5 can be 
down-modulated by RANTES and by antibodies to 
CCR5 [25]. It is desirable that chemokines block HIV 
infection without triggering CCR3- or CCR5-signaling 
activity. Two analogues showing increased anti-HIV 
potency (L-RANTES and C1.C5-RANTES) but capable 
of antagonistic action against RANTES have been 
synthesized [29]. The N-terminal region of RANTES 
contains critical determinants not only for the trig-
gering of receptor-mediated signaling, but also for 

Targeting CCR5 and CXCR4

The chemokine receptors CXCR4 and CCR5 are the 
main coreceptors used respectively by the T  cell-
tropic (CXCR4-using, X4) and macrophage-tropic 
(CCR5-using, R5) HIV for cell entry. Several com-
pounds targeting CXCR4 and CCR5 have been advo-
cated recently. The idea for the drug class came from 
the observation that presence of mutated CCR5 can 
confer resistance to HIV infection, even after expo-
sure to numerous high-risk sexual partners. Only 
around 2% of Caucasians carry such a mutation.

Modified chemokines, e.g., several low-molecular 
weight CXCR4 and CCR5 antagonistic compounds, 
with potent antiviral activity have been described. 
Maraviroc developed by Pfizer is the first-in-class 
CCR5 antagonist. It was licensed in October 2007 
by the FDA for use in HIV treatment-experienced 
patients harboring only R5 viruses. It has been shown 
to prevent the binding of endogenous chemokine 
MIP-1β to the CCR5 receptor. The mechanism of 
action of maraviroc is one of allosteric modification 
within the transmembrane helices to disrupt the 
interaction between CCR5 and HIV-1 gp120. 

Bicyclam AMD3100 targets CXCR4 and has a 
potent anti-HIV activity against T-tropic viruses. 
AMD3100 is being tested in phase III clinical trials 
as a stem cell recruiting agent in transplantation 
patients with non-Hodgkin’s lymphoma or multiple 
myeloma. A derivative AMD3451, pyridinylmethyl 
monocyclam, has been synthesized and reported to 
show dual CCR5/CXCR4 antagonistic activity against 
both X4 and R5 HIV strains [32]. In a pharmacoki-
netics and safety study of AMD3100 in 12 healthy 
human volunteers, subjects tolerated their dose(s) 
well without any grade 2 toxicity or dose adjustment. 
Six subjects experienced mild, transient symptoms, 
primarily gastrointestinal in nature and not dose 
related. All subjects experienced a dose-related ele-
vation of the white blood cell count, from 1.5 to 3.1 
times the baseline, which returned to the baseline 
24 h after dosing [33]. AMD3100 has been shown to 
interfere with a number of physiological processes 
that are dependent on the interaction of CXCR4 with 
SDF-1 [34]. Another chemokine (CCR5) inhibitor, 
aplaviroc or GSK 873140, has been selected recently 
by GlaxoSmithKline for phase III trials. Other compa-
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Centocor), a chimeric monoclonal antibody, and 
Certolizumab pegol, humanized anti-TNF Fab’ anti-
body fragment coupled to polyethylene glycol, are 
being used in the treatment of rheumatoid arthritis. 
An IL-1 receptor antagonist, Kineret, has also been 
licensed. Some of these monoclonal antibody prod-
ucts have shown promise for applications in disease 
management in patients with HIV/AIDS [41]. 

Another potent TNF inhibitor, thalidomide, 
has been used in trials in HIV patients [42, 43]. 
Thalidomide has a chiral center, and the racemate of 
(R)- and (S)-thalidomide was introduced as a seda-
tive drug in the late 1950s (Fig. 3). It was withdrawn 
in 1961due to teratogenicity (creating malformation 
in embryos, from the Greek for “monster”) having 
caused serious birth defects and neuropathy in more 
than 10 000 babies.

Several mechanisms of action have been pro-
posed for thalidomide: as angiogenesis inhibitor, 
down-regulator of integrin, and agent that can 
reverse the stimulation of insulin-like growth fac-
tor I (IGF-I) and fibroblast growth factor 2 (FGF-2) 
in early limb development. Structural analogues of 
thalidomide with improved TNF-α inhibitory activ-
ity are currently being developed. Pentoxifylline, a 
methylxanthine usually used in the treatment of 
peripheral arterial circulatory disorders, has been 
shown to inhibit TNF synthesis. Currently, clinical 
trials are ongoing with phosphodiesterase inhibitors 
and small-molecule inhibitors of TNF-converting 
enzyme (TACE) that specifically interrupt the signal-
ing pathways of TNF.

