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Antigen presentation. How sweet?!! 
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Abstract 

Thus far, the best-studied and most appreciated biopolymers are the proteins. Although the 
investigation of proteins has been shown to be necessary for understanding of biological 
phenomena, more and more evidence shows that biological events cannot be explained solely 
by the functions of proteins. Fine tuning of the system requires the involvement of other 
biomolecules, such as carbohydrates and lipids. Key to our specific defense against microbial 
infections are critical interactions between the specific adaptive and relatively non-specific 
innate part of the immune response. The most critical link between both parts of the immune 
system is T cell activation by antigen presentation. This report describes the immunological 
significant role of bacterial-derived carbohydrate structures in T cell activation, as context of 
antigens as well as antigen itself. This report will expand the concepts of the role of 
carbohydrates in microbial interactions with the adaptive immune system.  
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Introduction 

The induction of immune responses requires 
critical interaction between innate parts of the 
immune system, which respond rapidly and in 
a relatively nonspecific manner, and other 
specific parts, which recognize particular 
epitopes on an antigen. The critical link 
between the innate part and the specific part of 
the immune response is presentation of 
encountered antigens to the adaptive part to 
induce an immune response. The consequential 
immune response must be restricted to 
dangerous antigens and optimized to the 
presented antigen to prevent over-reactive or 
self-reactive immune responses. The 
presentation platforms for antigens are the 
Major Histocompatibility Complex molecules, 
which are able to present both exogenous and 
endogenous encountered antigens. Cells are 
constitutively internalizing compounds from 
their environment by different processes, 
including phagocytosis, endocytosis, and 
macropinocytosis, thereby encountering a lot 
of different compounds. However, only 
dangerous compounds must be selected to 
induce a specific immune response by the 
adaptive immunity. Since the main constituent 
of the bacterial surface are carbohydrates, it is 
not unexpected that these biomolecules can be 
recognized by the immune system as harmful 
and dangerous molecules. This report will 
discuss the contribution of the bacterial-
derived carbohydrates in the development of a 
specific and efficient adaptive immune 
response and will especially focus on the 
current knowledge on antigen presentation and 
the role of bacterial-derived carbohydrate 
structures in this process.  

§1: Classical antigen presentation via Major 
Histocompatibility Compex class II 
molecules 
MHC  II expression. 
As mentioned previously, the Major 
Histocompatibility Complex (MHC) class II is 
essential for a proper immune response against 
invading pathogens. The expression of MHC 
class II molecules is under steady state 
conditions restricted to a specific group of 
cells, named antigen presenting cells (APCs). 
Cells that are more specialized to acquire, 
process, and present antigens are the so-called 
professional antigen presenting cells. This 
group comprises cells from the monocyte-

macrophage lineage, dendritic cells (DCs), and 
B lymphocytes. The DCs constitutively 
express MHC class II molecules and co-
stimulatory molecules that are essential for T 
cell activation and proliferation as a function 
of their developmental stage [1]. In contrast, 
expression of MHC class II and co-stimulatory 
molecules is potently induced upon activation 
in macrophages, while B cells constitutively 
express MHC class II molecules but require 
stimulation to express co-stimulatory 
molecules. The expression of MHC II requires 
the transcriptional co-activator called the MHC 
II transactivator (CIITA) [2]. Next to the 
professional antigen presenting cells, also other 
cell types can express MHC class II molecules 
upon stimulation. These cells are called non-
professional antigen presenting cells, to 
emphasize that these cells are not specialized 
to present and process acquired antigens. Non-
professional antigen presenting cells include, 
fibroblasts, glial cells, thymic epithelial cells, 
and pancreatic B cells [3]. 
Human MHC class II molecules are encoded 
by polymorphic genes clustered on the short 
arm of chromosome 6, named “human 
leukocyte antigen-DR, -DP, -DQ, and two non-
classical MHC II genes, HLA-DM and -
DO[4,5].  In mice two major groups of MHC 
class II genes exist, I-A and I-E, as well as 
non-classical H-2M and H-2O.  
To date, more than 870 MHC II allotypes have 
been identified in the human population, from 
which approximately 600 proteins were 
expressed. This high polymorphism produces a 
great diversity of peptide receptors and enables 
the species to survey an amazing variety of 
peptide sequences derived from the multitude 
of pathogenic organisms [6].  
 
MHC II  assembly. 
MHC class II complexes are composed of two 
non-covalently linked type I membrane 
polypeptides, subunit α (35kDa) and β (28kDa) 
respectively. After synthesis and translocation 
into the endoplasmic reticulum (ER), both 
subunits are forced into correct assembled 
heterodimeric complexes by their 
transmembrane domain [7] and associating 
invariant chain that function as a chaperone[8]. 
The invariant chain and MHC II subunits 
associate into a nonameric complex, of which 
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the precise order of assembly is not clear. 
Probably the invariant chain self-associates 
into trimers prior to association with either 
preassembled αβ MHC class II complex or 
single α and β subunits. By binding to the 
MHC II complex, the invariant chain prevents 
binding to MHC II of endogenous peptides that 
are present in the ER [9]. Another function of 
the invariant chain is to match isotypic α and 
β-chains. This is necessary since the α- and β-
subunits are not examined by antigenic 
peptides in the ER to form functional peptide 
receptors, because MHC class II heterodimers 
do not acquire antigenic peptides in the ER as 
MHC class I molecules does [6].  
After proper assembly in the ER, the 
nonameric complexes pass through the Golgi 
cisternae into the TGN from where the 
complexes are delivered in the endocytic 
compartment as dictated by the bound 
invariant chain[10]. However, the precise route 
of the MHC II-invariant chain complexes from 
TGN to the endocytic compartment that is 
called MHC class II-containing compartments 
(MIIC) remains an unsolved question. In the 
literature, some reports argue the prevalence of 
a direct, intracellular transport from the TGN 
to either early or late endosomes and then to 
lysosomes[11], whereas other studies suggest 
an indirect pathway from the TGN to the 
plasma membrane, followed by endocytic 
delivery to early endosomes, late endosomes, 
and finally lysosomes[12].  
 
MHC II-peptide complex formation. 
Upon encounter of an invading pathogen by an 
APC, innate receptors recognize and bind to 
the pathogen. Binding of pathogens initiates 
waves of signal transduction events that induce 
rearrangement of the actin cytoskelet leading 
to internalization of the pathogen into 
phagosomes. The phagosome develops or 
matures into a phagolysosome by fusing with 
endosomes or lysosomes, thereby intersect 
with the MHC II complex routing. The 
exposure of antigenic proteins and MHC class 
II molecules to endosomal and lysosomal-
residing proteases is required for peptide 
loading into MHC class II molecules. 
Whereas the α and β chains are resistant to 
proteolysis, the invariant chain undergoes 
proteolytic degradation by cysteine and 
aspartic proteases, including cathepsin S, to 
various fragments in the endocytic 
compartment [13-15]. One of these fragments, 

the approximately 3-kDa class II-associated 
invariant chain-derived peptide (CLIP), 
remains bound to the peptide-binding groove 
on the surface of the αβ dimers[16]. CLIP is 
eventually exchanged by antigenic peptides in 
a process that is catalyzed by HLA-DM and 
HLA-DO.  
The MHC class II-like molecule HLA-DM 
forms a stable heterodimer of DM α-chain and 
DM β-chain proteins, encoded by HLA-DM 
and HLA-DMB genes. Unlike classical MHC 
class II molecules, HLA-DM is not expressed 
at the cell surface but resides intracellular in 
the MIICs [17]. Crystallography studies of 
HLA-DM or the mouse variant H-2M show an 
overall structure that is similar to classical 
MHC class II molecule structures, but lacks a 
functional peptide-binding groove[18,19]. 
Further investigation demonstrated that HLA-
DM first releases CLIP from the class II 
groove[20], then stabilizes the empty class II 
molecules[21], and finally shapes the 
repertoire of peptides that are loaded by 
biasing the peptide pool that binds MHC class 
II molecules[22]. The peptide loading activity 
of HLA-DM has an acidic pH optimum and 
involves physical interactions, thus the 
association and related function of HLA-DM 
to MHC II complex is localized to a later stage 
in maturation of endocytotic vesicles in which 
the pH is acidified. 
The HLA-DO and H-2O gene products are 
structurally similar to conventional class II 
molecules, even more to classical MHC class 
II molecules than to the HLA-DM 
proteins[23]. In the ER both α and β subunits 
of HLA-DO weakly dimerize and only after 
HLA-DM( αβ) binding this complex can exit 
the ER to localize in the MIICs mediated by a 
tyrosine-based motif (YTPL) in both β 
chains[24]. This association is maintained 
during and after transport to the MIICs [25]. 
Unlike classical MHC class II molecules and 
DM/H-2M, which are constitutively expressed 
by B cells, DCs, and macrophages, HLA-DO 
and H-2O have a more restricted expression 
pattern. They are being expressed on B cells, 
thymic epithelial cells and some subsets of 
DCs, but not on macrophages [26,27]. In vitro 
it was proved that HLA-DMDO complexes 
were less efficient in peptide loading onto 
HLA-DR (classical MHC II), indicating that 
HLA-DO could inhibit HLA-DM functions 
[28]. Moreover, HLA-DO inhibition on HLA-
DM function was more prominent at pH 5.5, 
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whereas the HLA-DODM complexes regain 
ability to catalyze peptide loading at pH less 
than 5.5[25,27]. This indicates that HLA-DO 
preferentially inhibits HLA-DM activity in 
early endocytic compartments (pH greater than 
5.5), while allowing efficient peptide loading 
in late endosomal and lysosomal MIIC 
compartments (pH less than 5.5). 
Other factors that determine peptide loading 
are the interactions between antigenic peptides 
and MHC class II molecules. The peptide-
binding sites of MHC II molecules are 
comprised of an eight-stranded β- sheet topped 
by two long α-helical segments, forming an 
elongated binding groove for a diverse 
repertoire of peptides or polypeptides. The size 
of the groove favors peptides of 12 to 20 
amino acids in length, which protrude from 
both ends of the groove, and are held in the 
groove by two different types of intermolecular 
interactions. The first is a co-operative network 
of hydrogen bonds that is formed between the 
peptide backbone and side chains of the α-
helical regions flanking the peptide, tethering 
the peptide at multiple sites in a sequence-
independent fashion. The second type of 
interaction involves peptide side chains fitting 
into specificity pockets lining the groove, 
which imparts sequence specificity. Peptide-
dissociation experiments with mutant MHC II 
molecules and with side chain- or backbone-
modified peptides indicate that both side chain 
and hydrogen bond interactions are critical for 
the stability of the peptide/MHC II complex 
[29]. The peptide-binding groove protects the 
core peptide from further proteolysis. 
After peptide loading, the MHC II-peptide 
complexes are localized via tubular extensions 
that emanate from late endosomal 
compartment to the plasmamembrane. During 
endosomal maturation a gradual accumulation 
of luminal vesicles (LV) that bud off inward 
from the endosomal delimiting membrane 
occurs, leading to the formation of so-called 
multivesicular bodies (MVBs). One step 
further in endosome maturation, these MVBs 
fuse with lysosomes delivering their cargo to 
the destructive environment of lysosomes. The 
degradation of the luminal vesicles contribute 
to the formation of multilaminar membranes 
that are characteristic for the end-product of 
lysosome-MVB fusion. The MHC II-peptide 
complex carrying tubular extensions radiate 
out from both MVBs and multilaminar 
lysosomes[30,31]. It is unclear whether the 

tubules itself or vesicles that derive thereof 
fuse with the plasmamembrane, but the 
absence of secreted soluble lysosomal enzymes 
and the demonstration of vesicles at the tip of 
the tubular extensions favors the vesicle 
model[30]. By using spinning disk confocal 
microscopy, it was demonstrated that the 
tubular extensions have bidirectional 
movements, that requires microtubules and 
microtubule-associated motor proteins, 
indicating an active transport towards the 
plasmamembrane[32]. Indeed, T-cell 
engagement by peptide presentation of DC was 
shown to rapidly rearrange the endolysosomal 
tubules towards the point of contact between 
both cells, e.g. future immunological synapse 
[33]. The retention of of LAMP-1 in the 
lysosome, indicates a selective entering into 
the tubular extensions of MHC class II 
molecules [32]. 
Eventually the MHC II-peptide complex is 
presented on the cellular surface, where the 
peptide can be recognized by T cell receptor 
(TCR) of helper T cells (CD4+), driving 
antigen-specific T cell activation. In contrast to 
B cell receptors (BCRs) of B cells which are 
capable of recognizing an antigen alone, T cell 
receptors only recognize antigen that has been 
processed and presented in the context of the 
MHC class II molecule.  
T cell activation occurs in secondary lymphoid 
organs, such as lymph nodes, whilst antigen 
encounter occurs at the barriers of the body. 
This indicates that the antigen have to be 
delivered to the T cells. Indeed, DCs are 
known to migrate upon encounter of the 
antigen towards specific compartments in 
lymph nodes to activate T cells. Upon 
encounter of an antigen immature DCs 
undergo dramatic changes which in general 
result in decrease of uptake-capability, but 
more specialization into capabilities for 
antigen presentation. This process is called DC 
maturation. The DCs also provide additional 
information to program the lymph node-
residing T cells to specialized susbets to 
optimize the immune response against the 
encountered antigen. Examples of specialized 
helper T cell subsets are Th1 cells that are 
balancing the immune response towards the 
cellular immunity, whereas Th2 cells balance 
the immune response towards the humoral 
immune immunity. 
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MHC II  recycling. 
In DCs, MHC II is constitutively synthesized 
and loaded with peptides from endogenous or 
exogenous acquired antigens. The amount of 
peptide-loaded MHC class II molecules at the 
cell surface needs to be tightly regulated. To 
regulate the amount of MHC II-peptide 
complexes present on the plasmamembrane 
MHC II-peptide complexes can be 
internalized, e.g. removal from the 
plasmamembrane. Efficient endocytosis of 
MHC II-invariant chain complexes is known to 
largely rely on the dileucine-based signals in 
the cytoplasmic tail of the invariant chain. But 
for the generation of MHC II-peptide 
complexes is the invariant chain (or CLIP) 
exchanged for the peptide and thereby lost the 
dileucine-based signals. However, studies 
showed that MHC II-peptide complexes that 
lack these signals are nevertheless endocytosed 
by immature DCs [34]. The removal of this 
dileucine-based signal from the MHC II β-
chain did not completely abolish MHC II-
peptide complex internalization. Studies have 
found a second endocytosis signal for MHC II-
peptide complexes, which is recently identified 
as an oligo-ubiquitin tag. The oligo-ubiquitin 
tag are 3 to 5 ubiquitin moieties that are 
attached to a unique and between species and 
haplotypes highly conserved lysine residue 
(K225)[35]. Likely ubiquitin-interacting motifs 
of ubiquitin-binding clathrin adaptors target 
membrane proteins for endocytosis with 
clathrin-coated vesicles. 
At endosomes, ubiquitinated membrane 
proteins are recruited by a sorting machinery, 
the Endosomal Sorting Complex required for 
Transport (ESCRT) for sorting to luminal 
vesicles in MVBs. Directing it to degradation 
by lysosomal content after fusion of MVBs 
with lysosomes. The precise regulation is of 
MHC II ubiquitination is not known. For 
attachment of ubiquitin on proteins, devoted 
so-called E3 ligases are essential. Recently, it 
was demonstrated that overexpression of an E3 
ligase that is expressed in human DCs, i.e. 
MARCH1, promotes targeting of MHC II to 
lysosomes[36]. However, ubiquitination of 
MHC class II molecules in DCs from an 
MARCH1-knock out mice was not completely 
ablated, suggesting also other factors involved 
[37]. Moreover, only MHC II-peptide 
complexes are ubiquitinated and prior 
degradation of the associated invariant chain is 
required [35], suggesting that E3 ligases can 

only interact with MHC class II molecules 
after the release of CLIP.  
The amount of cell surface presented MHC II-
peptide complexes depends on the DC 
maturation stage. The low amount of MHC II-
peptide complexes characteristic for immature 
DCs is regulated in part to their ubiquitination 
that targets them for degradation in lysosomes. 
During maturation of the DC upon activation 
by pathogens or inflammatory stimuli, the 
MHC II-peptide complexes are less efficiently 
ubiquitinated, leading to an increased 
presentation of peptide-loaded MHC class II 
molecules on the DC. Supported by the fact 
that MARCH1 is downregulated during DC 
activation [38]. 
MHC class II molecules need to encounter 
peptides prior to assembling the MHC II-
peptide complex. A cell is constitutively 
internalizing molecules and even fluids with 
processes as macropinocytosis, receptor-
mediated endocytosis, and phagocytosis. This 
give rise to a large amount of vesicles that are 
inside the cell, indicating that efficient delivery 
of antigenic peptides derived from internalized 
pathogens to MHC class II containing 
compartments require some sort of targeting.  