the antiviral function. Recombinant RANTES ana-
logues mutated at the N  terminus (C1.C5-RANTES 
and L-RANTES) and a modified form of RANTES, 
aminooxypentane (AOP)-RANTES have been synthe-
sized that exhibit an increased binding affinity for 
CCR5, while showing antiviral activity against differ-
ent CXCR4-negative HIV [36] and mixed infections 
with clinical HIV isolates [37]. Promising efficacy 
as a HIV- microbicidal candidate for topical appli-
cation has been shown by N-terminally modified 
chemokine PSC-RANTES against R5-tropic HIV-1 
strains. PSC-RANTES is fully protective when applied 
topically in a macaque model [38], and when encap-
sulated into biodegradable co-polymer poly(lactic-
co-glycolic acid) (PLGA) nanoparticles [39]). Other 
analogues such as 5P12-RANTES and 6P4-RANTES 
have been synthesized [40] and shown to protect 
against rhesus HIV vaginal challenge.

Cytokine inhibitors

Several strategies exist for responding to infection. 
One mechanism by which the host attempts to 
restrain the infection is through the up-regulation of 
cytokines. Some cytokines, such as IL-1, IL-6, IL-8, IL-18, 
and TNF, counteract the challenge by enhancing the 
disease in an effort to rid the host of infection. Over-
production of proinflammatory cytokines is believed 
to underlie the progression of many inflammatory 
diseases including rheumatoid arthritis, Crohn’s dis-
ease and endotoxin shock. Many infectious diseases, 
including HIV, influenza H5N1 and malaria can 
induce deleterious overproduction of proinflamma-
tory cytokines such as TNF-α and IL-1. An attractive 
therapeutic approach for potential drug interven-
tion in these conditions is the strategic reduction of 
proinflammatory cytokines

Intense interest has been generated in develop-
ing agents that can block the activity of such cyto-
kines. Inhibition of TNF activity has been singularly 
successful in the treatment of autoimmune diseases 
(see chapter C15). Monoclonal antibodies including 
adalimumab (Humira; Abbott), a fully human mono-
clonal antibody, etanercept (Enbrel; Amgen/Wyeth), 
a dimeric construct of soluble p75 TNF receptor 
and Fc region of human IgG1, infliximab (Remicade; 
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reduce TNF and IL-6 levels after LPS administration 
[48] (Fig. 4). Eritoran is being evaluated in a phase 
III study in patients with onset of severe sepsis. Long-
term antagonistic activity can be obtained when 
eritoran associates with LDL, triglyceride-rich lipo-
proteins and albumin.

Synthetic immunomodulators

Microbial pathogens possess a variety of evolution-
arily conserved structural motifs known as patho-
gen-associated molecular patterns (PAMPs). The 
PAMPS are recognized by a family of specific toll-
like receptors (TLRs) that are present on the cells 
of the immune system such as DCs and macrophages 
and play a crucial role in innate immune responses 
(Tab.  3). Around 13 TLRs exhibiting distinct ligand 
specificities have been identified in humans. TLR2 
recognizes bacterial peptidoglycan and lipopeptide, 
TLR3 recognizes double-stranded RNA, TLR4 binds 
to LPS, TLR5 binds to flagellin, which is part of the fla-
gellum that propels many kinds of bacteria. TLR7 and 
TLR8 recognize imidazoquinoline compounds and 
single-stranded (ss) RNA from viruses, whereas TLR9 
binds to unmethylated CpG DNA motifs frequently 
found in the genome of bacteria and viruses, but not 
vertebrates. The extracellular portions of microbes 
are recognized by TLRs, whereas the intracellular 

TNF plays an important role in defense against 
bacterial and viral infections. Consequently, many 
patients on anti-TNF drug therapy have shown 
severe infections such as tuberculosis [44, 45]. A 
variety of other opportunistic fungal infections by 
Candidia, Aspergillus Pneumocystis, Coccidioides, and 
Histoplasma, have also been reported in patients 
treated with anti-TNF monoclonals [46].