§2: Antigen presentation via MHC class I 
molecules 
MHC I expression.. 
MHC class I molecules display a ‘peptide 
fingerprint’ of intracellular protein content to 
cytotoxic T cells (CD8+) for immune 
surveillance of viruses and tumors. The MHC 
class I–peptide complexes are monitored by 
cells of both the innate and acquired immune 
systems, namely natural killer (NK) cells and 
CD8+ cytotoxic T lymphocytes (CTL), 
respectively. In contrast to the MHC class II 
molecule expression that was restricted to 
APCs, MHC class I molecules are expressed 
on most nucleated cells, although the level of 
expression differs among different cell types. 
The class I molecule contain a 45 kDa α chain 
associated with a 12 kDa β2-microglobulin 
molecule. In humans, classical MHC class I α 
chains are encoded from HLA-A, -B, and –C. 
In mice the classical MHC I α chain is encoded 
from genes designated H-2K,-2D, and -2L. 
Note that H-2L is only expressed in some 
mouse haplotypes. The β2-microglobulin 
molecule is encoded on another chromosome 
from a highly conserved gene fragment. 
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Ubiquitin-dependent proteasomal degradation. 
In steady state, cells degrade misfolded or 
defective ribosomal products that are present in 
the cytosol of cells by the ubiquitin-
proteasome pathway. During infection, 
pathogen-derived proteins are expressed at 
high levels, increasing their proteasomal 
degradation compared to the host protein 
turnover[39].  
Since both endogenous self antigens as well as 
non-self antigens (such as viral proteins) are 
residing in the cytosol, the discrimination 
between ‘self’ and ‘non-self’ proteins is crucial 
to avoid autoimmunity. Specific targeting of 
proteins, both self and non-self, to proteasomal 
degradation is mediated by the ubiquitin 
system. Ubiquitin is a highly evolutionarily 
conserved polypeptide of 76 amino acids. For 
conjugation of ubiquitin to protein substrates at 
first ubiquitin activating enzyme E1 generates 
a high-energy thiol ester intermediate in an 
ATP-dependent reaction. Subsequently, E2 
ubiquitin-carrier or ubiquitin-conjugating 
proteins (UBCs) catalyze the transfer of the 
activated ubiquitin from E1, via an additional 
thiol ester intermediate (E2-S-ubiquitin), to the 
substrate that is specifically bound to a 
member of the ubiquitin-protein ligase E3 
family. This ubiquitin is predominantly 
conjugated to the NH2-terminal amino group 
of the substrate. Repeatedly adding activated 
ubiquitin moieties to internal lysine residues 
(Lys-21, or -22) on the previously conjugated 
ubiquitin molecule generates a poly-ubiquitin 
chain that targets the substrate protein to the 
proteasome. The specificity of this targeting is 
predominantly coordinated by the E3 family. 
These recognition factors decide which 
specific substrate protein will be poly-
ubiquitinated, allowing recognition by the 19S 
part of the proteasome. However, in most 
situations the substrates are not immediately 
recognized by E3s. In most cases the E3 
requires posttranslational modifications or the 
substrate undergoes certain changes that render 
it susceptible for recognition.  
In the literature many reports describe foreign 
peptides processed by the 26S proteasome as it 
is the main protease for creating MHC class I 
ligands. The main eukaryotic proteasome is 
essential in non-lysosomal ubiquitin-dependent 
protein degradation and is composed of two 
19S ATPase regulatory particle, which is 
responsible for recognition, unfolding and 
translocation of ubiquitinated proteins, and the 

20S core particle containing the proteolytically 
active centres[40]. The 20S core particle is a 
complex containing 28 subunits; four rings 
containing seven members that are stacked on 
top of each other[41]. Fourteen β subunits form 
the inner cavity and contain the proteolytically 
active sites, whilst 7 α subunits are situated at 
each end of the rod-like structure. The 
proteasome is a non-specific protease that can 
cleave after all amino acid residues [42], thus 
to avoid degradation of proper folded and 
functioning cellular proteins the activity of the 
proteasome needs to be tightly regulated. The 
specificity is regulated by the α subunits. 
Access to the inner cavity where the active 
sites are situated is only possible through the 
outer ring formed by the α subunits. Opening 
and closing of the central pore in the α-ring is 
regulated by proteasomal activators. One of the 
proteasomal activators is the well-known 19S 
ATPase particle. The 19S complex is 
necessary for the processing of both ubiquitin-
dependent and -independent degradation. The 
complex comprises at least 18 different 
subunits that are topologically arranged the 
“base”and the “lid”. In addition to controlling 
the gating of the 20S proteasome, the ATPase 
ring function as a chaperone for final unfolding 
of substrates and their translocation into the 
20S proteasome catalytic inner cavity. Other 
accessory molecules are the 11S activating 
complex, the proteasome activator 28, and the 
inhibitory proteins proteasome inhibitor 31 
(PI31) and Pr39, respectively. The proteasome 
inhibitors function through binding to the α7 
subunit, thereby reducing proteolysis of 
specific proteins without altering global cell 
proteasomal proteolysis [43]. 
After stimulation by proteasomal activators, 
the opening is just wide enough to allow access 
of selected and unfolded polypeptide chains. 
The proteasome produces a large number of 
peptides in the course of ATP-dependent 
protein degradation with an average length 
distribution of 2–25 amino acids. Recently, it 
was discovered that the production of antigenic 
peptides can also be achieved by splicing of 
two distinct peptide fragments [44].  For 
peptides to be cut and re-ligated, the precursors 
must be compartmentalized within the catalytic 
unit and highly concentrated at the active sites 
to avoid interference from other competing 
peptides and active water molecules, making it 
a rare event [45]. Thus this peptide splicing 
increases the variability of the peptide pool. 
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Another way to increase the variability of the 
peptide pool for the proteasomal degradation 
process is substitution of the constitutive active 
subunits of the proteasome by their 
immunological counterparts. It was found that 
alternative β forms denoted β1i, β2i, and β5i 
can be expressed in hematopoietic cells in 
response to exposure to pro-inflammatory 
signals such as cytokines as TNFα and IFNβ, 
but in particular IFNγ. This proteasome 
composed of these alternative subunits is 
known as the immunoproteasome. Analysis of 
peptide fragments generated in vitro showed 
that the presence of immuno-subunits altered 
the cleavage site preference of proteasomes. 
This resulted in a more frequent usage of 
specific cleavage sites with the consequence 
that the relative abundance of certain peptides 
within the generated peptide pool is changed. 
In addition, stimulation of cells with IFNγ not 
only induces the expression of immuno-
subunits but also that of PA28αβ. PA28 is even 
in absence of cytokine stimulation found in 
almost any cell type, but increased constitutive 
levels are observed after stimulation with IFNγ 
in cells with specialized antigen presenting 
function[46]. PA28 attaches in an ATP-
independent way to the outer α-rings of the 
20S proteasome and strongly stimulates the 
hydrolysis of short fluorogenic peptide 
substrates. However, the turnover rate of 
cellular native proteins is not affected[47]. 
Crystallization studies revealed that PA28 
induces conformational changes via its C-
termini in the N-terminal parts of the α-
subunits, thereby opening the central gates in 
the two outer α-rings of the 20S core complex. 
Based on this and on the observation that PA28 
facilitates product exit, it was proposed that 
such an open conformation might allow the 
release of slightly longer peptides and, in 
consequence, might support the presentation of 
MHC class I antigen presentation[48]. 
These findings reveal that cells possess 
efficient mechanisms for improvement of 
control over the quantity and quality of 
antigenic peptides presented by MHC class I 
molecules. Since most peptides generated have 
high affinity for MHC class I molecules, there 
are almost unlimited possibilities for antigen 
presentation on the cell surface and essential 
for the adaptive immune responses. The 
peptide products of the proteasome that do not 
bind to MHC class I molecules do not 
accumulate in the cell [42], but most of them 

are rapidly hydrolyzed by downstream 
proteases and aminopeptidases[49].  
 
MHC I-peptide complex formation. 
After proteasomal degradation, the transporter 
associated with antigen processing (TAP) 
recognize and translocate minor fractions of 
approximately 1% to the ER lumen. TAP is an 
ATP-binding cassette (ABC) transporter that is 
composed of two half-transporters, TAP1 and 
TAP2 [50], that are both essential for ATP-
dependent peptide translocation into the ER 
lumen[39]. Both subunits contribute to peptide 
binding and are able to recruit the chaperon 
tapasin that stabilize the complex [51]. After 
transport into the ER lumen, the protein 
fragments are further trimmed by ER lumen 
residing proteases for loading onto MHC class 
I molecules, because many peptides are longer 
than optimal MHC I binding 8-10 amino acid 
residues. Peptides that have the correct C-
terminal residue for binding MHC class I, but 
that are too long at the N terminus, can be 
trimmed by aminopeptidases into mature 
epitopes. Experiments with proteasomal 
inhibitors indicated that tripeptidyl peptidase II 
(TPPII) might be able to compensate for the 
loss of proteasomes. In addition, it was 
proposed that TPPII trimming was essential 
because the proteasome always gave rise to too 
long peptides. However, a recent study in 
TPPII-knockdown mice demonstrated TPPII 
was indeed important (although not essential) 
for converting long peptides to shorter forms 
[52]. 
The peptide processing in the ER lumen is 
achieved by the aminopeptidase ERAP1 and 
ERAP2, which are capable of creating and 
destroying MHC ligands[53]. ERAP1 favors 
peptides of 9-16 residues and cleaves peptides 
with a hydrophobic N-terminus. In contrast 
ERAP2 cleaves peptides with basic residues 
[54]. The trimmed peptides in length of 8-10 
amino acids are rapidly recruited into the 
peptide loading complex (PLC). The assembly 
of the PLC occurs in tightly regulated 
sequential process. 
At first, MHC class I molecule its heavy chain 
is synthesized. The unfolded heavy chain will 
associate with the transmembrane-bound 
chaperone calnexin via a monoglucosylated 
sugar moiety (Glc1Man9GlcNac2) that is 
chemically linked to a conserved asparagines 
at position 86 of the heavy chain[55]. After 
binding of calnexin, MHC class I molecule is 
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deglucosylated by glucosidase II (GII) and 
reglucosylated by UDPGlc:glycoprotein 
glucosyltransferase (GT). Calnexin also 
recruits the ER residing protein ERp57. ERp57 
is a member of the protein disulphide 
isomerase (PDI) family of proteins, which 
reduce, oxidize or isomerize disulphide 
bonds[56]. ERp57 is able to form several direct 
conjugates with the heavy chain via transient 
disulphide bonds with specific cysteine 
residues of the heavy chain [57]. Once MHC 
class I molecules are properly folded,  they are 
no longer recognized as a substrate for GT. 
However,  MHC class I molecules that cannot 
fold successfully are delivered to the ER-
derived quality control compartment (ERQC) 
and further trimmed to mannose 6 and 
mannose 5 by ERManI and some accessory 
mannosidases. This trimming results in 
recognition by the lectin OS9, which cause 
translocation to the cytosol, subsequent 
ubiquitinylation resulting in degradation by the 
proteasome. This process is called ER-
associated degradation (ERAD) [58]. For 
efficient transport, ubiquitination, and 
proteasomal degradation, the different proteins 
form a complex over the ER membrane. 
Derlin-1 and its homolog, Derlin-2, interact 
with p97 and its cofactors via the connector 
protein, VIMP. P97 then directly binds to a 
ubiquitin-ligase complex that consists of 
HRD1 and SEL1L. The lectins OS9 and 
XTP3B associate with BiP and Grp94 in 
addition to interact with the HRD1/SEL1L 
complex. The proteasome associates with this 
complex, allowing this complex to cause 
retrotranslocation, ubiquitinylation, and 
subsequent proteasomal degradation of the 
improperly folded MHC class I molecule [59]. 
When the MHC class I molecule is properly 
folded, β2-microglobulin associate with the 
MHC class I molecule heavy chain. Upon 
binding of β2-microglobulin, calnexin is 
replaced by the chaperone calreticulin. This 
complex associate via tapasin to the TAP 
complex and forms the peptide loading 
complex [51].  In the PLC, tapasin acts as a 
bridge between TAP and the remaining PLC 
components. Hence, it stabilizes the empty 
MHC class I complexes and promote binding 
of high affinity peptides [60]. Peptide binding 
to the MHC class I protein occurs through the 
peptide its side chains with pockets in the 
peptide binding groove of the MHC class I 
molecule. Only 3 N-terminal and the last C-

terminal residues of TAP subunits are involved 
in substrate recognition, allowing divers 
substrate binding. This is reflected in the 
remarkable promiscuity in substrate length by 
binding peptides of 8-16 residues with equal 
affinity [61], which matches with the majority 
of protein fragments after proteasomal 
degradation. Upon PLC peptide binding, 
dissociation of the MHC class I molecule-
peptide complex is induced in a TAP-signal 
dependent manner [62]. 
 
MHC I transport. 
After release of MHC I-peptide complexes 
from the PLC, the complexes cluster in ER exit 
sites. MHC class I molecules themselves do 
not contain sequence motifs for association 
with the coats of ER export or retrieval 
vesicles. In addition, peptide-loaded MHC 
class I molecules were not synchronously 
released from the ER. These findings imply 
that MHC class I molecules either leave the ER 
by bulk flow, or that they are associated with 
specific carriers. A recent study demonstrates 
that the transport receptor Bap31, known for 
transport of membrane proteins from ER to 
ERGIC, forms oligomers that associate with 
MHC class I molecules. Bap31 associates with 
peptide-loaded MHC class I molecules to a 
greater extent in comparison to nascent MHC 
class I molecules [63]. Previous reports already 
demonstrated that Bap31 increases the rate of 
ER-to-Golgi transport of MHC class I 
molecules and their stability, and so increases 
the overall level of surface presented MHC 
class I-peptide complexes[64]. The 
overexpression of Bap31-homoloque Bap29 
reduces the level of surface expressed MHC 
class I molecules in an Bap31-Bap29 
interaction-dependent manner [64]. However, 
both overexpression of the negative regulator 
Bap29 or lack of Bap31 did not abrogate 
expression of MHC class I molecules, but 
slowed down the export from the ER [64]. This 
indicates that redundant mechanisms occur in 
the investigated cell type.  
Eventually, MHC I-peptide complexes are 
expressed at the plasmamembrane, where they 
can be recognized by NK cells or cytotoxic 
CD8+ T cells. To inhibit constitutive antigen 
presentation, MHC I-peptide complexes are 
removed from the cell surface by endocytosis. 
MHC class I molecule lacks sorting signals 
recognized for endocytosis via clathrin-coated 
vesicles [65]. However, it has been shown that 
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MHC I-peptide recycles from endosomes to 
the cell surface through tubules modulated by 
Arf6, EHD1, Rab22, and Rabenosyn-5[66-69].  
Kirchausen and colleagues observed long and 
relatively stable tubes containing MHC-I 
radiating from a perinuclear endosomal 
compartment towards the cell surface. After 
increasing the amount of tubules with a HIV-
derived mutant protein NefAAA, they were 
able to demonstrate that the tubules represent 
deep invaginations of the plasma membrane 
that remain open to the cell exterior. Live-cell 
imaging showed that MHC class I molecules 
can move from the cell surface to endosomes 
along these tubules, whereas transferrin 
receptor is mostly excluded. Therefore the 
authors propose that these tubules might 
constitute an additional route for MHC-I traffic 
[70]. 

§3: Canonical antigen presentation via 
MHC class I molecules: cross-presentation 
As previous chapter points out is antigen 
presentation of classical MHC I tightly 
regulated and is in most tissues the 
presentation in steady state restricted to 
endogenously generated peptides. The killing 
by cytotoxic T cells is therefore import to be 
restricted to only those cells that presents 
foreign peptides, derived by infection or 
tumor-associated transformations of self-
proteins. However, not all pathogens reach the 
cytosol. Besides, pathogens compromise the 
function of APCs. Clearly, this indicates that 
another mechanism next to the classical 
pathway of antigen processing via MHC I must 
operate within APCs. This process is cross-
presentation. 
 
Cross-presenting cells. 
Cross-presentation is presentation of 
exogenous, instead of endogenous, peptides 
via MHC class I molecules to naïve CD8+ T 
cells and can lead either to the tolerization or 
activation of antigen-specific CD8+ T cells. At 
first, in vitro experiments demonstrated that 
murine lymphoid cells were capable of 
presenting exogenous antigens present in the 
culture medium via MHC class I 
molecules[71]. Later on, in vivo experiments 
demonstrated the presentation of exogenous 
derived peptides via MHC I [72].  
Initially, DCs and macrophages were identified 
as the immune cells capable of cross-
presentation [73,74], but more recently also B-

cells [75,76], neutrophils [77,78], and 
endothelial cells[79] are demonstrated to be 
capable of cross-presentation under certain 
conditions. However, DCs are likely the most 
critical for cross-presentation, because 
depletion of DCs in vivo lead to a lack of CTL 
responses against cell-associated antigens [80] 
and it was determined that DCs could cross-
present exogenous antigens on MHC class I 
molecules as effectively as presentation via 
MHC class II molecules in a quantitative 
measurement [81]. In addition, immature DCs 
actively control alkalinization of their 
phagosomes [82], have low lysosomal 
proteolysis [83], and express protease 
inhibitors [84], thereby increasing the chance 
that exogenous antigens in the phagosome are 
cross-presented [83]. This is supported by the 
finding that exogenous soluble OVA was 
cross-presented by immature DCs [85].  
Experiments done in mice infected with 
viruses [86], or immunized with cell-associated 
or soluble antigen [87,88], indicate that CD8α+ 
DCs are the primary APC responsible for 
cross-presenting antigen to naive CD8+ T 
lymphocytes. However, cross-presentation is 
not restricted to the CD8+ DCs as illustrated by 
presentation by CD8α- DCs of antigenic 
peptides derived from immune complexes[89], 
suggesting that CD8α+ DCs possess 
specialized machinery required for effective 
cross-presentation [90].  
CD8+ DCs are thought to occur mainly in 
secondary lymphoid tissue [91] and absent 
from antigen-capturing sites such as the skin 
[92] therefore it is hypothesized that tissue-
derived CD8α- DCs may transport antigen to 
draining lymph nodes and transfer it to 
lymphoid resident CD8α+ DCs for cross-
presentation and priming of naïve T 
lymphocytes [93]. To date, mechanisms for 
inter-DC antigen transfer remain unsolved 
question. It is proposed that exosomes released 
by migrating DC could serve as antigen 
spreaders within the lymph nodes [94], whilst 
others suggested transfer via apoptotic bodies 
[95]. Probably this inter-DC antigen transfer 
serves to amplify antigen presentation across a 
larger network of lymphoid-resident DCs for 
efficient T cell activation. This model is 
supported by recent reports that demonstrate 
that specific protein antigens are conserved in 
intracellular storage depots for many days [96]. 
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Antigen processing. 
To be able to present the antigen via MHC 
class I molecules, the antigen requires 
proteolytical processing into the appropriate 
length for binding into the peptide-binding 
groove of the MHC I molecule. Since the 
proteasome is demonstrated to be the primary 
source of peptides in the classical MHC I 
pathway, and logically APCs prime naïve 
CD8+ T cells with similar peptides as present 
on infected cells, it is not unexpected that 
proteasome activity was reported to be 
essential for cross-presentation[97,98]. 
However, many other reports have 
demonstrated contradicting data that show 
proteasome-independent processing of the 
exogenous protein for cross-presentation via 
MHC class I molecules[99,100] in the 
vesicular compartment via endo/lysosomal 
proteases, in particular cathepsin S[100]. This 
controversy has led to two different models, 
the cytosolic pathway and vacuolar pathway. 
 
The cytosolic pathway proposes that the 
antigen is transported after internalization into 
the cytosol of the APCs. Subsequently, the 
antigens are degraded by the proteasome, 
before being transported to the location where 
newly synthesized MHC class I molecules are 
loaded with the peptides. This is supported by 
reports demonstrating that peptides were 
generated in non-lysosomal compartments 
since inhibition of endo- and lysosomal 
acidification by chloroquine enhanced cross-
presentation [101]. The cytosolic pathway was 
proved with the use of gelonin. Gelonin is 
membrane impermeable and nontoxic to intact 
cells, but inhibits protein synthesis when it 
gains access to the cytosol. Gelonin coupled to 
beads was demonstrated to significantly inhibit 
protein synthesis in macrophages. To mediate 
its toxic effect in macrophages, gelonin must 
have been transferred intact from the 
phagosome into the cytosol. 
Since these exogenous antigens access the 
cytosol from the vesicular compartment and 
ultimately use the classical MHC class I 
presentation pathway, this process depends on 
the proteasome, as demonstrated by using 
proteasome inhibitors [97].  
 