Sepsis is one of the most common complications 
in surgical patients and one of the leading causes 
of mortality in intensive care units. Sepsis can be 
caused by infection with Gram-negative bacteria, 
Gram-positive bacteria, fungi, or viruses. Sepsis may, 
however, also occur in the absence of detectable 
bacterial invasion. In such cases, microbial toxins, 
particularly Gram-negative bacterial endotoxin, and 
endogenous cytokine release have been implicated 
as initiators and mediators. Septic shock represents 
the most severe form of host response to infection. 
Despite recent progress in antibiotics and critical 
care therapy, sepsis is still associated with a high 
mortality rate (~40–50%). A number of therapies 
delaying the onset, and/or reducing the effects of 
proinflammatory cytokines induced during sepsis 
are under development [47]. TAK-242 is a small 
molecule antagonist that reduces lipopolysaccharide 
(LPS)-induced production of proinflammatory IL-1, 
IL-6 and TNF, and is currently undergoing phase III 
evaluation. Another compound, E5564, or eritoran, 
is a synthetic lipodisaccharide and was observed to 
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promise in lentigo maligna and cutaneous metas-
tases of malignant melanoma. Imiquimod and its 
derivatives such as resimiquimod (R-848) improve 
antigen presentation by DCs and also act on B cells 
leading to the synthesis of antibodies such as IgG2a 
(Fig. 5). 

These agents activate macrophages and other 
cells via binding to cell surface receptors, such 
as TLR7, inducing secretion of proinflammatory 
cytokines, e.g., IFN-α, TNF-α and IL-12. The presence 
of this cytokine milieu biases towards a Th1-type 
immune response and has been exploited clinically 
in the treatment of viral infections (HPV, herpes sim-
plex virus, molluscum contagiosum). In randomized, 
double-blind, placebo-controlled studies, imiquimod 
cream has been shown to be significantly effective 
in eliminating genital warts in patients with clinical, 
histopathological and polymerase chain reaction 
confirmed diagnosis of HPV infection and in treat-
ment of external genital and perianal warts. Topically 
applied imiquimod cream reduced wart area in HIV-
infected patients. 

microbial components are sensed by Nod-like recep-
tors (NLRs) and RIG-I-like receptors (RLRs). 

In humans, TLR7 and TLR9 are expressed on the 
plasmacytoid DC, which can rapidly synthesize large 
amounts IFN-α and IFN-β in response to viral infec-
tion. These observations indicate that TLR3, TLR7 and 
TLR9 may play an important role in combating viral 
infections. Interestingly, TLR7 recognizes synthetic 
immunomodulators such as imidazoquinolone com-
pounds that are used against viral infections. 

Imiquimod derivatives

Imiquimod is a fully synthetic immune response 
enhancing imidazoquinoline amine, (S-26308, R-837) 
{1-(2-methylpropyl)-1H-imidazo[4,5-c]quinolin-4 
amine} [49] and is a TLR7 agonist. Imiquimod is 
marketed as Aldara™ for genital warts caused by 
human papillomavirus (HPV) subtypes 6 and 11, 
but is widely used for basal cell carcinoma, actinic 
keratosis and molluscum contagiosum. It has shown 

Table 3. Toll-like receptors 

TLR Ligand Relevant microbial or synthetic source

TLR1 Peptidoglycan, lipopeptide Gram-positive bacteria

TLR2 Lipoprotein, lipoteichoic acid Measles virus hemagglutinin protein, RSV

TLR3 dsRNA CMV, West Nile virus

TLR4 Lipopolysaccharide, lipoteichoic acid, 
RSV fusion protein

Gram-negative bacteria, RSV

TLR5 Flagellin Flagellated bacteria

TLR6 Lipoprotein Bacteria

TLR7 Imiquimod, dsRNA Synthetic compounds, Influenza virus, HIV

TLR8 Imiquimod, thiazoloquinolones, ssRNA Synthetic compounds

TLR9 Unmethylated CpG Bacteria, synthetic ODN

TLR10 ?

TLR11 Profilin Toxoplasma gondii, uropathogenic bacteria

TLR12 ?

TLR13 ?
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caused by herpes simplex, Epstein-Barr and measles 
viruses and for treatment of these viral infections in 
immunosuppressed patients. Isoprinosine has been 
reported to have minor CNS depressant but no 
neuromuscular, sedative, or antipyretic activities in 
pharmacological studies in animals. In humans, iso-
prinosine may cause transient nausea and a rise in 
uric acid in serum and urine at high doses.

Emerging therapies with synthetic 
immunomodulators

CpG oligodeoxynucleotides

Over the last decade, nucleotide sequences contain-
ing non-methylated cytosine phosphate–guanosine 

Isoprinosine

Isoprinosine (Inosiplex) is a complex of the p-acet-
amidobenzoate salt of N,N-dimethylamino-2-propa-
nol: inosine in a 3:1 molar ratio (Fig. 6). 

It is a white crystalline powder soluble in water. 
The inosine portion of isoprinosine is metaboli-
cally labile and half-life in rhesus monkeys has been 
found to be 3 minutes after intravenous and 50 min-
utes after oral administration. Isoprinosine has been 
shown to augment production of cytokines such as 
IL-1, IL-2 and IFN-γ, inducing a Th1 bias. It increases 
proliferation of lymphocytes in response to mitogen-
ic or antigenic stimuli, increases active T cell rosettes 
and induces T cell surface markers on prothymo-
cytes. Isoprinosine is currently licensed in Europe 
for treatment of herpes simplex infections, subacute 
sclerosing panencephalitis, acute viral encephalitis 
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syncytial virus (RSV) and vesicular stomatitis virus 
have been shown to activate cells via TLR family 
members. Administration of synthetic ODNs contain-
ing CpG motifs has been shown to confer protection 
or act as an adjuvant in experimental infections 
by influenza virus, hepatitis virus, Listeria monocy­
togenes, Francisella tularensis, Trypanosoma cruzi, 
and Leishmania, and markedly increases resistance 
against acute poly-microbial sepsis [52, 53]. Several 
human clinical trials have shown that CpG-DNA has 
low toxicity and is well tolerated [52, 54]. 

Antimicrobial peptides

Antimicrobial peptides (AMPs) also known as host 
defense peptides (HDPs), are present mainly in 
phagocytic cells of the immune system and can kill a 
wide array of Gram-positive and Gram-negative bac-
teria, enveloped viruses, fungi and parasites through 
disruption of microbial membranes. The positive 
charge of AMPs facilitates the interaction with nega-
tively charged surface components, such as LPS in 
Gram-negative bacterial outer membranes, lipote-
ichoic acids of Gram-positive bacteria and heparin 
sulfate found in viral envelopes [55]. In addition to 
antimicrobial activity, AMPs also exert immunomod-
ulatory effects through a variety of mechanisms such 
as chemotaxis, activation of immature DCs, angiogen-
esis, and cytokine production [56]. AMPs are geneti-
cally encoded and form an important part of the 
innate immune response (see also chapter A6).

The AMPs are amphipathic cationic molecules of 
between 10 and 50 amino acids that can be classi-
fied into three main groups; α-helical peptides (e.g., 
cathelicidins), β-sheet peptides (e.g., defensins); and 
amino acid-enriched structures (e.g., indolicidin). 
The structural and functional diversity of AMPs 
have made them interesting candidates for anti-
infective therapy since they have the capability 
to resolve infections by antibiotic-resistant bacte-
ria [57]. Moreover, they can stimulate innate host 
defense mechanisms without excessive proinflam-
matory responses that can be potentially harmful. 
Two AMPs have been shown to be effective in phase 
III clinical trials. The α-helical magainin analog, pexi-
ganan, has been developed for topical treatment of 

(CpG) dinucleotides, with flanking regions of two 5’ 
purines and two 3’ pyrimidines, have been discov-
ered to play an important role in innate immunity 
(Fig. 7). 

The CpG motifs in bacterial or viral DNA are 
detected by TLR9 principally by recognizing differ-
ences in the chemical structure between microbial 
and host DNA. In humans, TLR9 is expressed pre-
dominantly in B cells and plasmacytoid DCs. 

Although DNA containing CpG motifs (CpG DNA) 
evolved as a defense system in eukaryotes to prob-
ably protect against infection, it is possible to use 
CpG DNA as an immunomodulator for therapeutic 
applications. CpG DNA triggers a predominantly 
Th1 pattern of immune activation and is of interest 
for the induction of antimicrobial effects. CpG DNA 
triggers humoral B cell responses and also activates 
monocytes and macrophages to secrete cytokines, 
especially IL-12, TNF, and IFN. Of particular interest is 
the capability of CpG DNA to overcome the Th2 bias 
associated with some diseases and in very young 
and elderly mice [50, 51]. The exact mechanisms by 
which CpG DNA induces DCs, macrophages and NK 
cells to produce immunomodulating cytokines are 
being elucidated.

The finding that synthetic oligodeoxynucleotides 
(ODNs) can mimic the action of bacterial DNA has 
galvanized research in this area. Also, several viruses 
such as influenza A virus, HSV, CMV, respiratory 
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and skin (Tab. 4). Unusual circular mini-defensins have 
also been identified in rhesus monkeys. Defensins of 
vertebrate animals have been reviewed elsewhere 
[62]. The mode of action of defensins includes desta-
bilization and disruption of target cell membranes 
by strong membrane permeabilizing activities. Per-
meabilization results in the cessation of RNA, DNA 
and protein synthesis and with a decreased micro-
bial viability. The human neutrophil defensins HNP1 
and HNP2 exert significant chemotactic effects on 
monocytes. β-defensins are chemoattractive for mem-
ory T cells and immature DCs and lead to expression 
of proinflammatory chemokines and cytokines such 
as RANTES, macrophage-derived chemokine (MDC), 
interferon-γ inducible protein 10 (IP-10), MIP-1α and 
MIP-1β, TNF-α, IL-1 and IL-12.