Exogenous antigens can be internalized by 
APCs in different ways, respectively soluble 
proteins are internalized by endocytosis or 
macropinocytosis, whereas particulate antigens 

are internalized via phagocytosis. The primary 
source of antigens for cross-presentation seems 
to be phagocytosis, because particulate 
antigens are more efficiently targeted for cross-
presentation in comparison to when they are 
soluble. This is demonstrated by a lack of CD8 
T cell response after immunization with 
soluble OVA, whilst immunization with latex 
bead-coupled OVA elicited an OVA-specific 
CD8 T cell response in vivo[102]. In addition, 
inhibition of phagocytosis by administration of 
cytochalasin B resulted in lack of antigen 
presentation[103]. For generation of peptides 
via the proteasome, the antigen must migrate 
from the phagosome to the cytosol.  
It is proposed that this occurs via a selective 
and size-specific process that permits transfer 
over the phagosomal membrane [104]. 
Proposed mechanisms is the ERAD translocon 
sec61, which inhibition with exotoxin A of 
Pseudomonas aeruginosa resulted in lack of 
cross-presentation [105]. After degradation in 
the cytosol the generated peptides are via TAP 
transferred into the ER lumen, supported by 
the fact that TAP-deficient mice APCs are 
unable to cross present [97]. Inside the ER 
lumen, the peptides intersect with the classical 
MHC class I antigen presentation pathway, as 
indicated by results obtained with Brefeldin A. 
Brefeldin A is an inhibitor of protein transport 
from ER to Golgi and was demonstrated to 
inhibited cross-presentation in certain 
conditions [97,106]. 
The recent established role of the GTPase 
Irgm3 in cross-presentation is perhaps 
supporting this model. Since Irgm3 deficiency 
did inhibit cross-presentation, but no the 
loading of exogenous peptides on MHC class 
II molecules in the phagosomal lumen, 
suggests that Irgm3 might play a role in the 
translocation step into the cytosol [107]. This 
is supported by the fact that Irgm3-deficient 
mice elicit an immune response against 
peptides that are delivered directly in the 
cytosol[107]. Irgm3 associates with lipid 
bodies (LBs). These LBs have a monolayer 
membrane, thus it is possible that these LBs 
interact with the phagosomal membrane 
thereby influencing the lipid organization 
and/or association of cytoplasmic anchored 
proteins including Irgm3. 
 
Another cytosolic pathway is proposed in 
which endosomes fuse with the ER. This 
because soluble antigens were found to 
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associate with ERAD pathway components in 
the ER after internalization and cross-
presentation was inhibited when ERAD 
component levels were reduced by silencing 
RNA’s[108]. However, since it was showed 
that the cross-presentation of particulate 
antigens via phagocytosis was more efficiently 
than endocytosed soluble antigens the 
physiological relevance is doubted. 
However, the finding that ER-resident proteins 
could be found within phagosomes gave rise to 
another model[109]. This model proposes that 
phagosomes in macrophages and DCs are 
competent organelles for cross-
presentation[51,110,111]. It was demonstrated 
that macropinosomes fuse with the ER in 
human DCs, so they contained many 
components of the retrograde translocation 
machinery. This ready-made export to cytosol 
complex would explain the rapid export of 
phagocytosed antigens into the cytosol within 
1-2 h after internalization. Together with the 
finding that both TAP and MHC class I 
molecules are present in these ER-fused 
phagosomes, this indicate an autonomous 
compartment[110,111]. This is supported by 
the fact that this process is partially inhibited 
by Brefeldin A[112]. In addition, recent studies 
demonstrate the existence of an endosomal 
storage compartment in which antigens can be 
stored for a while and are not delivered to 
lysosomes[113,114]. Recent report 
demonstrate that the ubiquitous zinc-dependent 

aminopeptidase IRAP, which is closely related 
to ERAP1 and ERAP2, is present in these 
Rab14+ endosomal compartments. Deficiency 
of IRAP compromised cross-presentation that 
was proteasome- and TAP-dependent, but is 
not lysosomal protease dependent[113]. As 
proposed, it was recently demonstrated that 
phagosomal TAP relocates cytosolic antigenic 
peptides back into the early stable endosomes, 
where peptide is loaded onto MHC class I 
molecules and transported to the 
plasmamembrane for antigen 
presentation[115].  
This autonomous compartment can 
hypothetically contribute to a rapid cross-
presentation response by efficiently bringing 
all necessary components in proximity of one 
compartment. In addition, the spatial 
separation of MHC class I–restricted antigen 
processing for endogenous and extracellular 
antigens may ensure that peptides from 
extracellular antigens do not have to compete 
with the large pool of endogenous peptides for 
MHC class I molecules in the endoplasmic 
reticulum[115].  
It is doubtful that the ER contribute to the 
phagosomal membrane as only a small part 
was demonstrated to contribute to them [116] 
and mathematical calculations predicted that 
cross-presentation via the ER-phagosome 
pathway would be highly inefficient[117]. 
Therefore, some sort of delivery vesicle is 
likely to be required in this process.  

 

 
Fig.1. schematic depiction of all proposed pathways of cross-presentation. Blue arrows point out vacuolar pathway, whereas 
the black arrows indicate the Sec61-, TAP-dependent, BFA-sensitive pathways. The red arrows route the Sec61-, TAP-
dependent, partially BFA-sensitive pathway. 
 



In contrast of the cytosolic pathways, also 
another pathway is reported. This alternative 
pathway is independent of both TAP and 
proteasome, and could not be inhibited by 
Brefeldin A[99,100,118-124]. In this model, 
proteins are degraded by proteolytic processing 
by lysosomal proteases and the generated 
peptides are loaded onto MHC class I 
molecules inside the vacuolar compartment 
and subsequently transferred to the cell surface 
for presentation. Shen et al [100]demonstrated 
that OVA was cross-presented in a TAP-
dependent as well as TAP-independent 
pathway, and that the TAP independent cross-
presentation of OVA by DCs required 
cathepsin S, but no other cathepsins. This was 
also demonstrated in vivo when TAP-deficient 
mice with OVA incorporated into 
microspheres of biodegradable co-polymer 
polylactide polyglycolide (PLGA-OVA) elicit 
a proliferative OVA-specific CD8+ T cell 
response, in contrast to TAP/cathepsin S-
double deficient mice. This model is also 
supported by finding of the long lasting 
vesicular compartment[113,114]. 
The main question in this model was whether 
MHC class I molecules in this pathway are 
derived from the ER or if they are recycling 
MHC class I molecules from the 
plasmamembrane. Since only peptide-bound 
MHC class I molecules are transported to the 
plasmamembrane, peptide-exchange must be 
able to occur. In vitro experiments indicate that 
MHC class I complexes can retain their 
integrity until pH 5.5, but at pH 5.0 the MHC 
class I complex first releases its peptide and at 
pH lower than 5.0 the heavy chain-β2m 
heterodimer dissociates completely. These 
results suggest that at pH 5.0, which 
corresponds to the pH of late endosomal/early 
lysosomal compartments as the MIIC, peptide-
receptive “empty” MHC class I complexes can 
be generated[125]. However, many still 
question the logic of this pathway. At first, 
lysosomal proteolysis cannot reproducibly 
generate similar peptides as the cytosolic 
pathway. Secondly, the interaction between 
MHC class I molecule and antigen peptides is 
destabilized by the low pH, is a stable 
association between other antigenic peptides 
with MHC class I molecules possible.  
 
As indicated by Shen et al[100], multiple 
pathways mentioned above can coexist in the 
same cell type. This is possible since most of 

these pathways are compartmentalized and are 
strictly regulate. Since the cross-presentation is 
a continuous membrane transport process that 
begins from the endocytosis of an exogenous 
antigen and ends with the expression of MHC 
class I molecule-peptide complexes on the cell 
surface, a major role is played by Rab GTPases 
that are involved in regulation of vesicle 
trafficking. Rab GTPases represent a large 
family of proteins that are recognized as key 
regulators of membrane trafficking. 
Recruitment of Rab14 may reduce routing of 
antigens into an acid lysosomal environment 
known to be detrimental for cross-presentation 
[113], thereby giving rise to the stable storage 
compartments. In contrast, Rab3b/3c are 
involved in transport to the plasmamembrane 
of vesicles containing MHC class I-peptide 
complexes that were formed in the storage 
compartment [126]. Also other Rab GTPases 
are demonstrated to play a role in cross-
presentation, such as Rab4a, Rab5b, Rab6, 
Rab8b, Rab10, Rab27a, Rab32, Rab33a, 
Rab34, and Rab35[126]. For instance, Rab27a 
is important to generate a phagosome 
dedicated to cross-presentation and is 
specifically recruited to phagosomes facilitated 
by immunoglobulin binding[127].  
This compartmentalization requires sorting and 
specific targeting to compartments of the 
antigens.  
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Contribution to antigen presentation of bacterial-derived carbohydrates as 
the context of antigens. 

A hallmark of the adaptive T cell response is 
the ability of T cell receptors (TCR) to 
specifically recognize a vast array of different 
antigens. However, while this recognition 
plays a role in initiating T cell activation, the 
precise nature of the response is dictated by 
environmental cues within the inflammatory 
milieu. The outcome of antigen recognition is 
not determined by the nature of the antigen 
itself, but rather by the context in which the 
antigen is encountered. The cell wall of 
microbes are decorated with a wide array of 
carbohydrates, such as extracellular and 
capsular polysaccharides, glycoproteins, and 
glycolipids, which are predominantly present 
as context of an antigen. 
Initially in this chapter the variety of bacterial 
carbohydrate structures and the mechanism of 
recognition by certain receptors will be 
discussed. Followed by a discussion on the 
positive contribution of bacterial carbohydrates 
to the process of antigen presentation.  

§1: Carbohydrate structures present on 
bacteria 
In epidemics or local outbreaks of a certain 
disease, it is important to monitor the spread of 
the causing agent and serotyping, if possible, is 
the simplest tool. The serogrouping/serotyping 
is based on the reactivity of specific antibodies 
using reference strains of particular species, 
with the microorganism. The specific 
antibodies are usually directed against the 
surface carbohydrate antigens. The species S. 
pneumoniae is divided into more than 90 
serotypes based on the carbohydrate structure 
[128], reflecting the structural diversity of the 
polysaccharides. Thus bacteria express a large 
variety of extracellular carbohydrate structures.   
Some excrete large-molecular-weight 
polysaccharides that retain only limited 
association with the bacterial surface, and 
these are often referred to as extracellular 
polysaccharides (EPS) or slime 
polysaccharides. In contrast, other bacteria 
form a discrete surface layer of these 
polysaccharides that is intimately associated 
with the cell surface, and is called the capsule. 
These large polymers are important virulence 
determinants, as enzymic depolymerization of 
the capsular polysaccharide on the surface of S. 

pneumoniae type 3 was found to decrease 
considerably the virulence of the microbe. The 
main mechanism of virulence is that 
polysaccharides inhibit the rapid alternate 
pathway of complement activation to oblige 
the host immune system to use the slower 
classic pathway of compliment 
activation[129]. This phenomena occurs by 
several mechanisms: the large polymers can 
mask underlying molecules that could activate 
the complement system, sialic acid containing 
polysaccharides favor binding of serum 
proteins that specifically inhibit amplification 
of the alternate pathway, and amplification of 
C3b deposition is decreased by less binding 
affinity of factor B for capsulated bacteria 
[130]. 
Other carbohydrate structures present in 
bacteria and amongst others are the glycans, 
including glylipids and glycoproteins. Most 
organisms glycosylate as a post-translational 
modification an extensive part of their surface-
expressed and secreted proteins, which is 
important in stability of the proteins, protection 
against protealytic cleavage and adhesion 
[131]. The diversity of glycans exceeds the 
diversity of proteins and nucleic acids as a 
result of the different disaccharide linkages, 
anomerization, braching, and modifications of 
hydroxyl-groups of saccharides by various 
groups[132]. Based on the link between 
saccharide and protein or lipid, the glycans are 
divided in three major classes: N-linked, O-
linked, and glycosylphosphatidylinositol 
(GPI)-anchored glycans. 
N-linked glycans are the most abundant class 
that consists of a pentasaccharide core that can 
be extended by up to 5 branches of other 
saccharides. This oligosaccharide is attached to 
proteins via an asparagine residue embedded in 
the Asn-X-Ser/Thr consensus sequence, with X 
for every possible amino acid. In eukaryotes 
further modification of the N-glycan occurs in 
the ER and Golgi-complex, where it plays an 
essential role in the quality control system of 
protein synthesis. In general, lower eukaryotes 
predominantly contain polysaccharides that are 
modified into high-mannose structures, while 
higher eukaryotes produce more complex 
glycans[133]. 
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In contrast to N-linked glycans does O-linked 
glycans do not contain a common core 
structure and are less abundantly expressed. 
The polysaccharide is covalently attached to 
the amino acid side chains via hydroxyl group 
of serine or threonine residues. In eukaryotes, 
the O-glycosylation occurs on properly folded 
proteins in the Golgi complex. Bacteria contain 
a relatively large amount of O-linked 
glycoconjugates, while human O-glycans are 
mainly restricted to mucins and collagens. 
The last class in glycans is the GPI-anchored 
glycans. These GPI-anchors attach proteins or 
glycoproteins to eukaryotic cell membranes 
and are naturally occurring glycolipids. Only a 
few GPI-anchored glycans are discovered in 
microbes. 
To manage antigenic-diversity and immune 
evasion, bacteria express a unique set of 
glycosyltransferases from phase-variable genes 
[131]. The glycosyltransferases are enzymes 
that are able to catalyze the stepwise synthesis 
of both N- and O-linked polysaccharides[134]. 

§2: Recognition of bacteria via their 
carbohydrate structures. 
The innate immune response involves binding 
of soluble and membrane bound host 
molecules to the surface of pathogenic 
organisms including viruses, bacteria, parasites 
and fungi. The dogma until recently was that 
these pathogen-associated molecular patterns 
(PAMPs) are unique for the pathogen, 
restricting the immune response to non-self 
antigens. Hence, the germline-encoded 
receptors recognizing the molecular patterns 
are named Pathogen-recognition receptors 
(PRRs). However, recent research on lectins 
has identified multiple epitopes recognized on 
pathogens that are also present in the host and 
involved in cellular processes [135]. Hence, 
the molecular basis for pattern recognition by 
lectins of carbohydrate epitopes on pathogens 
is in question.  
Recognition of carbohydrate structures by 
Lectins. 
Lectins are host molecules involved in glycan 
binding by interaction with their carbohydrate 
recognition domains (CRDs). These CRDs are 
able to selectively recognize complex 
oligosaccharides, determined at first by the 
amino acid sequence comprising the CRD 
[136]. The classical CRDs can be subdivided 
in two broad groups, mannose and galactose-
binding types. The mannose-binding CRDs 

contain the triplet amino acid sequence EPN, 
whereas the galactose-binding CRDs contain 
the QPD triplet [137]. However, only one or 
two residues determine the recognition and 
appear to act as anchors driving the glycan-
protein interaction. Using so few residues in 
recognition allows for less restricted pool of 
ligands, as indicated by an overlapping array of 
ligands that contribute to redundancy.  
The glycan-protein binding is determined by 
different factors; hydrogen-bonding, which is 
significantly reduced by competition from bulk 
solvent and by the flexible nature of the 
hydroxyl groups; ionic interaction; and 
stacking interactions by sugar CH-bonds with 
protein aromatic side chains. Since natural 
carbohydrates usually lack extended 
hydrophobic areas, the later indicated that the 
affinity of lectins for monovalent 
carbohydrates is typically weak. Indeed, lectins 
have dissociation constants that are in the 
range of mM to µM. In the specific case of C-
type lectins, the lectin-carbohydrate interaction 
by the CRD also depends on ionic interactions 
with a calcium ion and thus reacts in a 
calcium-dependent manner. Hence the name 
C-type lectins. 
Recent data of quantitative studies show that 
lectin affinity to glycans is sensitive to glycan 
density and number of glycan epitopes. Data 
demonstrates that the binding of lectins to high 
density and number of glycans can lead to 
threshold binding effects (Orr, G., A., Rando, 
R.R., et al. 1979), very large increases in 
affinity (~106-fold) [138] and cross-linking 
interactions [139], which can result in a variety 
of “effector” functions in the host[140,141] as 
well as pathogenic organism[142,143]. Two 
mechanisms are identified that are central to 
the density dependent binding of lectins: 
binding and internal diffusion of lectins among 
a dense population of glycans [144], and 
binding of multiple CRD domains of lectins to 
clustered glycan epitopes [145], respectively. 
The latter mechanism is likely to utilize the 
first mechanism as well. 
The glycan density dependent lectin binding 
indicates that the “pattern” that will be 
recognized by host lectins is the high density 
expression of a glycan epitope on the surface 
of host cells and foreign pathogens. In many 
cases, the glycan epitope expressed on the 
foreign pathogen is a low affinity epitope not 
found on the host. However, host lectins may 
bind to such “weak epitopes” due to large 
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increases in the affinity of the lectin for 
polyvalent displays of the glycan by either one 
of the two mechanisms discussed above. 
In addition to density dependent glycan 
expression, the “threshold” for glycan 
recognition is also a function of the 
concentration of the lectin in solution[146]. 
Thus both density dependent glycan and lectin 
expression are important determinants of the 
innate immune response and host glycan-lectin 
interactions. Hypothetically, this also suggests 
that essentially all lectins, whether from 
animals, plants, or microorganisms, are PRRs, 
where pattern (often mentioned as “the glyco-
code”) is defined by the density and total 
number of glycan epitopes on glycoprotein 
receptors on the surface of cells[139]. 