Recent reports have highlighted the anti-HIV 
activities of defensins, whose structure and charge 
resemble portions of the HIV-1 transmembrane enve-
lope glycoprotein gp41. CD8 T lymphocytes from cer-
tain immunologically stable HIV-infected individuals 
secrete soluble factors that suppress HIV replication. 
CD8 T cells from long-term non-progressors with HIV 
infection were found to secrete a cluster of proteins 
identified as α-defensin 1, 2, and 3 on the basis of spe-
cific antibody recognition and amino acid sequenc-
ing. Interestingly, α-defensins were shown to effec-
tively suppress HIV replication in vitro about 10 years 
ago and can specifically block the initial phase of 
the HIV infectious cycle by binding specifically to 
CD4, and gp120 [63]. A study of seronegative women 
who were exposed constantly to HIV-1 demonstrated 
that their CD8+ cells exhibit extensive α-defensin 
production at both peripheral and mucosal levels. 
The α-defensin expression level in these seronega-
tive women was tenfold higher than that of control 
subjects [64]. Likewise, overexpression of α-defensins 
in breast milk results in a low rate of HIV-1 transmis-
sion from mother to infant [65].

HIV induces β-defensin-2 and -3 in human oral 
epithelial cells, which exhibit strong anti-HIV activity 
[66] due to the direct antiviral effect or competi-
tion for the chemokine receptors that HIV uses to 
enter the cell [67]. Mother-to-child transmission of 
HIV is the main source of pediatric AIDS. There is 
a significant relationship between genetic variants 
of β-defensin-1 gene, viral load, and mother-to-child 

patients with mild diabetic foot infection and can 
cure approximately 90% of the patients. The other 
AMP, omiganan pentahydrochloride (omiganan) is a 
novel, synthetic, antimicrobial peptide comprised of 
12 amino acid residues with the following primary 
sequence: ILRWPWWPWRRK-NH2 (where I is isoleu-
cine, L leucine, K lysine, P proline, R arginine and W 
tryptophan). Omiganan, is an indolicidin with effica-
cy in preventing catheter-related infections.

Synthetic peptides that retain many of the immu-
nomodulatory properties of naturally occurring HDPs 
are currently being explored for their therapeutic 
potential [58, 59]. Innate defense regulator-1 (IDR-1) 
is an anti-infective synthetic peptide that selectively 
modulates the innate immune response. IDR-1 is a 
13-amino acid peptide (KSRIVPAIPVSLL-NH2) syn-
thesized by solid-phase synthesis using standard 
fluorenylmethoxycarbonyl (FMOC) chemistry proto-
cols. Microarray analysis showed that several tran-
scription factors, including STAT1 and several zinc 
finger and Hox transcription factors, and adhesion 
molecules such as ICAM, NCAM and integrin-α are 
stimulated by IDR-1. Furthermore, kinase MEK6 (part 
of the p38 mitogen-activated protein kinase pathway) 
and monocyte-chemotactic-protein (MCP), chemoki-
nes MCP-3 and MCP-1, and cytokines IL-10 and IL-19 
are up-regulated. IDR-1 confers protection against 
multiple bacterial pathogens including strains of 
methicillin-resistant S. aureus and vancomycin-resis-
tant Enterococcus in murine models. IDR-1 has been 
shown to stimulate monocyte chemokines, activating 
monocyte-macrophage cells, and down-regulating 
proinflammatory cytokine responses without induc-
ing toxic side effects [60]. 

Defensins

Defensins are a family of structurally related cysteine-
rich cationic polypeptides of the innate immune sys-
tem produced in response to microbial infection in 
humans, animals, insects and plants [61]. Six human 
α-defensins have been described; HD1, 2, 3, and 4 
are secreted primarily by granulocytes and certain 
lymphocytes, whereas HD5 and 6 are expressed by 
intestinal Paneth cells. The β-defensins are produced 
in response to microbial infection of mucosal tissue 
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with human neutrophil peptides soon after infec-
tion resulted in marked inhibition of influenza virus 
replication and viral protein synthesis [72]. BK virus 
is a polyomavirus that establishes a lifelong per-
sistence in most humans. Studies have shown that 
human α-defensins can inhibit BK virus infection 
[73], and inhibit adenovirus infection [74], and that 
α-defensins and human β-defensin inhibited herpes 
simplex virus infection [75].