Recognition of carbohydrate structures by 
antibodies. 
Specific antibody diversity is generated in an 
antigen-independent fashion during the 
differentiation of B lymphocytes by a number 
of mechanisms including recombination of 
multiple gene segments, combinatorial 
diversity of both chains of the 
immunoglobulin, somatic hypermutation, and 
gene conversion. The result of these genetic 
events is the generation of B lymphocytes with 
surface membrane immunoglobulin molecules 
that accommodate an enormous number of 
potential antigens, leading after antigen-
specific recognition to B cell proliferation, 
differentiation, and the ultimate secretion of 
large amounts of antigen-specific antibodies 
[3]. In general, anti-carbohydrate antibodies 
are known to display low affinities for simple 
monosaccharides [147,148], as similar to 
lectins. Lectins their determinants often require 
multiple carbohydrate residues to reach the 
degree of affinity needed for specific 
recognition. Additionally in comparison to 
lectins, structural and kinetic data 
demonstrated that ligand binding by antibodies 
is not a static but highly dynamic process and 
conformational changes can occur upon ligand 
binding. It was demonstrated that antibodies 
can exhibit conformational diversity by 
adopting multiple free structures. Hence, 
antibodies are capable of binding unrelated 
antigens[149]. 

The precise carbohydrate structure is essential, 
since the slightest structural differences in 
polysaccharides can give rise to distinct 
immune responses or immune recognition. An 

example are CPSs of Group B streptococcus 
type Ia and Ib, which have both five identical 
sugars in its repeating units that are all linked 
identically except for one β1�4 versus β1�3 
linkage between Galp and GlcNAc, and leads 
to distinct antibody responses that are not 
cross-protective [150].  

Carbohydrate-receptors. 
Lectins. 
Carbohydrates can be recognized by a variety 
of PRRs. The already mentioned lectins are a 
major class that is able to recognize primarily 
glycans via the CRDs. This family is 
composed of three major classes; C-type 
lectins, sialic acid-binding immunoglobulin-
like lectins (siglecs), and galectins. These 
members contain one or more CRDs and exist 
either as transmembrane domain or soluble 
proteins. Transmembrane CLRs can be divided 
into two types. Type 1 CLRs comprise the 
Mannose Receptor (MR) and DEC-205, and 
contain several CRDs or CRD-like domains 
and have an extracellular N-terminus. In 
contrast, type II CLRs comprise DC-SIGN, 
Langerin, DCIR, CLEC-1, DLEC, BDCA-2, 
Dectin 1, and Dectin 2. They have only one 
CRD and have an intracellular N-terminus. 
CLRs contain a hallmark C-type lectin fold 
consisting two anti-parallel β strands and two α 
helices. This prototypic fold contains irregular 
loop structures from which two are involved in 
monosaccharide binding[151]. 
Soluble C-type lectins are known as collectins, 
including Mannose-binding lectin (MBL), 
surfactant protein A (SP-A), and surfactant 
protein D (SP-D). Their CRDs are found in 
associateion with collagenous structures, hence 
the name[152].  
Another family that is able to recognize 
carbohydrate structures are the pentraxins, 
subdivided in short pentraxins composed of C-
reactive protein (CRP) and serum amyloid P 
component (SAP), and long pentraxins that 
include pentraxin 3 (PTX3). The Pentraxins 
are evolutionarily conserved proteins, 
characterized by a cyclic multimeric structura 
and the 200 amino acid pentraxin domain 
(HxCxS/TWxS) with an 8 amino acid-long 
conserved pentraxin signature in their C-
terminus. A list of selected ligands recognizing 
pentraxins is provided in table 1. However, the 
relationship between ligand binding and 
function of pentraxins is still under debate 
[153]. The short pentraxins are soluble and 
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secreted from the liver into the blood stream, 
in which they are able to recognize different 
ligans, such as damaged cells or bacteria. CRP 
and SAP aggregate or attach to most of their 
ligands, which are subsequently recognized by 
Fcγ receptors and complement 
components[154].  
Three ficolins are identified in humans: L-, H-, 
and M-ficolin. In general, they have an N-
terminal region, a collagen-like domain that is 
involved in activation of the lectin-
complement pathway, and a C-terminal protein 
that is homologous to the fibrinogen β and γ 
chains [155]. This fibrinogen-like domain is 
structurally and functionally similar to CRDs, 
because it is also involved in recognition of 
microbial moieties and have a globular 
structure. Two murine ficolins are described: 
ficolin A that is homologous to L-ficolin, and 
ficolin B that is homologous to M-ficolin 
[156]. Ficolins are characterized by a 
specificity for N-acetyl glucosamine residues 
in complex-type oligosaccharides, but not for 
mannose or high-mannose type 
oligosaccharides[155]. In addition, H-ficolin 
binds GalNAc and D-fucose residues, whereas 
M-ficolin binds sialic acid[157]. 

Toll-like receptors. 
Toll-like rceptors (TLRs) are type I 
transmembrane molecules with an extracellular 
domain containing leucine-rich repeats and 
cytoplasmic TIR domain (Toll/IL-1 receptor), 
homologous to the IL-1 receptor. They were 
first discovered in Drosophila melanogaster as 
molecules required for dorso-ventral patterning 
in embryogenesis[158]. It was then realized 
that some members of the Toll receptor family 
also played a role in immunity in insects, 
because mutations in toll genes made flies 
more susceptible to infections[159]. Discovery 
of Drosophila Tolls led to the discovery and 
cloning of human TLRs[160]. Humans have 10 
TLR receptors, and different TLRs are specific 
for different microbial products [161]. 
Different TLRs can form homo- or 
heterodimers. 

The cell-activating function of TLR2 requires 
the formation of heterodimers with TLR1 or 
TLR6 [161]. TLR2 functions as a cell-
activating receptor for peptidoglycan, 
lipoteichoic acid, lipoproteins, lipopeptides, 
mycobacterial lipoarabinomannan, and fungal 
cell walls (zymosan)[161]. TLR2 may even 
function as a receptor for glycolipids, 

glycoinositol-phospholipids and necrotic cells 
[162,163].  
Peptidoglycan is an essential cell wall 
component of virtually all bacteria[164]. PGN 
is a polymer of b(1–4)-linked N-
acetylglucosamine and N-acetylmuramic acid, 
crosslinked by short peptides (fig. 1) [164]. 
The glycan chain is usually N-acetylated and 
sometimes O-acetylated, and is relatively 
similar in all bacteria. PGN is an excellent 
target for recognition by the eukaryotic innate 
immune system because PGN is an essential 
and unique cell wall component of virtually all 
bacteria, and because it is not present in 
eukaryotic cells [164]. 
Recent studies suggest that peptidoglycan 
directly binds to TLR2[165]. Cell activation 
studies indicate that a sequence of 25 amino 
acids (Ser40–Ile64) in the extracellular domain 
of TLR2 is required for the peptidoglycan-
induced cell activation[166], thus suggesting 
that this sequence may constitute (or be a part 
of) the TLR2 binding site for PGN. The exact 
PGN structure recognized by TLR2 is not 
known. 

TLR4 in company with its coreceptor myeloid 
differentiation factor 2 (MD-2) is specific for 
recognition of lipopolysaccharides [167,168]. 
A recently discovered soluble form of MD-2 is 
also shown to function as an opsonin in a 
TLR4-dependent pathway [169]. 
Lipopolysaccharides (LPSs) are outer-
membrane glycolipids of Gram-negative 
bacteria and are well-known inducers of the 
innate immune response[170]. They are 
composed of a hydrophobic lipid A component 
and a hydrophilic polysaccharide component. 
The lipid A portion is composed of 
phosphorylated diglucosamine and four to 
seven acyl chains. Both the 1 and 4′ positions 
of the glucosamine backbone of lipid A are 
frequently phosphorylated. Phosphorylation is 
important for the biological activity of LPS 
because diphosphorylated lipid A is more than 
1000-fold more active than 
monophosphorylated lipid A[171]. The 
phosphate group can be further modified by 
other chemical groups. Four to seven mostly 
saturated lipid chains are linked to the sugar 
backbone of lipid A through either ester or 
amide linkages. The lipid A moiety is 
connected to the core oligosaccharide part of 
LPS. The core sugar chain contains unusual 
Kdo (3-deoxy-D-manno-oct-2-ulosonic acid) 
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and heptose saccharides not normally found in 
humans and is connected to the highly variable 
O-specific chain composed of repeating 
oligosaccharide units[170]. The O-specific 
sugar chains are highly variable in structure 
compared to the core sugar. The number of 
repeating units can be anywhere from 1–50 in 
the same bacterium. The sugar composition, 
sequence, chemical linkage, substitution, and 
ring form of the repeating units can vary 
dramatically, thereby making LPS of almost 
unlimited diversity. Experiments using 
synthetic variants of lipid A demonstrate that 
lipid A containing structural changes in the 

sugar or lipid chains invariably lead to 
substantially reduced activity [172]. MD-2 
adopts a β cup fold with two antiparallel β 
sheets that are separated on one side, and with 
internal hydrophobic residues exposed for 
ligand binding[173]. The internal pocket of 
MD-2 is completely lined with hydrophobic 
residues, but the open region has positively 
charged residues. Therefore, the overall shape 
and electrostatic characteristics of MD-2 seem 
to be suitable for binding negatively charged 
amphipathic ligands such as LPS.  MD-2 is the 
only LPS-binding component of the TLR4-
MD-2 complex[174]. 

 
Table 1. Summary of receptors for bacterial-derived carbohydrate structures. 
Receptor Expression Foreign ligands Reference 
MR CD206 Macrophage, moDCs, lymphatic and 

hepatic epithelium, kidney mesangial 
cells, tracheal SMCs, and retinal pigment 
epithelium 

Mannose, fucose or GlcNAc sugar residues of: 
Candida Albincans, Pneumocystic carinii, Leishmania 
donovani, Mycobacterium  Tuberculosis, CPS of Klebsiella 
pneumoniae, Streptococcus pneumoniae 

[175-180] 
 

Dectin-1 Widely expressed, including 
macrophages, dcs monocytes, 
neutrophils, and splenic T cell subset. 
(human dectin-1 also expressed on B 
cells, eo’s, and mast cells 

β-glucans, found on mainly cell walls of funghi, but also in 
plants and some bacteria. 

 

DC-SIGN ImmDCs, endothelium, macrophage 
subpopulations 

Internal mannose branched structures, terminal dimannose, 
favor high mannose polysaccharides 
 
ICAM3 
M. tuberculosis, C. albicans, H. pylori, Schistoma mansoni, A. 
fumigatus. 

[181-192] 

MBL Secreted into blood stream, primarily 
produced by liver, but also intestine. 

Mannose, glucose, l-fucose, ManNAc, GlcNAc of: 
E.coli, Klebisella aerogenes, Neisseria meningitides, S. aureus, 
S. pneumoniae, A. fumigators, C. albicans. 

[193-196] 
 

Surfactant  
A and D 

Type II and Clara cells SP-A> l-fucose and N-acetylmannosamine (ManNAc) 
SP-D > glucose, maltose, and inositol. 
 
Pseudomonas aeruginosa, P. carinii, A. fumigatus, M. 
tuberculosis, S. pneumoniae, K. pneumonia 

[197-204] 

C-reactive  
protein 

Hepatocytes Capsular PS of Streptococcus pneumoniae, Klebsiella 
aerogenes 

[205] 

Serum 
amyloid  
P component 

Hepatocytes Streptococcus pyogenes, neisseria mengitidis, LPS of E. coli, S. 
typhimurium 
 

[206] 

Ficolins Hepatocytes, type II alveolar cells, PMN, 
monocytes 

L-ficolin: GclNAx, complex-type oligosaccharides with 
GlcNAc residues linked to trimannosyl core. 
H-ficolin: GlcNAc and GalNAc, fucose  
LPS of Salmonella typhimurium, Salmonella minnesota and E. 
Coli (O111). 
M-ficolin: sialic acid residues, GlcNAc, LagNAc, sialyl 
LacNAc 

[156,157,20
7,208] 
 

TLR2 microglia, Schwann cells, monocytes, 
macrophages, dendritic 
cells, polymorphonuclear leukocytes, B 
cells, and T cells 

lipoteichoic acid, peptidoglycan, lipoproteins (MALP-2, 
MALP-404), lipomannan, zymosan, Lipophosphoglycan  

 

TLR4 Schwann cells, 
monocytes, macrophages, dendritic 
cells, polymorphonuclear leukocytes, B 
cells, and T cells 

Lipopolysaccharide, heat shock proteins, fibrinogen, heparin 
sulphate, hyaluronic acid 
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§3: Consequences of extracellular 
recognition of bacterial-derived 
carbohydrates on bacterial uptake. 
Collectins, short pentraxins, and 
polysaccharide-specific antibodies are soluble 
factors that are able to bind to the surface of 
bacteria by recognition of bacterial 
carbohydrate structures, e.g. opsonize the 
bacteria. Opsonized bacteria are dependent on 
the opsonin recognized by either Fcγ receptors 
(FcγR), and/or complement components 
leading to recognition by complement 
receptors (CRs)[154]. 

In the case of the short pentraxins, a specific 
and saturable binding to all three classes of 
FcγRs has been demonstrated. The crystal 
structure of human SAP in on complex with 
FcγRIIa indicates that the ridge helices of 
pentameric SAP interact with the FcγR [209]. 
The MBL and other collectins interact with the 
phagocytic receptors C1qRp (CD93) and 
cC1qR (calreticulin). SP-A and SP-D 
recognize bacteria with their CRD, whilst the 
free collagen tail binds to the cellular 
receptors. MBL is also recognized by CR1 
[210], whereas the surfactant proteins are able 
to directly bind CD14 thus modulating LPS, 
TLR 2 and 4 signaling [211]. 
Bacteria opsonized by IgG antibodies are 
recognized by Fc receptors, including FcγRs 
and the MHC class I-related FcRn, important 
for efficient clearance of the pathogens. 
Deficiencies in opsonins or other PRRs show 
that they are essential in the barrier against 
pathogens, as indicated by the susceptibility 
towards varies pathogens[212-214]. 

Fcγ Receptor-mediated phagocytosis. 
The three classes of human FcRs are members 
of the immunoglobulin superfamily. Upon 
ligand binding, they signal via immunoreceptor 
tyrosine-based activation motifs (ITAMs) that 
conform to the consensus YxxLx5-12Yx-2-
3L/I. These motifs are located either in the 
cytosolic domains of the receptors themselves 
(FcγRIIA), or within γ associated  (FcγRI and 
FcγRIIIA) or ζ (FcγRIIIA) subunits. Upon 
ligand binding, FcγRs and associated γ chain 
cluster together and tyrosine residues 
embedded in the ITAMs become 
phosphorylated. The phosphorylation is 
mediated by Src-family tyrosine kinase [215] 
that seems to facilitate clustering of the  
 

receptors [216]. The phosphorylated tyrosine-
residues in the ITAM-domain act as docking 
sites for Src homology 2 (SH2) domain-
containing proteins. Most SH2 domain-
containing proteins act as scaffold proteins that 
function as docking platform for other 
essential. Critical family in regulation of actin 
reorganization during a variety of phagocytic 
signaling processes is the Rho GTP-binding 
proteins. When activated and bound to GTP, 
they interact with downstream effectors, 
whereas inactive GDP-bound Rhofamily G 
proteins are thought to be cytosolic and bound 
to a guanine dissociation inhibitor (GDI) [217]. 
Rho GTP-binding proteins are controlling actin 
remodeling in phagocytosis by locally 
recruiting and interacting with a number of 
downstream effectors in their activated form. 
In turn, the downstream effectors (such as 
Wiskott-Aldrich Syndrome Protein and 
Suppressor of cAMP receptor/WASP family 
Verprolin-homologous) are then able to bind 
and activate actin-nucleating proteins, in 
particular the Arp2/3 complex. This complex 
functions by promoting de novo actin 
polymerisation through stimulating the 
branching of new filaments on existing actin 
filaments [218]. In FcγR-mediated 
phagocytosis, Rac1, Rac2 and CDC42 are the 
major Rho GTP-binding proteins that are 
effecting actin remodeling [219,220]. 
Accumulation of active Cdc42 to forming 
phagosomes occurs early and is preferentially 
restricted to the tips of extending pseudopodia 
[221]. In contrast, activation and localization 
of Rac1 occurs throughout the phagocytic cup 
and during closure [221]. Local Rac2 activity 
precedes Rac1 activation, coinciding with 
particle contraction and phagosome closure 
[221]. The actin dynamics are not restricted to 
nucleation and polymerization but are also 
regulated by capping/uncapping, 
depolymerisation and severing [222]. 

CR-mediated phagocytosis. 
As indicated by distinct morphologic 
processes, respectively actin-rich pseudopodia 
extending circumferentially around tight-fitting 
(e.g. zippered) phagosomes in the case of 
FcγR-mediated phagocytosis in comparison to 
spacious phagosomes that appear to sink into 
the cell in the case of CR-mediated 
phagocytosis, CR and FcγR-mediated 
phagocytosis differ in some respects [223,224]. 
This polar manner of phagocytosis by CR is 
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also indicated by the focused localization of 
downstream effectors just underneath the 
particulate ligand in comparison to a more 
dispersed localization of the same effectors 
upon Fcγ-ligand interaction [225]. 
In contrast to FcγR-dependent uptake, CR-
dependent binding and phagocytosis of 
opsonised particles is not constitutively active 
and requires pre-activation of phagocytes 
[226]. The small G protein Rap1 is sufficient 
to activate CR, promoting binding and 
phagocytosis of opsonised targets. In addition, 
Rap1 is activated in response to inflammatory 
mediators and its activity is required for 
agonist-induced activation of CR [227]. Unlike 
the FcγR, CR does not rely on tyrosine 
phosphorylation to induce phagocytosis in 
macrophages, providing evidence for receptor-
specific pathways in the early phases of 
uptake.  
In contrast to FcγR-dependent phagocytosis in 
which actin remodelling is dominated by 
Cdc42 and Rac, the exclusively activity of 
another Rho-family protein, RhoA, is essential. 
Both Cdc42 and Rac are not critical for CR-
mediated phagocytosis [219]. Recruitment of 
Rho to forming CR3 phagosomes has been 
demonstrated [228].  
Another difference between CR- and FcγR-
mediated phagocytosis is the F-actin assembly. 
FcγR-mediated phagocytosis shows continuous 
F-actin cups, whereas the phagocytic cup 
during CR-mediated uptake consists of discrete 
foci of F-actin and other cytoskeletal-
associated proteins [219,225]. These 
downstream effectors are present in almost all 
cells, even in non-phagocytic cells, implying 
that only expression of phagocytosis-initiator 
molecules are lacking in these cells. Indeed, 
transfection of the FcγR into non-phagocytic 
human lung epithelial cells transfers the ability 
to bind and phagocytose opsonized particulate 
antigens [229].  

Lectin-mediated internalization. 
Mannose-receptor: 
The Mannose Receptor (MR) was implied in 
bacterial uptake, since transfection with MR 
into non-phagocytic COS-1 cells led to 
phagocyt osis of C.albicans and P.carinii [176]. 
Also phagocytosis of non-opsonized M. 
tuberculosis is mediated by the Mannose 
receptor, dependent on interaction between 
MR and the mannose cap of the mannosylated 
lipoarabinomannan (ManLAM) [179,230,231]. 

Although the interaction between MR and M. 
tuberculosis is associated with an anti-
inflammatory immunosuppressive program, 
favoring bacterial infection [232]. 
MR as a phagocytic receptor is supported by a 
study in which MR-positive macrophages 
ingested threefold more Francisella tularensis 
in comparison with MR-negative macrophage 
and MR-specific blocking antibodies reduced 
level of phagocytosis [233]. As expected, the 
cytoplasmic tail in which the diaromatic amino 
acid sequence is embedded is necessary for 
signaling. However, the tyrosine in this motif 
is not essential for phagocytosis [234]. Further 
research have indicated a molecular 
mechanism that appears distinct of opsonin-
dependent phagocytosis, requiring Cdc42 and 
Rho activation, promoting PAK1 activation, 
and requiring focal F-actin polymerization and 
the Rho effector molecule ROCK instead of 
Rac [235]. 
However, the fact that a number of different 
cell lines that express MR are not able to 
internalize well-known ligands for MR 
challenge the idea of MR as phagocytic 
receptor. Therefore, Le Cabec et al propose 
that MR is a binding receptor that needs a 
partner to trigger phagocytosis[236].  

Dendritic Cell-Specific Intercellular 
adhesion molecule-3-Grabbing Non-
integrin: 
Dendritic Cell-Specific Intercellular adhesion 
molecule-3-Grabbing Non-integrin (DC-SIGN) 
is known to bind ICAM-3 that function as co-
stimulatory molecule during T cell stimulation. 
Nowadays, DC-SIGN research was focused on 
its role in HIV-1 infection, because HIV-1 is 
able to bind this molecule [181]. In its 
cytoplasmic tail, multiple internalization 
motifs are present, ITAM motif, tri-acidic 
cluster, and a di-leucine motif, respectively 
[237]. DC-SIGN as a phagocytic receptor is 
supported by multiple reports that 
demonstrated co-localization in vesicles 
containing A.fumigatus [190], M. tuberculosis 
[191], and C.albicans in a mannan-dependent 
manner [188]. Transfecting DC-SIGN into 
HEK293 cells, transfer the ability to 
phagocytose. Ca(2+) binding sites in the CRD 
of DC-SIGN were involved in efficient 
phagocytosis of the bacteria as well as 
multimerization of DC-SIGN. Together with 
the demonstration that DC-SIGN mediated 
phagocytosis in these cells was sensitive 
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towards known downstream processors of 
phagocytosis, Syk kinase, Raf kinase, and NF-
kB, it is convincing that DC-SIGN is a 
phagocytic receptor [238]. In addition, DC-
SIGN activation triggers Rho-GTPases [239]. 
Dectin1: 
Dectin-1 was identified to modulate T cell 
function [240] and subsequently found to bind 
β-glucans, what is expressed on primarily 
funghi, but also some plants and bacteria 
[241,242]. Similar to FcγRs Dectin-1 contains 
an ITAM-like motif, suggesting involvement 
of Src kinases. However, the Src kinase 
inhibitor PP2 did only partially inhibit 
internalization. Also different to FcγRs, a 
membrane proximal tyrosine residue 
embedded in the ITAM-like motif is involved 
[243]. Similar to FcγRs, Cdc42 and Rac1 are 
involved, but not Rho [243].  
It was demonstrated that Syk was not involved 
for Dectin-1 mediated phagocytosis in 
macrophage [243]. However, Rogers et al 
demonstrated that Syk was partially involved 
in DCs. Thus Dectin-1 mediated phagocytosis 
differs between cell types. Whether this holds 
true for other proposed phagocytic receptors, 
such as MR, is not known. But it could explain 
the observations with the Mannose receptor in 
different cell types. The possibility that also 
additional molecules associate with Dectin-1 to 
initiate phagocytosis is possible, since 
immunoprecipitation experiment demonstrated 
that CD63 bind to Dectin-1 [244].  

TLR: 
Whether TLR4 or other TLRs are able to 
initiate phagocytosis is not known. However, 
TLR4 signaling induce both Rho GTP-binding 
proteins Cdc42 and Rac [245]. Thus it is still 
plausible that TLR4 signaling results in 
initiation of phagocytosis. This is currently still 
under debate. 

Conclusion: 
Bacterial-derived carbohydrate structures are 
the main constituent of the extracellular 
surface of bacteria. The recognition of 
carbohydrate structures induce uptake of the 
bacteria. This is important for antigen 
presentation, since efficient uptake delivers 
more antigens, increasing presentation of 
antigenic peptides towards the adaptive 
immune response. In other words, the 
efficiency of the innate immune response 
determines the efficiency of the specific 

adaptive immune response during infection. 
Bacterial internalization is a complex 
mechanism involving a variety of receptors 
and opsonins. The heterogeneity of phagocytic 
mechanisms allows the optimization of 
bacteria recognition, phagocytosis, and killing. 
The membrane-incorporated PRRs allow cell-
specific innate immune responses, allowing 
different responses. As indicated by different 
pathways used in different cells by the same 
receptor (Dectin-1) [243,246]. In contrast, 
soluble PRRs, for example the collectins, are 
important for recognition of bacteria also 
outside tissue and facilitating uptake by 
different cell types.  

Strikingly, experiments with BMDCs from 
MR-deficient mice demonstrated that MR-
mediated endocytosis was essential for cross-
presentation but dispensible for MHC II-
restricted presentation of the model antigen 
OVA [98]. An additional study pinocytosis 
inhibition by dimethylamiloride (DMA) 
abrogated activation of OT-II cells in a dose-
dependent and MR-independent manner, 
indicating that only pinocytosed and not MR-
endocytosed OVA was used to activate the 
CD4+ T cells. In contrast, the OT-I cells were 
unaffected by DMA [114]. This indicates that 
the constituve pinocytosis of small doses of 
OVA in DCs was specific for CD4+ T cell 
activation, whereas MR+ DCs could 
simultaneously internalize large amounts of 
OVA exclusively for cross-presentation. 
Furthermore, fluorescent microscopy 
experiments demonstrated that pinocytosis and 
MR supplied distinct intracellular 
compartments. MR-endocytozed OVA was 
directed into stable early endosome 
compartment that was excluded from late 
endosomes and lysosomes [114], known to be 
involved in cross-presentation pathway [115]. 
In contrast, pinocytosed OVA was transported 
exclusively toward lysosomes. Co-localization 
of pinocytozed OVA with lysosomal MHC II 
and MR-endocytozed OVA with MHC I, 
indicates that the subcellular antigen 
localization correlated with the selectivity of 
its presentation. Thus these findings suggest 
that differential antigen uptake by different 
receptors can already have major influences on 
subsequent T cell responses [114]. Indeed, 
targeting OVA to the CLR DEC-205 by 
conjugating OVA and a specific DEC-205 
antibody result in cross-presentation of OVA, 
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whereas normal OVA lead to presentation via 
MHC class II molecules[247]. 
This is supported by another study that showed 
that differential expression of activating and 
inhibitory FcγRc during DC maturation 
critically influences the cross-presentation of 
antigen-antibody complexes [248]. FcγRI and 
FcγRIIa positively affected cross-presentation, 
whereas FcγRIIb act as a negative regulator of 
cross-presentation at the level of uptake[248]. 
The rapid and marked decline in FcγRI 
expression explains the overall reduction in 
FcγR-mediated phagocytic function associated 
with DC maturation [248]. To induce cross-
presentation, the signaling motif ITAM is 
necessary. This ITAM-dependent pathway in 
its turn is critically dependent on DAP12, FcγR 
adaptors, and Vav guanine-exchange factors 
(GEF) that controls radical oxygen production 
and cross-presentation of particulate antigens 
by DCs [249]. Also polyreactive 
immunoglobulins target peptides to 
compartments that recruit Rab27a and are 
involved with cross-presentation [127]. 
In conclusion, these findings demonstrate that 
recognition of carbohydrate structures on 
bacteria result in specific engagement of 
phagocytic receptors resulting in efficient 
uptake into specific compartments favoring 
specific antigen presentation.   
The receptor dependence of specific antigen 
presentation process may allow presentation by 
only specific subsets of cells or cells in a 
specific stage of activation that express 
suitable receptors. The constitutive activity of 
pinocytosis seen in all DC subsets may ensure 
that cross-presenting DCs can acquire antigen 
for induction of cognate CD4+ T cell help, 
essential for effective CD8+ T cell responses. 

§4: Contribution of carbohydrate structures 
present on bacteria to intracellular antigen 
sorting. 
The dogma was for many years that PRRs 
specifically recognize molecular motifs that 
are only associated with pathogens. However, 
further research especially on ligands for 
lectins have discovered also many self ligands. 
DC-SIGN recognize ICAM-2 [250], ICAM-3 
[250], butyrophilin [251], human milk bile-salt 
stimulated lipase (BSSL) [252], Mac-1 [253], 
carcinoembriogenic antigen (CEA) [254], and 
CEA-related cell adhesion molecule 
(CEACAM1) [255]. In addition, MR is able to 
recognize ligands via both the cysteine-rich 

domain and the multiple CTLDs. The cysteine-
rich domain is involved in binding to the 
hormones lutropin and thyrotropin, the 
proteoglycans chondroitin sulfate A and B, and 
sulfated Lewis-type antigen-containing 
glycoproteins [256], while the CTLD are 
responsible for the binding of thyroglobulin, 
lutropin, myeloperoxidase, and lysosomal 
hydrolases [257,258]. The overlap in 
endogenous and exogenous ligands of CLRs 
indicate that there must be another mechanism 
of antigen sorting occuring at subcellular level 
to prevent self-antigen presentation. This is 
also supported by the marked different immune 
responses against different ab-opsonized thus 
FcR-mediated internalization antigens, and the 
fact that DC-SIGN-mediated uptake could 
result in both CD4+ and CD8+ T cell responses 
[259]. 
Once inside the cell, internalized vesicles 
obtain a unique composition of their 
membranes and content determined primarily 
through the types of receptors engaged during 
internalization. Key to the discrimination 
between self endogenous antigens and foreign 
antigens is the family of TLRs[260]. Most 
TLRs are expressed at the cell surface, TLR3, 
7, 8, and 9 reside within endosomes, and TLR2 
and 4 are often enriched in endosomes. This 
leads to increased TLR recognition of 
pathogen-associated patterns from 
phagocytosed pathogens. This colocalization in 
phagocytes between activation of TLRs and 
phagosomes raises the hypothesis that ligation 
of TLRs may modulate phagocytosis.  
As mentioned before, TLR4 is identified as a 
member of the receptor-complex of LPS, 
which is the main polysaccharide component 
of the Gram-negative bacteria surface. TLR4 
and its coreceptor MD-2 are specific for LPS 
recognition [167,168]. Two other 
glycoproteins are involved in LPS recognition 
by TLR4/MD-2, respectively lipopoly-
saccharide-binding protein (LBP) and CD14. 
These glycoproteins are not essential but 
greatly increase cell sensitivity to LPS [261]. 
LPS is recognized with high affinity by LBP 
and CD14, which shuttle it to MD-2 bound to 
TLR4.  
To date the consensus is that TLR4 signaling is 
important by modulating indirectly the process 
of phagocytosis. At first, TLRs are able to 
upregulate the phagocytic capacity of 
phagocytic cells by MyD88-dependent 
signaling through IRAK-4 and p38 towards a 
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number of phagocytic gene expression 
programs [262-264], such as modulation of 
genes involved in uptake of bacteria such as Fc 
and scavenger receptors[262,265]. Notably, 
stimulation of DCs with LPS triggers 
activation of actin cytoskeletal rearrangements 
that results in an increased rate of uptake at 
early time points [266]. Thus TLR4 
stimulation resulted in enhanced delivery of 
exogenous antigens to the antigen presentation 
pathways. Additionally, TLR4 stimulation 
result in IFNγ secretion, which is known to 
give rise to the immunoproteasome and 
consequently enhance quantity of antigens for 
presentation via MHC class I molecules (see 
chapter MHC I) [46]. 
An efficient antigen-specific CD4+ T cell 
immune response is induced only when the 
TLR and antigen are present on the same 
antigenic structure and are internalized into the 
same endocytic compartment [260]. This 
indicates a compartimentalized induction of 
TLR signaling, that function as a kind of 
barcode to allow discrimination at subcellular 
levels [260]. It was demonstrated that the TLR-
tag allowed discrimination between apoptotic 
cells and dangerous bacteria, thereby favoring 
TLR-tagged content above self-antigens from 
apoptotic cells to be presentated via MHC 
molecules [260].  

TLR-mediated modulation of phagosome 
maturation. 
One way of TLR signaling to favor cargo of 
TLR-tagged phagosomes occurs at the level of 
phagosome maturation. Over time, 
phagosomes acquire new components through 
sequential fusions with endosomes[267]. 
Maturing phagosomes ultimately fuse with 
lysosomes for terminal degradation of the 
cargo and killing of internalized 
microorganisms. Notably, phagosome 
maturation is accompanied by a progressive 
decrease in phagosomal pH, which drops from 
around pH 5.5 in nascent phagosomes to 
around pH 4.5 in lysosomes [84]. This process 
occurs within most cell types, including non–
'professional antigen-presenting cells' such as 
fibroblasts, but not including immature DCs, 
which seem to actively maintain a more 
alkaline pH within their phagosomes [268]. 
Hydrolytic enzymes resident in late endosomes 
and lysosomes have low pH optima, which 
ensures that their activities are confined to a 
particular stage in the endocytic pathway[269]. 

Phagosome acidification seems to be tailored 
to the functions of the particular cell type in 
which the phagosome forms. Whereas the 
outcome of phagosome maturation in 
macrophages is the killing of internalized 
microorganisms and complete degradation and 
clearance of phagocytic cargo, maturation of 
phagosomes in DCs serves to prevent complete 
degradation of cargo antigens such that MHC 
molecules can present them. Accordingly, a 
progressive decrease in phagosomal pH occurs 
over time in macrophages, whereas no 
significant acidification seems to occur in 
phagosomes maturing in DCs[268,270]. Thus 
an optimized maturation of only pathogenic 
antigen-containing phagosomes is essential to 
a proper immune response. The phagosome 
maturation, thus also the final immune 
response, is optimized by TLR signaling 
recognizing bacterial carbohydrate structures 
as foreign. Upon phagocytosis of microbial 
pathogens, surface TLRs, including TLR4 and 
TLR2, are recruited to the phagosome and 
become activated by microbial cell wall 
components, such as the previous mentioned 
LPS or peptidoglycan. A block in maturation 
of E.coli-GFP containing phagosomes 
occurred in TLR2x4-/- or MyD88-/- 

macrophages, as observed by a lack of 
localization with late endosome and lysosomal 
markers [263]. Inhibiting the mitogen-
associated protein kinase (MAPK) p38 resulted 
also in a block in maturation of TLR-
stimulating cargo-containing 
phagosomes[263]. Thus phagosome maturation 
is regulated by signals from TLRs through the 
adaptor protein MyD88 and the mitogen-
associated protein kinase (MAPK) p38. It is 
known that p38 can modulate the rate of 
endocytic traffic by regulating activity of 
guanyl-nucleotide dissociation inhibitor (GDI) 
on Rab proteins[271], thus probably the fusion 
of the phagosome with late endosomes or 
lysosomes required for phagosome maturation 
is regulated by TLRs. Remarkably, increased 
phagosome maturation was inhibited by 
knockdown of the autophagy pathway protein 
ATG5, suggesting that TLR-induced 
recruitment of classical autophagy pathway 
proteins to phagosomes promoted their fusion 
with late endosomes or lysosomes[272]. 
Functionally, all microbial pathogens including 
Escherichia coli, Staphylococcus aureus and 
Salmonella typhimurium, engaged TLRs 
during internalisation and were delivered to 
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lysosomes at an inducible rate manifested by 
increased clearance and phagolysosomal 
fusion.  

TLR-dependent modulation of antigen 
processing. 
Another mechanism involved in antigen 
processing dependent on TLR signaling was 
recently identified. Burgdorf et al found that 
endotoxin-free OVA was less favored to 
activate OT-I T cells in comparison to 
endotoxin-coupled OVA and demonstrated that 
this was based on TLR4- and MyD88-
dependent relocation of TAP to early 
endosomes, which is proposed to deliver 
cytosolic peptides that were degraded by the 
proteasome to stable early endosomes for 
antigen presentation via MHC class I 
molecules [115].  
In addition, a recent study using a large scale 
quantitative proteomics approach to analyze 
the changes in protein abundance induced on 
phagosomes by IFNγ identified 167 IFNγ-
modulated proteins on phagosomes. The IFNγ-
modulated phagosomal proteins included 
proteins expected to alter phagosome 
maturation, enhance microbe degradation, 
trigger the macrophage immune response, and 
promote antigen loading on major 
histocompatibility complex (MHC) class I 
molecules. A dynamic analysis of IFNγ-
sensitive proteins by Western blot indicated 
that newly formed phagosomes display a 
delayed proteolytic activity coupled to an 
increased recruitment of the MHC class I 
peptide-loading complex. These phagosomal 
conditions may favor antigen presentation by 
MHC class I molecules on IFNγ-activated 
macrophages [273].  

TLR-mediated modulation of peptide loading. 
Finally, TLR signaling is also involved in 
MHC loading with peptides. 
Biochemical investigation of enriched 
phagosomes from DCs that phagocytosed two 
types of microspheres (magnetic or plain), of 
which one was TLR ligand-positive and the 
other TLR ligand-negative, demonstrated that 
the p31 isoform of MHC II-associated 
invariant chain was consistently degraded in 
HEL/LPS phagosomes, but persisted in HEL 
phagosomes despite the concomitant presence 
of LPS in magnetic phagosomes within those 
cells. The pattern of invariant chain 
degradation was also observed in phagosomes 
enriched from DCs that had phagocytosed 

HEL or HEL/LPS microspheres alone. These 
data suggest that p31 invariant chain 
degradation is confined predominantly to 
phagosomes that contain TLR ligands, thereby 
increasing peptide loading inside this confined 
compartment and thus favoring only antigens 
present in the TLR-tagged phagosomes. 
Accordingly, the levels of mature SDS-stable 

MHC II dimers were highly enriched in 
HEL/LPS phagosomes, in contrast to HEL 
phagosomes[260].  
Another way to enhance peptide loading is to 
increase the amount of newly synthesized 
MHC molecules. LPS pretreatment is able to 
promote the IFNγ signaling pathway through 
triggering type I IFN production [274], which 
induce expression of MHC class II molecules 
via CIITA[2]. However, de novo MHC class II 
synthesis shuts down in LPS-treated DCs and 
macrophages as a result of transcriptional 
inactivation of the CIITA gene via histone 
deacetylation dependent on TLR4 or TLR2, 
ERK, and p38 MAPK [275,276]. Indicating a 
model in which MHC class II molecule 
synthesis is allowed in a defined period of 
time. 