Microbial-derived immunomodulators

Cell walls of Gram-negative bacteria contain endotox-
ic LPS, which is a potent stimulator of the immune sys-
tem, even in nanogram quantities. Clinical application 
of endotoxin has, however, been hampered as it plays 
a major role in the pathophysiology of gram-negative 
bacterial sepsis. Concerted efforts have been made 
to modify endotoxin for possible therapeutic use in 
humans. Investigations on endotoxic LPS have led to 
the identification of lipid A as an important constitu-

transmission of HIV. In mothers, the -52GG genotype 
is associated with low levels of HIV plasma viremia 
and a lower risk of maternal HIV transmission [68]. 

An antimicrobial peptide homologous to rhe-
sus monkey circular mini-defensins (δ-defensins) has 
been prepared by solid-phase peptide synthesis 
and named retrocyclin. Retrocyclin has a remark-
able ability to inhibit proviral DNA formation and to 
protect CD4 lymphocytes from in vitro infection by 
both T-tropic and M-tropic strains of HIV. Retrocyclin 
interferes with an early stage of HIV infection and 
retrocyclin-like agents might be useful topical agents 
to prevent sexually acquired HIV infections. It is of 
interest that recent studies have shown that human 
cells possess the capability to make cyclic θ-defensins 
[69]. 

Defensins are known to exhibit inhibitory activity 
against several viruses. α-defensins promote uptake 
of influenza virus by neutrophils, and human defen-
sins 5 and 6 are effective in neutralizing influenza 
virus [70]. The expression of murine β-defensin was 
enhanced in influenza-infected lungs, trachea and 
nasal mucosa [71] and treatment of cell cultures 

Table 4. Human defensins

Defensins Cell types Characteristics

α-Defensins

HNP1–HNP4 Neutrophils Broad spectrum of antimicrobial activity, chemo
attractant for monocytes, T cells and dendritic cells

HD5–6 Intestinal tract Propeptide released by Paneth cells. Converted to 
the active form by trypsin

β-Defensins

hBD-1 Keratinocytes, respiratory epithelia,  
urogenital tract

Weak antimicrobial activity

hBD-2 Keratinocytes,  respiratory epithelia,  
intestinal tract

Active against Gram-negative bacteria and fungi, 
chemoattractant for dendritic and T cells, human 
neutrophils and mast cells

hBD-3 Keratinocytes, respiratory epithelia Broad spectrum of antimicrobial activity

hBD-4 Keratinocytes, respiratory epithelia Activity against P. aeruginosa, E. coli and Gram-
positive bacteria
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and has been shown to be also a TLR4 agonist. MPL 
promotes IFN-γ production and skews the immune 
response toward a Th1 profile [76] (Fig. 8).

Formalin-inactivated RSV vaccine induces an 
immunopathological response that leads to disease 
enhancement upon RSV infection of those previ-
ously vaccinated. Vaccine containing MPL dramati-
cally reduced the levels of Th1 and Th2 cytokines in 
response to RSV challenge [77]. Prophylactic admin-
istration of MPL has been shown to mitigate the 
sepsis syndrome by reducing chemokine production 
of pulmonary and hepatic MIP-1α, MIP-1β, MIP-2, and 
MCP-1 mRNA and attenuating the production of 
proinflammatory cytokines. MPL has been used as an 
adjuvant with toxoplasmal, leishmanial, malarial, and 
tuberculosis antigens in preclinical studies. 

Aluminum salts have long been used as adju-
vants. They promote antibody production and are 
more biased towards a Th2 response. The particulate 
structure of aluminum salts facilitates formation of 

ent of the endotoxin molecule capable of exhibiting 
various immunopharmacological activities of the 
intact bacterial LPS. During the last few decades, 
selective reduction of the toxicity of endotoxin, while 
retaining its beneficial adjuvant property, has been 
achieved by effective chemical treatment and by 
synthesis of non-toxic lipid A analogues. 

Monophosphoryl lipid A

Many advances in our understanding the TLR recep-
tors and associated agonists have been made in 
recent years. This has led to the engineering of a 
new generation of adjuvants that incorporate these 
agonists for prophylactic and therapeutic vaccines. 
LPS (endotoxin) is a specific agonist of TLR4 but is 
too toxic for use in humans. Monophosphoryl lipid A 
(MPL) is a detoxified derivative of LPS isolated from 
the Gram-negative bacterium Salmonella minnesota 
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of IL-12 [78]. Probiotics, including lactobacilli and 
bifidobacteria, administered to children can reduce 
incidence and duration of diarrhea. Bifidobacterium 
breve has been shown to augment antibody pro-
duction and induce significant reduction in the 
frequency of rotavirus shedding in stool samples of 
infants [79]. Probiotic supplementation can reduce 
the risk of travelers’ diarrhea in adults [80]. Whole 
microbes such as Lactobacillus casei, Bifidobacterium 
species and Saccharomyces boulardii have been used 
successfully to prevent antibiotic-associated diarrhea, 
and to treat other diarrheal illnesses caused by bac-
teria [81]. The beneficial bacterial flora present in 
the human body can be destroyed by antibiotic treat-
ment and permits overgrowth of pathogenic bacteria. 
Antibiotics are designed to attack specific bacterial 
pathogens but, in the process, indiscreetly reduce the 
number of beneficial human microbiota that is part 
of the gut-associated lymphatic system [82]. Thus, 
supporting normal flora with live microorganisms 
can confer a beneficial health effect [83].

Probiotic lactobacilli can improve urogenital 
health by immune modulation, pathogen displace-
ment and creation of conditions that are less con-
ducive to proliferation of pathogens [84]. Probiotics 
have been used for treating candidal vaginitis and 
urinary tract infections. Bacterial vaginosis is a com-
mon condition that recurs frequently in premeno-
pausal women. It adversely affects women’s lives, and 
is associated with several complications including 
increased risk of sexually transmitted infections and 
HIV, and even adverse pregnancy outcome. It is char-
acterized by depletion of the indigenous lactobacilli. 
The use of probiotics to populate the vagina and 
prevent or treat infection has shown efficacy, includ-
ing supplementation of antimicrobial treatment to 
improve cure rates and prevent recurrences [85]. 
Probiotic lactobacilli can provide benefits to women 
being treated with antibiotics [85, 86]. Urinary tract 
infection in children is common (5–10%) and recurs 
in 10–30%. Probiotics have also been used in chil-
dren [87] and have been shown to reduce febrile 
illness caused by the urinary tract infection [88].

Probiotics may have a beneficial effect on the 
severity and duration of symptoms of respiratory 
infections but do not appear to reduce their inci-
dence [89], and probiotic supplementation may 

an antigen depot at the injection site for a sustained 
response. At the molecular level, aluminum adjuvants 
have been shown to stimulate Nlrp3, a component of 
the inflammasome. The multifunctional inflammasome 
can lead to processing of proforms of cytokine IL-18 
or IL-1β. Alum alone is not able to induce the tran-
scription of IL-18 or IL-1β genes in antigen-presenting 
cells (APCs) and needs additional pretreatment of 
the APC with TLR ligands such as MPL.

The Adjuvant System 04 (AS04), licensed for 
use in humans, consists of MPL (3-O-desacyl-4’-
monophosphoryl lipid A) adsorbed onto a particu-
late form of aluminum salt. It has been developed by 
GlaxoSmithKline Biologicals as a new generation of 
adjuvants. MPL and aluminum salt apparently syn-
ergize in AS04 to produce elevated levels of IL-18 or 
IL-1β. AS04 is currently used in two licensed vaccines, 
Fendrix against HBV and Cervarix against HPV-16 
and HPV-18 cervical cancer. A third vaccine against 
herpes simplex 2 virus is in phase III clinical trials.

Microbial immunomodulators

Probiotics 

Probiotics are living microorganisms that are ingest-
ed by the host on purpose for improving intestinal 
microbial balance and promoting health. The global 
interest in innovative probiotics as a natural way 
of restoring the body’s normal microbiota, as an 
alternative way of preventing or treating infectious 
diseases without side effects and for general well-
being, has increased dramatically since the end of 
the 1990s and the trend remains unbroken. Several 
probiotic products are available as freeze-dried, lyo-
philized or heat-dried culture supernatant capsules, 
and as fortifiers of dairy foods (e.g., yogurt, milk, kefir, 
ice cream or cheese). 

Several immune functions, such as phagocyto-
sis, NK cell activity and mucosal Ig A production 
(especially in children), can be improved by some 
probiotic bacteria (see also chapter C8). The major 
Lactobacillus species present in the human gastro-
intestinal mucosa, L. plantarum, L. rhamnosus and 
L. paracasei, have been found to be potent stimulators 
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4965 recurrent respiratory tract infection patients in 
14 countries in Europe, Latin America, and Asia, has 
been conducted. An overall reduction of at least 50% 
in the number, severity, and duration of respiratory 
tract infections, the number of antibiotic and symp-
tomatic treatments, and the number of days absent 
from school or work was reported [96]. Hemodialysis 
patients suffer from several immune defects, which 
increase their risk of developing bacterial infections, 
particularly of the respiratory tract. In a double-blind 
placebo-controlled prospective study, oral immu-
notherapy with an immunomodulating bacterial 
extract significantly reduced the number of patients 
with respiratory tract infections and, consequently, 
the number of antibiotic treatment courses [97].