Important for antigen presentation is the 
control of MHC-peptide complexes that are 
present on the plasmamembrane, allowing 
activation of T cells. During LPS-induced 
maturation of the DC-cell line KG-1, these 
cells relocate MHC I-peptide complexes from 
the Golgi compartment to the plasma-
membrane and these complexes were 
presented for a longer time at the cell surface 
[51]. Although the later is probably due to the 
decrease in endocytosis during DC maturation, 
thereby prolonging MHC I-peptide complexes 
presentation. The transient delay in trafficking 
of MHC I-peptide complexes towards the 
plasmamembrane may preclude internalization 
and degradation, explaining the increased 
steady-state levels of MHC class I observed 
early after initiation of maturation[51]. This 
seems similar for MHC class II molecules, 
because it was observed that DCs express more 
MHC II-peptide complexes after maturation 
[277]. This was attributed to different 
processes. At first, the previously described 
enhanced synthesis of MHC class II molecules 
and increased invariant chain processing and 
MHC II peptide loading, result in increased 
expression of MHC II-peptide complexes. 
Secondly, recruitment of MHC II molecules 
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from the MIIC to the cell surface upon T-cell 
engagement [33,277] or the retrograde 
transport via tubules of newly formed 
immunogenic MHC II–peptide complexes 
upon stimulation of APCs with microbial 
products or inflammatory mediators such as 
LPS [278]. Thirdly, extended half life of MHC 
II-peptide complexes by a decrease in 
endocytosis. As discussed in the introduction, 
recent studies demonstrated that immature DCs 
oligo-ubiquitinate conserved lysine residue 
within the cytoplasmic domain of MHC II-β 
after proteolytic processing of MHC II-
associated invariant chain [35,279] in addition 
to MHC endocytosis that is mediated by a 
conserved dileucine-based signal in the COOH 
terminus of the cytoplasmic domain of MHC 
II-β chain[34,35]. Ubiquitination of mature 
MHC II is required both for efficient uptake 
from the plasma membrane and sorting at 
multi-vesicular bodies into luminal vesicles 
[35]. Together, these two sorting steps result in 
efficient intracellular retention of peptide-
loaded MHC II, thereby preventing premature 
antigen presentation by immature DCs. Upon 
TLR4-dependent maturation, oligo-
ubiquitination of the MHC II β-chain ceased, 
resulting in extended half life for MHC II-
peptide complexes [35]. In parallel, empty 
MHC II molecules and MHC II-invariant chain 
molecules are constitutively endocytosed 
similar as in immature DCs[35]. 

Conclusion. 
In conclusion, the context of an antigen (such 
as bacterial-derived polysaccharides) that 
interacts with TLRs is essential to optimize the 
process of antigen presentation by influencing 
selection, processing, and loading of antigens 
at a confined compartment. In addition, the 
interaction of antigens and TLRs is important 
to enhance the antigen presentation potential. 
This occurs not at a confined compartment but 
function at cellular level. This allows usage 
TLR ligands to enhance antigen presentation of 
several other antigens, e.g. as adjuvant. Indeed, 
the chemically detoxified derivative of native 
Lipid A from Salmonella minnesota R595 
(MPL) is major constituent of 
GlaxoSmithKline's proprietary AS02 and 
AS04 adjuvants [280,281]. 

§5: Contribution of bacterial-derived 
carbohydrate structures recognition to T 
cell activation 
Antigen-specific  proliferation of helper T cells 
occurs only in response to antigen peptides in 
the context of the same MHC haplotype as the 
T cells. The TCR that is responsible for the 
antigen specificity of T cells is a heterodimer 
composed of either α and β, or γ and δ chains. 
These chains are organized into variable (V) 
and constant (C) domains, similar to BCRs 
with the V domain containing hypervariable 
regions. For downstream signaling, the T cell 
is associated with CD3. This accessory 
molecule is a complex of polypeptide chains 
that is required for TCR expression on cell 
surface and drives further downstream 
signaling after interaction of a T cell with 
presented antigens. In addition, it does not 
influence interaction with the antigen. The 
CD3 molecules contain an immunoreceptor 
tyrosine-based activation motif (ITAM) that 
can be found in multiple receptors and 
interacts with tyrosine kinases and play a 
major role in signal transduction of the 
immune system. 
Although recognition of antigen-MHC 
complexes is mediated solely by the TCR-CD3 
complex, signaling solely through the TCR 
results in a nonresponsive state (anergy) in 
which T cells are refractory to 
restimulation[282]. In order to prime T cells, 
accessory molecules are essential by 
strengthening or weakening the interaction 
between T cells and APCs. These molecules 
expressed at the APC surface are so-called co-
stimulatory molecules. The requirement of 
inducible costimulatory molecule expression 
for T cell priming prevent T cell priming 
against self-antigens, because expression of 
costimulatory molecules is determined by 
relatively small number of stimuli, for example 
products of pathogens. Finally, priming of 
naive T cells to undergo clonal expansion and 
develop effector function requires a last signal. 
This third signal is variable; they can be 
membrane proteins as CD40-CD40L, or 
soluble factors such as cytokines excreted by 
them or neighboring cells. This third signal 
determines whether the naïve T cells become 
tolerant or fully activated T Cells and 
determines the differentiate state of the T cells. 
They make the greatest contribution when 
antigen levels are low. At high Ag levels 
extensive proliferation of T cells can occur in 
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the absence of a third signal, but T cells than 
don’t become fully functional [283].  

TLR-dependent costimulation. 
Next to the above discussed control of TLRs 
on the first signal to T cells, e.g. antigen 
presentation in context of the MHC molecules, 
also the other signals involved in T cell 
activation are controlled by TLRs. Expression 
of costimulatory molecules on DCs is 
demonstrated to be triggered by TLR signaling 
pathways. Specific stimulation of TLR2 with 
LC1013 resulted in an higher expression of 
different costimulatory molecules, such as 
CD80, CD83, CD54, and CD40 [284]. As 
expected TLR2- or MyD88-deficient mice 
were unable to upregulate surface expression 
of several costimulatory molecules and MHC 
class II molecules upon stimulation with 
peptidoglycan [285]. Therefore, thus far I’ve 
showed that the engagement of TLR signaling 
pathways in DCs controls two key parameters 
necessary for optimal T-cell activation, the 
presentation of peptides within MHC class II 
and the expression of costimulatory molecules 
[286]. Collectively, these findings indicate that 
the discrimination of phagocytosed cargo at the 
subcellular based on the presence or absence of 
TLR ligands, result in a compartmentalised 
generation of peptide–MHC class II complexes 
where the contents of phagosomes derived 
from microbial pathogens are preferentially 
presented in the context of costimulation. 

TLR-dependent cytokine expression. 
Additionally, TLR signaling also induce 
cytokine expression by the Toll-interleukin 1 
receptor domain-containing adaptor protein 
(TIRAP)-MyD88 pathway, or the Toll-
receptor-associated molecule (TRAM)–Toll-
receptor-associated activator of interferon 
(TRIF) pathway, respectively [287].  
Many of these cytokines are also involved in 
determining differentiation fate of T cells upon 
activation, e.g. signal 3. Most TLR signaling 
was demonstrated to induce expression of the 
inflammatory cytokine IL12, IL18, and type I 
IFNs, skewing CD4 T-cell differentiation into 
Th1 cells [288]. Studies over many years 
showed that distinct PRRs can be engaged 
simultaneously or consecutively and they act 
synergistically or antagonistically in these 
different combinations, thereby leading to 
distinct responses as illustrated by distinct 
responses after TLR2 stimulation.  

Recent studies have established the pivotal role 
of glycan-recognition by lectins contributing to 
the differentiation of T cells. In response to 
peptidoglycans, TLR2 in collaboration with 
dectin-1, or by itself, induces profound IL23 
responses [289], while TLR-2 alone triggered 
by Pam3CysSerLys4 limits IL23 and promotes 
Th1 polarization [290]. In addition, binding of 
fungal β-glucans to Dectin-1 can directly or in 
synergy with TLR2 trigger secretion of 
cytokines, such as IL10, TNFα and IL12. This 
occurs in a pathway dependent on the 
functional ITAM-like motif in Dectin-1 that 
recruits tyrosine kinase Syk, that result in 
NFκB activation and subsequent cytokine 
response via Malt-1 and the Card9-Bcl10 
complex. Thereby DC maturation is promoted 
and Th17 responses are induced [291]. 
Notably, it is also recently demonstrated that 
Dectin-1 stimulated DC were capable of 
converting mouse CD25+Foxp3+ regulatory T 
cells into Foxp3+ROR-γt+ IL17-producing cells 
(Th17 cells) via IL23 secretion[292]. 
Moreover, although DC-SIGN lacks known 
signaling motifs, also DC-SIGN is identified as 
a signaling receptor. Triggering of DC-SIGN 
by ManLAM activated the serine and threonine 
kinase Raf-1, independently of TLR signaling. 
Activation of Raf-1 led to acetylation of p65, 
one of the key activating subunits of NFκB, 
but only after TLR signaling had activated 
NFκB. Strikingly, acetylation of p65 prolonged 
transcriptional activity of NFκB and enhanced 
the transcription rate from the IL10 gene. This 
pathway was found to be central to modulation 
of TLR-specific immune responses elicited by 
DCs in response to mycobacteria, fungi, and 
viruses [293].  

Conclusion. 
In conclusion, the interplay among innate 
signals and shaping of the adaptive responses 
is the consorted action of many players that 
influence each other. Whereas TLRs influence 
antigen processing and presentation regulated 
by CLRs, CLRs as antigen uptake receptors, 
on their turn may influence signaling pathways 
initiated by TLRs. The ultimate outcome of 
this concordant action is dictated by the 
signatures present on the pathogens (i.e. 
bacterial carbohydrate structures and TLR 
agonists) that determine which set of innate 
receptors are involved in shaping the immune 
repertoire of the DC. 
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Zwitterionic capsular polysaccharides: T-cell dependent antigens 

§1: Immune response to capsular 
polysaccharides 
As demonstrated in previous chapters, 
carbohydrate structures from bacteria play a 
pivotal role in the adaptive immune response 
against the bacteria, since recognition by 
innate receptors contribute to efficient antigen 
presentation and fine-tuning of the adaptive 
immune response.  
An optimal immune response that is able to 
render a long lasting memory against bacterial 
polysaccharides is hampered by molecular 
mimicry: many infectious bacteria contain 
surface carbohydrates that are very similar in 
chemistry and/or structure to mammalian 
surface glycoproteins and glycolipids. As a 
result of this similarity, some pathogens evade 
immune surveillance because of a biochemical 
tolerance of those structures. An example of 
molecular mimicry is the a2�8-linked sialic-
acid capsule of group B Neisseria meningitidis 
and the homologues mammalian neural cell 
adhesion molecule (N-CAM) [294]. Also the 
diversity of carbohydrate structures present on 
bacteria is enormous and hampers a specific 
and selective immune response. Bacteria 
render this diversity by slight genetic 
alterations or rearrangements in clusters of the 
genes involved in the synthesis of a particular 
polysaccharide. This results in a marked 
diversity in the monosaccharides composing 
the oligosaccharide repeating unit. Also other 
important variations contribute to a 
polysaccharide’s biological specificity, 
including variations in the glycosidic linkages, 
the configuration of the anomeric center of 
each sugar, and the polymer’s conformation 
[295]. Therefore, most polysaccharide antigens 
are unable to induce germinal center 
formation, memory responses, and affinity 
maturation antibodies. 
 
In immunology, an antigen can be classified 
either as T-cell dependent or T cell 
independent (TI) antigen. T cell dependent 
antigens are antigens that require stimulation 
from helper T cells to elicit an immune 
response, as usually proteins and peptides are. 
The T cell dependent antigen is presented to 
the helper T cells via the MHC class II 
molecule with additional signaling molecules 
to ensure an long lasting immune response by  

 
generation of memory B and T cells. The 
antibodies against these T cell dependent 
antigens are of high affinity and multiple 
isotypes, IgA, IgM, IgG1, IgG2a, IgG2b, 
respectively.  
In contrast to the T cell dependent antigens, 
TI-antigens do not give rise to immunologic 
memory neither they do require T cells to 
induce an immune response.  The TI-antigens 
are further divided into type 1 and 2 antigens 
based on their interaction with B cells [296]. 
TI type 1 antigens are capable of inducing 
proliferation and differentiation of naïve as 
well as mature B cells. A common example is 
bacterial LPS. 
In contrast, TI type 2 antigens do not exhibit 
intrinsic B cell stimulating activity. In addition, 
these antigens are characterized by poor in vivo 
degradability and inability to stimulate MHC 
II-restricted T cell help [297]. TI type 2 
antigen-specific antibody production is 
induced by activation of mature B cells via 
cross-linking of the antigen with the B cell 
receptor. However, it seems only to function in 
certain situation. A characteristic of the TI type 
2 antigens is namely that they cannot stimulate 
the immune responses in children less than two 
years old and the elderly [298]. In the case of 
infants it is explained by the delay in capability 
of antibody formation. Humoral immunity in 
early life as expressed in the ability to 
synthesize immunoglobulin (Ig) shows a 
gradual development to adult Ig concentrations 
although the various Ig isotypes develop with a 
different rate. Antigens of protein nature can 
effectively induce an antibody response in the 
first 2 years of life. However, antibody 
synthesis towards polysaccharide antigens of 
encapsulated bacteria is absent or low. This 
cause a condition which makes infants and 
young children highly susceptible for 
infections with encapsulated bacteria, as 
indicated by S. pneumoniae and N. meningitis. 
Pneumonia and meningitidis caused by 
encapsulated bacteria show the highest 
incidence in the age of 4-18 months. 
To overcome the problem of lack in memory 
induction, polysaccharide targets were coupled 
to carrier proteins possessing T cell peptide 
epitopes [299,300]. The idea is that the 
polysaccharide-protein conjugates bind to the 
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B cell receptors of polysaccharide-specific pre-
B cells and are subsequently presented via 
classical MHC class II pathway to αβ CD4+ T 
cells. In its turn, the activated helper T cell 
secrete cytokines to stimulate B cell maturation 
and induce immunoglobulin class switching 
[301]. The value of the glycoconjugate 
vaccines that are in clinical use has been 
decisively established [302]. However, there 
are addressed some considerations with the 
current-generation glycoconjugate vaccines. 
Current conjugation chemistry requires 
polysaccharide modifications that alter natural 
epitopes, with consequent generation of low-
affinity antibodies against the native 
polysaccharide. In addition, the structural 
heterogeneity of glycoconjugate vaccines is 
concerning.  The random conjugation hampers 
reproduction from batch to batch. Another 
concern is the phenomena of carrier-induced 
epitope suppression (CIES). Individuals show 
inhibited immune responses to the 
polysaccharide, when immunized with a 
glycoconjugate vaccine that contains a protein 
that was previously used for immunization of 
the individual. The major problem is still that 
glycoconjugate vaccines do not induce the 
most efficient immunity; most of them requires 
booster vaccines, individuals obtain a 
relatively short duration of immunity, and 
more important the glycoconjugate vaccines 
have a poor immunogenicity in the 
immunocompromised group of elderly and 
patients with underlying B cell defects. 
 
Intriguingly, in recent years have paradigm-
shifting observations been made in which 
contrary to prior concepts, zwitterionic 
polysaccharides (ZPSs) activate T cells in the 
absence of carrier proteins[303-305]. The 
coming paragraph will address the recent 
observations on ZPSs, implications, and future 
directions in ZPS-related research. 

§2: Zwitterionic polysaccharides 
The ZPS T-cell activating role was 
sequentially discovered by analysis of the role 
of anaerobe Bacteroides Fragilis in formation 
of abscesses. The formation of abscesses in the 
abdomen is one of the most common problems 
encountered after surgical procedures that 
involve the peritoneum. The most abundant 
microorganism isolated from such abscesses 
after surgery or physical trauma to the intestine 
is the Gram-negative anaerobe B. fragilis 

[306]. In the animal model for intra-abdominal 
abscess formation, the surgical implantation of 
pure cultures of B. fragilis and sterile caecal 
contents induced the formation of abscesses in 
laboratory rats[307]. Studies of the virulence 
factors responsible for abscess formation by 
this organism showed that the capsule of 
polysaccharides of B. fragilis potentiates the 
development of this host response in the rat 
model. Transfer of serum antibodies from rats 
immunized with this capsule from B.fragilis 
did not prevent the development of intra-
abdominal abscesses, but only prevent B. 
fragilis infection [308]. However, splenocytes 
from immunized rats did prevent development 
of intra-abdominal abscesses [309]. Further 
investigation showed that the T-cells have the 
ability to prevent development of intra-
abdominal abscesses [303]. The sterile caecal 
content did not induce abscesses, but abscesses 
were induced by CD4+ T helper cells that prior 
to adoptive transfer to the peritoneal cavity of 
the rats are exposed to the zwitterionic 
polysaccharide of B. fragilis named 
Polysaccharide A (PS-A)[303,310]. This 
polysaccharide is the most immunodominant 
constituent of the capsular polysaccharides. In 
addition, it was soon shown that although PS-
A and sterile caecal contents together induced 
pathology, administration of PS-A alone 
protected animals against it following 
challenge with B. fragilis and other abdominal-
present bacteria [303]. Additional studies 
demonstrated that purified PS-A induced a 
dose-dependent proliferation of CD4+ T cells 
when cultured in presence of APCs[311,312]. 
Characterization of the T cell response 
revealed that the CD4+ T cell response was 2.4 
times greater than the CD8+ T cell 
response[311], indicating that specific T-cell 
populations are involved. The requirement for 
APCs in this system is again established by 
showing that depletion of MHC class II-
bearing cells abrogated the proliferative 
activity of PS-A. The loss of activity following 
antibody blockade of MHC class II molecules 
suggested that available class II molecules are 
required for PSA-mediated T cell 
activation[311]. Studies with confocal 
microscopy showed colocalization of MHC 
class II molecules, together with PS-A and αβ-
TCR on the surface of CD4+ T cells suggest 
that PS-A induces APC-T cell engagement 
through binding to both molecules[313]. 
Further research identified that monocytes, 
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dendritic cells, and B cells are all able to serve 
as APCs for ZPS-mediated T cell 
activation[305]. Also other polysaccharides are 
identified that elicit a potent CD4+ T cell 
response in vitro and confer protection against 
abscess formation, Sp1 of S. pneumoniae 
[314,315], CP from types 5 and 8 S. 
aureus[310], and PS-A(1&2) from B. fragilis 
[312,314,316]. The capsular polysaccharide 
Sp1 of S. pneumoniae is incorporated in a 
recently polysaccharide-based vaccine named 
PneumoVax (e.g. Prevnar or Pcv7).  

§3: ZPS structure 
T cell-activating polysaccharides vary 
significantly in their monosaccharide 
compositions, linkages, and sequences. The 
only obvious common feature is their 
zwitterionic charge motif. Each zwitterionic 
polysaccharide (ZPS) carries a high density of 
positively charged amino and negatively 
charged carboxyl or phosphonate groups. The 
dual charge motif is generally rare among 
naturally occurring polysaccharides[317]. 
Sp1 is composed of galacturonic acid and 2-
acetamido-4-amino-2,4,6-trideoxygalactose, 
whereas PS A2 contains fucose, 
mannoheptose, 2-amino-4-acetamido-2,4,6-
trideoxygalactose, 3-acetamido-3,6-
dideoxyglucose, and 3-hydroxybutanoic 
acid[317]. CP from type 5 and 8 of S. aureus 
its repeating unit is composed of 2-acetamido-
2-deoxy-L-fucose, 2-acetamido-2-deoxy-D-
fucose, and 2-acetamido-2-deoxy-D-
mannuronic acid[318], distinct by different 
linkages[319]. PS-A2 is zwitterionic and 
carries one cationic free amine and one anionic 
carboxylate in each repeating unit. It forms an 
extended right-handed helix with two repeating 
units per turn and a pitch of 20 Å. Positive and 
negative charges are exposed on the outer 
surface of the polymer in a regularly spaced 
pattern, which renders them easily accessible 
to other molecules. The helix is characterized 
by repeated large grooves whose lateral 
boundaries are occupied by the charges. The 
overall conformation of Sp1 is an extended 
right-handed helix with eight residues per turn 
and also a pitch of 20 Å. The molecular surface 
is covered with a high density of both positive 
and negative charges. Within each repeating 
unit, the two carboxyl groups are spaced 4.6 Å 
from each other and positioned on one side of 
the helix, whereas the amino group is 
positioned on the other side. The distances 

between the amine and two carboxyl groups in 
one repeating unit are approximately equal, 
whereas the carboxyl groups from different 
repeating units are further apart. The positive 
and negative charges are located 
approximately in analogous positions along the 
polymer chain but face opposite 
directions[317]. The glycosidic oxygen atoms 
of Sp1 can be superimposed onto the 
glycosidic oxygen atoms of PS-A2 with an 
RMSD of 1.6 Å. This reveals that these two 
ZPSs have essentially the same backbone 
conformation. In addition, the spatial 
arrangements of the amines in the two 
polysaccharides display a very similar zig-zag 
fashion with the amines pointing outwards. 
The average distance between adjacent amines 
in Sp1 is 14.6 Å, which is very similar to that 
of PS-A2 (15.5Å). Even when Sp1 and PS-A2 
are superimposed solely on the basis of their 
amino groups, the overlap of their backbone 
structures is still evident [317]. Both helices of 
Sp1 and PS-A2 are characterized by repeated 
charged grooves. Roughly one helical turn 
defines one groove on one side. The grooves 
are approximately 14 Å wide, 10 Å long, and 5 
Å deep. The size of the grooves of Sp1 is 
comparable to that of PS-A2[317,319]. The 
positive charges are located along the lateral 
groove wall, while the next positive charged 
residue is part of another groove located on the 
other side of the helix. The negative charges 
occupy the floor and two sides of the groove 
and are shared by adjacent grooves[317]. The 
similarity in overall structure and presentation 
of charges and lack of similarity in 
composition, indicates that the zwitterionic 
charges are likely to be involved in T-cell 
activation by ZPSs. This is strengthened by the 
findings of several reports discovering varies 
zwitterionic glycosphingolipids that exhibit 
immunomodulatory biologic activities on 
peripheral blood mononuclear cells, as well as 
on T- and B-lymphocyte populations[320-
323]. 
Indeed, PS-A and not N-acetylated PS-A elicit 
a dose-dependent activation of human T cells 
in vitro, indicating that free amino groups that 
are removed by N-acetylation on PS-A are 
critical for T cell activation[303]. In addition, 
conversion of this group to a tertiary amine 
that still retains its positive charge by treatment 
with an aldehyde group under reducing 
conditions, significantly reduced in vitro T cell 
proliferation. Also chemically modification of 
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the carboxyl group associated with the 
pyruvate substituent on PS-A via 
carbodiimide-mediated reduction, resulted in a 
72% decrease in the proliferative response of T 
cells as compared with the unmodified PS-
A[303]. Similar, conversion of the free amino 
group of Sp1 to a tertiary dimethylamine, that 
retained its positive charge, resulted in a 
significant decrease in the proliferative 
activity[303]. The general conformation 
indicates two models for interaction with 
proteins. One scenario could be that the ZPS 
binds to other molecules primarily ‘‘along its 
sides’’ where they display a high density of 
alternating opposite charges. High binding 
affinities would be achieved via abundant 
electrostatic interactions supplemented by the 
potential for numerous hydrogen bonds to 
hydrophilic hydroxyls and, to a lesser extent, 
van der Waals interactions. In the second 
scenario, the grooves of PS-A2 serve as the 
primary binding domains. The geometry of 
each groove would be able to accommodate 
the insertion of an α-helix from a protein. The 
“groove-binding model” is supported by an in 
silico analysis that demonstrated that 
hypothetical α helices (10–14 mers) with 
charged side chains at their termini fit very 
well into PS-A2 grooves. The charges at the 
edges of a groove would help anchor the 
polysaccharide. In addition to multiple salt 
bridges, the complex would be stabilized by 
primarily hydrophobic interactions along the 
inner surface of the groove [324].  
In either of these scenarios, charged groups are 
located at critical positions and contribute 
significantly to binding, which would explain 
why charges are essential determinants of the 
biological activity of ZPSs. 
Since crystallography studies have 
demonstrated that α helices form the lateral 
boundaries of antigen binding clefts in MHC 
molecules, the ‘‘groove-binding model’’ is the 
favored model for T cell stimulating activity of 
ZPSs.  
Whether positive and negative charges 
contribute equally to the T cell activation 
function of ZPSs and whether repeating units 
are required for this function are still 
unresolved questions.  The chemical treatments 
of PS-A demonstrate that both positive and 

negative charges are necessary [303]. For the 
later question, the correlation between size of 
the ZPSs and its binding to MHC class II 
molecules was determined [325]. Native PS-A 
with a high molecular weight bind only 
modestly to MHCII molecules. However, after 
minimal 15 minutes of ozone treatment, the 
fragments were able to bind quite well. The 
binding of PS-A to MHC class II molecules 
peaked at 45 minutes of ozone treatment, 
which correlates to a fragment size of about 3 
to 10 kDa or three or ten repeating units. This 
agrees with an earlier study that demonstrated 
ZPSs smaller than 5 kDa fail to activate T cells 
[326]. However, once the fragment size of 
PSA is reduced to approximately 1 kDa (one 
repeating unit), the binding functionality was 
lost [325]. Since the conformation of a native 
and 3kDa fragment of PS-A showed similar 
helicity, as observed by circular dichroism 
measurements, it is thought that it is not a lack 
of helicity but a combination of potentially 
masking the binding domain in a higher order 
structure that is not readily apparent by CD 
measurements and unfavorable 
thermodynamics [325].  
Additionally, neutralization of the positively 
charged free amines resulted into a striking 
conformational change that was similar to 
random coils and was accompanied with near 
ablation of the binding function of PS-A 3kDa 
fragment to MHC class II molecules[325]. 
Controversially, neutralization of the 
negatively charged carboxylate group resulted 
in a conformational change and abrogation of 
binding, but the structural change appeared to 
be simply a reduction in helical content. In 
addition, since the positive charges of the PS-A 
helix are pointing outwards, N-acetylation 
would not be expected to result in a 
conformational change. However, N-acetylated 
PS-A was shown to have lost the binding 
activity to MHC class II molecules [303]. 
Collectively, these data indicate that the 
zwitterionic charge motif is necessary for the 
maintenance of a helical conformation of PS-
A. This implies that PS-A structure and 
function are closely correlated and PS-A must 
maintain significant helical content as well as 
the zwitterionic charge motif in order to enable 
binding to MHC class II molecules.  
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Fig.2. Schematical depiction of the molecular structure of Sp1 and PS-A. 

§4: ZPS processing 
T cells were the major players in development 
of intra-abdominal abscesses, therefore it was 
not surprising that the PS-A induced 
development of intra-abdominal abscesses via 
T cells. Early studies showed that MHC class 
II molecules were essential for T cell 
activation, similar to activation via peptide 
antigens. At first, it was shown that APCs were 
necessary to activate T cells [303]. In the same 
report it was also demonstrated that ZPS-
mediated T cell activation requires the 
involvement of the αβT cell receptor (TCR) 
since the addition of  
 
antibodies specific for this ligand inhibits T 
cell activation by ZPS [303]. Another article 
demonstrated with a transwell experiment that 
contact between DC and T cell is necessary for 
T cell proliferation [312]. With blocking 
antibodies it was demonstrated that available 
MHC class II molecules were required for T 
cell activation by ZPSs [312]. In addition, T 
cell activation by PS-A was abrogated by 
culturing with APCs lacking MHC class II 
molecules [312]. T cell proliferation assays 
with mononuclear cells as APCs and CD3+ T 
cells as responders in the presence of blocking  
 

 
Abs to the MHC class I molecules HLA-A, 
HLA-B, and HLA-C, the MHC class II 
molecules HLA-DR, HLA-DP, and HLA-DQ, 
and their isotype controls demonstrated that 
only the MHC class II molecule HLA-DR 
mediated ZPS-induced T cell proliferation 
[312]. For Sp1 it was demonstrated to be a 
physical interaction between the ZPS and 
HLA-DR, since Sp1 co-immunoprecipitated 
with HLA-DR [312]. APCs of different HLA-
DR haplotypes were able to stimulate 
proliferation of unrelated donor T cells, 
suggesting that ZPS may offer several different 
binding sites and consequently promote 
promiscuous binding to HLA-DR [312]. 
Additionally, fluorescent staining shows that 
Sp1 induced a twofold increase of HLA-DR 
surface expression on monocytes, which 
peaked at 8 h of incubation [305]. Induced 
HLA-DR expression was eliminated at 24 h of 
incubation. Incubation of B cells with Sp1 
showed increased HLA-DR surface expression 
with similar kinetics, whereas immature 
monocyte-derived DCs showed HLA-DR 
surface expression upregulation after 48 h of 
incubation with Sp1. The increased surface 
expression of HLA-DR on ZPS-treated APCs 
correlated with specific mRNA transcription 
[305]. Decreased T-cell proliferation was 
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associated with decreased HLA-DR 
translocation to the cell surface. Collectively 
these findings indicate Sp1 and PS-A are 
presented on newly synthesized HLA-DR 
molecules. The interaction shows binding 
stoichiometry of one to one and allelic 
selectivity between DR1, DR2, and DR4 as 
measured by dissociation constants (Kd), thus 
suggesting that specificity and restriction could 
play an important role in carbohydrate-driven 
T cell responses[324]. Pre-processed PS-A 
fragments of approximately 15kDa bind 
sixfold and threefold higher to HLA-DR2, 
respectively than HLA-DR1 and HLA-DR4 
[324]. 
However, the mode of interaction between 
ZPSs and HLA-DR were not established. ZPSs 
could interact with HLA-DR similar to regular 
peptide antigens as described in previous 
chapters, but it is also possible that ZPSs 
function as superantigens. Superantigens are 
MHCII-dependent molecules that are presented 
without processing as an intact protein bound 
out-side of the normal peptide binding domain, 
usually to MHCII molecules already loaded 
with a peptide [327]. In a competition assay, 
increasing concentrations of PS-A were added 
to MHC class II molecules that were preloaded 
with either peptide (MBPp) or superantigen 
(SEA). It was demonstrated that PS-A 
outcompeted peptide and superantigen by 
respectively 75% and 80%. This indicates that 
PS-A bind in the groove of the MHC class II 
molecules (similar to peptides) and outside the 
groove (similar to superantigens), or PS-A 
induces a conformational change upon binding 
to MHC class II molecule that inhibit binding 
of both peptides and superantigens. Further 
studies demonstrated binding of PS-A to MHC 
class II molecules was size-dependent, 
especially native PS-A was not binding that 
well, indicating that processing into smaller 
fragments is favoring MHC II presentation 
[303,326]. Kinetics studies investigating the 
influence of the duration of APC treatment 
with ZPS show that incubation times 
comparable to those for conventional antigen 
are required for the induction of T-cell 
activation, thus supporting the implication that 
time for intracellular processing and transport 
of the MHC-II and ZPS complex to the cell 
surface might be a prerequisite for T-cell 
activation [305]. Kinetic studies on in vitro 
proliferation experiments with T cells showed 
that both PS-A from B. fragilis and Sp1 from 

S. pneumoniae elicited a response that peaked 
on day 6, which lies between the fast 
proliferation kinetics of a superantigen (SEA) 
or a polyclonal mitogen (Con A), which peaks 
on day 3, and that of a nominal protein Ag 
(tetanus toxoid), which peaks on day 9 or 10 
[315]. Concomitant in vivo analysis in which 
rats were injected s.c. with PS-A, KD20, or 
PBS as a negative control indicated strong 
correlation between in vitro and in vivo effects 
of ZPSs[315]. Analysis of Sp1-stimulated T 
cells demonstrated an increase of 
approximately half of the TCR Vβ chains, with 
an overall pattern that is distinct from the 
superantigen SEA, but similar to the 
polyclonal mitogen Con A. This suggests that 
ZPSs trigger polyclonal T cell responses[315]. 
These findings also demonstrate that ZPS 
binding to HLA-DR is not similar to 
superantigen, indicating that the conventional 
MHC II pathway is possibly used by ZPSs. 
This is supported by live cell imaging on 
immature DCs showing that a part of Sp1 
internalize in compartment with Rab5 and 
BCECF-dextran, indicative for the early 
endosome. This is followed by maturation of 
the endocytic vesicle as demonstrated with 
subsequent colocalization with Rab7, dextran, 
lysotracker, and OVA[328]. There was no 
localization with Rab11b, indicative for 
recycling vesicles. Binding to MHC class II 
molecules is necessary for translocation of PS-
A to the surface of APCs, since PS-A remains 
in intracellular compartments and cannot 
traffic to the cell surface in MHC II-deficient 
cells[329]. PS-A was also found to colocalize 
with MHC class II molecules in the MIIC 
compartment and LAMP-1[328,329].The 
pathway was sensitive to cytochalasin D and 
colchicines, thus PS-A was internalized 
actively[329]. Similar to the classical MHC II 
antigen presentation pathway, as described 
before in this manuscript, tubules were 
extending from the perinuclear area in which 
was intensely labeled for MHC class II 
molecules and Sp1[328]. Similar to the 
classical peptide antigen presentation pathway, 
further investigation demonstrate that Sp1 was 
exchanged for CLIP to get into MHC class II 
molecules and HLA-DM was required to 
catalyze this exchange [328]. Perhaps that 
HLA-DM is similar to peptide antigen 
presentation pathway involved for selection of 
proper length carbohydrates. It is known that 
this binding is sensitive to ionic strength and 
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pH, because both electrostatic bonds and 
ionizable groups are important in PS-A 
presentation. Comparing in vitro MHCII 
binding experiments of peptides and PS-A, PS-
A binding was remarkably more sensitive to 
pH (i.e., preferring acidic pH) despite the fact 
that no significant change in net carbohydrate 
charge would be expected within that range. 
This indicates that cell entry is necessary for 
ZPS molecules to achieve presentation because 
the association requires an acidic environment 
[324]. Collectively, these findings demonstrate 
that ZPSs are internalized and enter the same 
pathway as peptide antigens. Both N-
acetylated PS-A (negative charged) and 
carbodiimide-treated PS-A (positive charged) 
are internalized similar to zwitterionic PS-A. 
However, none of these PSs that are lacking 
the zwitterionic motif are presented on the 
surface of APCs [324]. Since the circular 
dichroism experiments demonstrated that 
helical content was determined by zwitterionic 
motif, it is unclear whether the zwitterionic 
motif is involved in binding or maintaining 
proper 3D conformation [325]. 
Peptide presentation requires processing into 
peptides by proteases. The optimal binding of 
smaller fragments in vitro to MHC class II 
molecules indicate that processing is also 
required. In the endosome compartment, some 
glucosidases are present but only at late 
compartments. In vitro experiments showed 
that neither low pH nor reducing conditions 
had a measurable effect of PS-A. However, 
oxidation by H2O2 at specifically pH 7.3 and 
not pH 5.0 reduced the size of PS-A[329], 
whilst in vitro binding to MHC class II 
molecules by PS-A did occur at lower pH and 
was reduced at pH 7.3[329]. This indicates that 
processing would occur in early endosomes 
prior to binding in later stage of endocytosis, 
likely by oxidation. Indeed, iNOS deficient 
splenocytes were unable to present native PS-
A, but did present low molecular weight pre-
processed fragments of PS-A to T cells, whilst 
NADPH oxidase (NOX2) deficient mice were 
efficiently presenting both native and pre-
processed PS-A[329]. These findings indicate 
that APCs require iNOS for processing of PS-
A and for activation of T cells. After exposure 
of APCs to cytokines or microbial products, 
iNOS is up-regulated and generates large 
quantities of nitric oxide (NO) by catalyzing 
the oxidation of L-arginine. NO is a short-lived 
radical that forms various NO-derived RNSs. 