Mucosal immunization strategies able to induce 
secretory IgA for protection of mucosal surfaces 
and systemic immunity to pathogens invading the 
mucosal surface of the host are currently of great 
interest in the field of infectious diseases. The current 
concept of the mucosal immune system postulates 
that stimulation of the gut-associated lymphoid tis-
sue (GALT) can lead to the induction of a general-
ized response by the whole mucosal-associated lym-
phoid tissue. Lymphocytes that have been sensitized 
to the antigen in the GALT migrate via the blood to 
mucosal tissues to generate antigen-specific secre-
tory IgA antibodies, which play a key role in protec-
tion against pathogens invading mucosal surfaces 
[98]. Bacterial lysates such as Broncho-Vaxom® 
have been shown to increase IgA concentrations 
[99]. Earlier studies conducted in 1990s and early 
2000s already showed that such preparations can 
enhance the production of diverse cytokines such 
as IL-1, IL-12, IFN-γ, stimulate NK cells, induce B 
lymphocyte proliferation and activate phagocytic 
activity of macrophages [99, 100]. The main problem 
with the use of bacterial extracts may be cutaneous 
eruptions, itching and increased risk of lower urinary 
tract infections.

Summary and perspective

Preventing existing and emerging infectious diseases 
is a multidisciplinary and multifaceted endeavor. The 

prevent the spread of infection throughout the respi-
ratory tract [90]. Risk of early acute otitis media and 
antibiotic use and the risk of recurrent respiratory 
infections during the first year of life may be reduced 
by probiotics [91].

Prebiotics are non-digestible food ingredients 
that confer benefits upon host well-being and health, 
whereas synergistic combinations of pro- and pre-
biotics are called synbiotics. Treatment with synbi-
otics has been reported to significantly decrease 
the risk for sepsis by bloodstream infections [92]. 
It is interesting that the intestinal microbiota differs 
in infants who later develop allergic diseases, and 
feeding probiotics to infants at risk has been shown 
to reduce their rate of developing eczema [93]. 
Lactobacilli and bifidobacteria have been reported 
to reduce risk and severity of allergic disease, par-
ticular atopic dermatitis [80].

Bacterial extracts

Bacterial extracts have been widely used as immu-
nomodulators to prevent recurrent infections of the 
upper and lower respiratory tract, particularly in 
children. They are comprised of common bacterial 
respiratory pathogens found in the respiratory tract. 
Several preparations containing bacterial lysates (e.g., 
Broncho-Munal®, Broncho-Vaxom®, Imocur®, Lui-
vac®) are licensed for use in Europe. Such prepara-
tions are, however, regarded with scepticism by many 
authorities who question their medicinal value.

A large body of primary literature exists on 
placebo-controlled and double-blind clinical trials 
that have been conducted with these agents. Patients, 
most often children, having recurrent episodes of 
infections of the respiratory tract and of the ear, nose 
and throat have been treated with oral bacterial 
lysates. In most cases, the frequency and the sever-
ity of infections were reported to be reduced and 
both the physician and the patient considered the 
treatment to be beneficial. It is of interest that many 
studies have reported a decrease in antibiotic con-
sumption in bacterial lysate-treated patients and a 
reduction in the number and duration of hospitaliza-
tions [94, 95]. A multicenter study with the oral bac-
terial lysate immunomodulator LW 50020, involving 
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in the immunostimulants field into clinically applica-
ble therapies. A diverse array of structures is available 
and it seems reasonable to expect that data from rel-
evant infectious disease models will eventually lead 
to exciting breakthroughs. New methodologies have 
the potential to identify novel targets and foster the 
development of individually tailored immunomodu-
latory drug treatments.

Selected readings

Fallon P. Pathogen-Derived Immunomodulatory Molecu­
les. Austin: Landes Biosciences co-published with 
Springer, Heidelberg, 2009: 1–202

Recommended websites

http://www.who.int/csr/disease/en/
http://www.emea.europa.eu/pdfs/human/antimicrobial_

resistance/EMEA-576176–2009.pdf
http://www.thebody.com/index.html
http://www.copewithcytokines.de/cope.cgi
http://www.sabiosciences.com/newsletter/PATHWAYS 

07_TLR.pdf
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