NOX2 complex is a multimeric complex that 
generates superoxide by transferring electrons 
from NADPH inside the cell across the 
vesicular  membrane and coupling these to 
molecular oxygen to produce the superoxide, 
which is a reactive free-radical[330]. iNOS is 
upregulated upon challenge with PS-A and 
correlate with increased NO production.  
Further investigation demonstrate that N-
acetylated PS-A, thus in which free amino 
groups have been blocked by N-acetylation, is 
degraded similar in both iNOS wt and iNOS-
deficient mice, whereas native PS-A was 
degraded to a greater extent in wt DCs than 
iNOS-deficient DCs. This suggests that 
depolymerization of PS-A occurs via NO-
dependent mechanism that requires free amino 
groups. Since it is known that deaminative 
depolymerization requires free amino or N-
sulfo groups, but not the N-acetyl groups, these 
data indicates that the NO-mediated 
depolymerization is a deamination reaction 
[331]. Also in vitro T cell activation was 
dependent on this deaminative 
depolymerization of PS-A, since iNOS-
deficient DCs did not induce T cell 
proliferation [331]. In contrast, incubation of 
iNOS-deficient DCs with pre-processed PS-A 
resulted in T cell proliferation [331]. Since it 
was previously demonstrated that the 
zwitterionic motif is required for T cell 
activation, it is conclusive that NO-mediated 
depolymerization does not alter the charges. 
This NO-dependent process is supported by 
experiments with MPO-deficient monocytes or 
macrophages, in which large amounts of nitric 
oxide are generated and PS-A is more 
degraded[331]. Also in vitro experiments 
showed that deamination is important for ZPSs 
processing. NO-saturated solution significantly 
degrades PS-A at neutral pH, whereas N-acetyl 
PSA, which contains no free amino groups, is 
completely resistant to NO attack[331]. In 
contrast, peroxynitrite or its generator (SIN-1) 
did not have an effect on PS-A size. Thus 
RNSs, including NO and nitroxyl, are 
responsible in vitro degradation of PS-A 
through deamination. The consequent 
generation of approximately 10kDa 
predominant product after PS-A degradation 
mediated by primarily RNSs indicates that this 
process is finely controlled. Since it was 
demonstrated that the zwitterionic motif is a 
prerequisite for ZPS-mediated T cell 
activation, NO-mediated deamination of PS-A 
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does not disrupt the zwitterionic nature of PS-
A [331]. 
To date, only a few ZPS specific T cell 
hybridoma’s were generated, Sp1[332], and 
PS-A[315], respectively. The polyclonal T 
cells prevented against other ZPSs and not to 
non-ZPSs, thus indicating a cross-reactivity 
between ZPSs. In vivo protection was gained 
against intra-abdominal abscess formation 
upon challenge with B. fragilis [332]. This 
confirms the modulatory role of ZPS-specific 
T cells in formation of intra-abdominal 
abscesses. Moreover, chemical introduction of 
zwitterionic motifs in anionic polysaccharides 
generated zwitterionic polysaccharides that 
function quite similar in vivo as the natural 
ZPSs [333]. 

§5: Immunomodulatory role of ZPSs in 
intra-abdominal abscesses 
Initial studies demonstrated that surgical 
implantation of PS-A together with sterile 
caecal content induce T cell activation that is 
essential for abscess formation[303]. Since 
studies have shown that engagement of 
different costimulatory pathways leads to 
markedly different T-cell responses, it is 
important to ascertain whether a requirement 
for costimulation exists and determine the 
type(s) of costimulatory pathways that are 
involved in Zps-mediated T-cell activation.  
The interaction of CD28 on T cells with its 
ligands B7-1 and B7-2 on APCs is a major T-
cell costimulatory pathway that controls the T 
cell response to a variety of antigens[334]. 
Ligation of CD28 with B7 promotes cell cycle 
progression and upregulates IL-2 mRNA at the 
level of both transcription and translation 
resulting in increased IL-2 expression[334]. 
Treating animals with CTLA4Ig, a fusion 
protein that effectively block CD28-B7 
interactions[335], prior to challenge with PS-
A, Sp1, and CP5, resulted in significant 
reduction of abscesses[303,311]. 
Demonstrating that T cell costimulation via 
CD28-B7 is necessary for ZPS-mediated T cell 
activation. Additionally, B7-2-specific 
antibodies prevented abscess formation while 
the B7-1-specific fusion protein did not, 
showing that the development of this host 
response is completely dependent on CD28–
B7-2 interactions[303,305]. In addition, 
experiments using CD40 blocking antibodies 
demonstrate that upregulation of CD40 surface 
expression is not a prerequisite for ZPS-

induced T-cell proliferation. However, binding 
of CD40-CD40L is required to sustain the 
bidirectional signals necessary for the initiation 
of T-cell proliferation mediated by ZPSs[305]. 
These findings show that ZPSs promote 
activation and proliferation of CD4+ T cells via 
the first signal, TCR-MHCII-ZPS antigen 
engagement, which depends on retrogradely 
transported HLA-DR, and the second signal, 
that is provided by the costimulatory molecules 
B7-2 and CD40 on activated APCs. Indicating 
that ZPSs have potential to induce complete 
immune response. Treatment with Sp1 
increased the expression of B7-1 and B7-2 on 
monocyte-derived DCs, on monocytes, and on 
B cells. After a 24-h incubation with ZPS, B7-
2 surface expression was eliminated, while B7-
1 expression was still increased at a low level. 
CD40 surface expression was induced neither 
on B cells nor on monocytes when incubated 
with Sp1 alone or with Sp1 in the presence of 
T cells[336]. 
The T cell activation resulted in profound T 
cell proliferation and associated IL-2 secretion, 
which are initial signals leading to 
inflammatory reaction, which culminates in 
abscess formation upon challenge with B. 
fragilis in naïve rats[315]. 
The mechanism that underlies abscess 
formation includes PS-A that was shown to 
stimulate production of chemokines, such as 
IL-8, from T cells and peritoneal macrophages 
[337]. This result in recruitment of 
polymorphonuclear leukocytes (PMNs) to the 
peritoneal cavity. Another mechanism is 
induction of pro-inflammatory cytokines such 
as TNF-α and IL-1α from peritoneal 
macrophages, which lead to cell adhesion 
molecule ICAM-1 to be expressed by 
mesothelial cells [337]. This result in tethering 
of IL-8-attracted PMNs into the inflamed 
tissue, which leads to further PMN recruitment 
and sequestration in the peritoneal cavity[304]. 
A recent study demonstrate that IL-6 is 
expressed upon stimulation with Sp1 by 
peritoneal macrophages and DCs in vitro[338]. 
IL-6 is a pleiotropic inflammatory cytokine 
that is produced by a variety of cells and acts 
on a wide range of tissues[339]. It stimulates 
the activation, migration, survival, and 
proliferation of CD4+ T cells and acts on T 
cells as an anti-apoptotic factor[339]. 
Additionally, it has been linked to T cell-
dependent immune diseases and autoimmune 
diseases such as inflammatory bowel 
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disease[340]. Upon stimulation with Sp1, IL-6-
dependent migration of CD4+ T cells into the 
peritoneal cavity induce intra-abdominal 
abscesses[338]. Sp1-induced IL-6 acts as anti-
apoptotic agent on CD4+ T cells and induce IL-
17 expression in CD4+ T cells[338]. The 
induction of IL-6 depends on the zwitterionic 
motif, since chemically treated Sp1 lacking 
this motif does not induce IL-6 
expression[338]. 
The CD40 ligand interaction on T-cells with 
the CD40 on APCs is critical to elevate 
expression of other co-stimulatory molecules 
and the secretion of a variety of cytokines 
including IL-6, thus it is likely that the 
previously mentioned requirement of 
costimulatory interactions via B7–CD28 and 
CD40–CD40L for ZPS-mediated CD4+ T cell 
activation and subsequent abscess formation 
contribute significantly to the up-regulation of 
IL-6 synthesis. 
Recently, it was shown that CD4+ T cells 
produce a limited amount of IL17 upon ZPS 
stimulation [332,338]. The primary source for 
IL-17 is a small specific subtype of CD4+ T 
cells, namely Th17 cells. Th17 cells are known 
to be pivotal in immune responses against 
some funghi and bacteria. The Th0-cells 
differentiate into Th17 cells upon stimulation 
with IL-6 and TGF-β. So far, TGF-β is not 
investigated in formation of abscesses, but if it 
does it could indicate that Th17 cells are key 
players in the formation of abscesses. This 
indicates that next to pre-existing Th1 cells 
also Th17 cells are involved in abscess 
formation. It is possible that the initial Th1-
mediated inflammation is attenuated by IFNγ, 
which modulate APCs and evolves toward a 
Th17-mediated chronic inflammation causing 
abscess formation. However, it is currently 
unclear which physiological conditions allow 
differentiation into Th17 cells next to pre-
existing Th1 cells.  
 
Subcutaneous application of different ZPSs 
prior to i.p. challenge with B. fragilis 
prevented subsequent abscess formation[309]. 
Additionally, it was found that treatment of 
ZPSs prior to i.p. challenges prevented abscess 
formation by various intra-abdominal inducing 
agents[311]. This cross-reactivity and general 
suppression of the host response that leads to 
abscess formation is also demonstrated by 
adoptively transferring ZPS-specific T-cell 
hybridoma’s prior to challenge with B. fragilis 

in peritoneal cavity of the rat[315]. In addition 
to natural occurring ZPSs, also polysaccharides 
chemically modified to possess a zwitterionic 
motif are able to prevent abscess 
formation[309,311]. Also to this modulatory 
role of ZPSs in abscess formation play T cells 
a central role. Depletion of CD4+ T cells from 
a preparation of splenocytes resulted in a loss 
of PSA-induced proliferation[311]. CD4+ T 
cells isolated from animals that had been 
immunized with PSA had upregulated 
expression of the T-cell-activating cytokine IL-
2[315]. Further investigation demonstrated that 
after s.c. Zps administration the protective 
function of T cells resulted from anergy, as 
indicated by the possibility to reverse the effect 
upon addition of IL-2[315]. Indeed, specific 
subtypes of CD4+ T cells that are CD45Rblow 
were found to produce IL-10 upon ZPS 
engagement. IL-10 is an anti-inflammatory 
cytokine capable of inhibiting various 
inflammatory cytokines including IL-2. IL-10 
was found in abscesses in the intra-abdominal 
rat model[341]. This finding was supported by 
another article reporting that Zps-stimulated T 
cells comprises an initial burst of IL-2, 
followed by the anti-inflammatory release of 
IFN-γ and IL-10[341]. The heterologous 
CD45Rblow CD4+ T cell population includes 
activated T cells, CD44high 
CD62LlowCD4+CD25+ memory T cells, and 
naturally occurring CD4+CD25+ regulatory T 
cells[332]. The production of IL-10 and 
subsequent protection against abscess 
formation requires ICOS-ICOSL 
costimulation. Likely also the previous 
mentioned costimulation with CD40 or CD28 
is involved, but this was not examined[336]. 
ZPS-treatment induced clonal expansion of the 
CD4+CD45Rblow population [336]. 
In short, these findings show that certain 
bacterial capsules have the ability to modulate 
host immune responses in a T cell-dependent 
manner and offer an approach for preventing 
or treating deleterious Th1-mediated 
inflammatory host tissue responses in such as 
adhesions and inflammatory bowel disease in 
humans. Indeed, IL-10 that is produced by the 
CD4+CD45Rblow T cells is responsible for 
ZPS-mediated protection against fibrosis 
[336]. In addition, the wildtype B. fragilis 
protects mice from experimental colitis 
induced by Helicobacter hepaticus, whereas a 
mutant strain of B. fragilis that lacks PS-A on 
its capsule, is not protective [342]. It was 
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demonstrated that germ-free mice had systemic 
T cell deficiencies, resulting in an imbalance 
towards the Th2 subtype. However, association 
of these mice with PS-A bearing B. fragilis 
corrected these T cell deficiencies, redressing 
the Th1/Th2 balance[343]. Simultaneously, the 
PS-A confers protection against overactive 
Th1 immune responses that result in IBD 
through production of IL-10 by 
CD4+CD45Rblow T cells[342].  
A recent article demonstrates that another 
mechanism confers protection against intra-
abdominal abscess formation[344]. 
Characterization of the T cell influx identified 
a very small population of CD8+CD28- T cells 
that was increased in both the spleen and in the 
peritoneal cavity upon stimulation with Sp1. 
Depletion of these CD8+CD28- T cells resulted 
in an enlargement of the abscesses, indicating 
an important suppressive function in abscess 
formation. These T cells were expressing both 
TGF-β and IL-10, suggesting a mechanism 
dependent on these anti-inflammatory 
cytokines[344]. Conclusively, these findings 
indicate a mechanism in which CD4+ T cell-
mediated intra-abdominal abscess formation is 
controlled by regulatory subset of CD8+ T 
cells, not excluding other relevant CD4+ T cell 
mediated inflammatory responses. The 
induction of this cell population is independent 
of APC/T cell contact and APC-derived 
cytokines. However, TCR signaling was 
induced, as illustrated by enhanced Zap70 
phosphorylation and NFκB translocation. Sp1 
induced TCR signaling by enhancing 
crosslinking of the TCR, resulting in inhibition 
of apoptosis causing increased expansion of 
this cell population[344]. However, this model 
does not explain why other cell populations 
with similar TCRs are not expanding upon Sp1 
stimulation. Whether different recognition of 
TCR Vβ-chain by Zps leads to various 
signaling events, as is the case for glycolipids 
and CD1 molecules , has to be established. 

§6: Contribution of zwitterionic 
polysaccharides to antigen sorting  
Contrary to PS-A that cause macrophages and 
DCs to secrete IL-12 and TNF-α, upon Sp1 
these APCs does not secrete either of 
them[345]. This indicates a discrimination 
between both, whilst both structures and 
zwitterionic motif is similar. Investigation of 
IL-12 and TNF-α induction by PS-A 
stimulation, identified a requirement for TLR2 

in macrophages and DCs[345]. This is not 
unexpectedly, since many of the immunologic 
events leading to PS-A-mediated T cell 
activation such as iNOS expression, MHCII 
presentation, costimulation, and cytokine 
production have been shown in other systems 
to be linked to TLR activation, as described 
before[346]. TLR2-deficient BMDCs 
internalize PS-A as efficiently as in wt 
BMDCs, indicating TLR2 is not involved in 
PS-A uptake. However, due to TLR2-
deficiency up-regulation of MHC class II 
molecules, B7-2, and CCR7, and NO 
production, does not occur upon Sp1 
stimulation[345]. As discussed before, these 
TLR2-mediated events are important in 
maximizing the adaptive immune response to 
PS-A by enhancing antigen presentation and 
subsequent T cell activation. The lack of TLR2 
signaling results also in significantly reduced 
TNF-α, IFN-γ, which were essential to abscess 
formation. In addition, it is also demonstrated 
that PS-A induces IL12 production in DCs and 
that the induction of IL12 is substantially 
attenuated in TLR2−/− DCs. PS-A-induced 
IL12 production by DCs is vital for optimal 
IFN-γ production by T cells. This optimization 
of IFN-γ production facilitates the Th1 cell 
developmental process[280]. 
 
In conclusion, bacterial-derived zwitterionic 
polysaccharides now appear to be T-cell 
dependent antigens in contrast to the classical 
dogma so far in which bacterial 
polysaccharides were seen as T-cell 
independent antigens. The zwitterionic motif is 
essential for its modulatory role in the immune 
system. ZPSs function in both innate and 
adaptive arms of the immune system. In the 
innate immune system, stimulation through 
pathogen-recognition receptors (TLR2) of 
APCs result in NF-κB-dependent NO 
production. This is necessary for processing 
and presentation by MHC class II molecules, 
thus for initiation of the adaptive immune 
response. Additionally, ZPS stimulation up-
regulates MHC class II molecules and 
costimulatory molecules on the APCs, 
enhancing the link between innate and adaptive 
immune response against these ZPSs. Upon 
antigen presentation in MHC class II 
molecules to αβ T cell receptors and 
costimulation, CD4+ T cells become activated. 
This leads to a pro-inflammatory environment 
that recruits PMNs and provides help to B 
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cells, generating isotype switching and 
memory induction. Leading to protection of 
the host to the source of the ZPSs. To prevent 
chronic inflammation, the Th1-based 
inflammation is counteracted by IL-10 
produced by ZPS-activated CD4+CD45Rblow T 
cells and CD8+CD28- T cells. 
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Discussion 

In order to prevent autoimmune and/or an 
over-reactive immune response, fine tuning of 
the adaptive immune response is essential. The 
adaptive immune response comprises the 
humoral and cellular immunity. The main part 
of the humoral immunity is the antibody 
response, whereas a predominant part of the 
cellular immunity comprises the T cells. 
Collectively, the findings in this article 
indicate a general model in which innate 
signals are fine tuning the T cell responses via 
various mechanism, innate signals regulate 
each other, and in which T cells regulate T cell 
function in the adaptive immunity. To specify 
on the innate signals, as described previously 
there are three steps to a fully activated and 
specific T cell response. The first step includes 
the presentation of an antigen in the context of 
an MHC molecule to the T cell receptor. 
Antigen presentation is a tightly controlled 
process and the outcome determines whether it 
will be CD4+ or CD8+ T cells that become 
activated. The dogma for many years was that 
exogenous antigens were automatically 
presented via MHC class II molecules and 
cytoplasmic antigens via MHC class I 
molecules. However, recent studies identified 
cross-presentation that presents exogenous 
antigens via MHC class I molecules. Multiple 
pathways seem to exist in parallel, as depicted 
in figure 1. Further investigation could perhaps 
elucidate whether these different pathways co-
exist at a same timepoint or state. It would also 
be important to investigate whether the distinct 
compartments in which cross-presentation is 
proposed to occur lead to distinct immune 
responses. 
The classical view until the discovery of 
zwitterionic polysaccharides was that all 
capsular polysaccharides were T cell 
independent antigens. Since carbohydrates are 
the major constituent of the bacterial surface, 
presentation of bacterial antigens occurs often 
in presence of bacterial carbohydrates, or as 
recently discovered are the zwitterionic 
polysaccharides the antigen themselves. The 
bacterial sugar moieties are important by 
inducing actin reorganisation upon recognition 
by specific receptors at the cell surface that 
lead to efficient uptake of the antigen and 
delivery to compartments that intersect with 
pathways for MHC II presentation and cross-

presentation. The MR-mediated endocytosis of 
OVA targets OVA to stable early endosome 
compartment, whilst without MR controlling 
OVA is delivery to lysosomal pathway. This 
clearly illustrates that distinct pathways of 
uptake results in distinct intracellular routing 
that favour either cross-presentation or 
presentation via the classical MHC II pathway.  
Furthermore, bacterial-derived carbohydrate 
structures influence processing of the antigen 
for presentation to T cells. As discussed, key to 
this are the Toll-like receptors. Blander and 
Medzhitov demonstrated that the processing is 
modulated only if the TLR-ligand and antigen 
are present on the same antigenic structure and 
are internalized in the same endocytic 
compartment. Together with the fact that TLRs 
only recognize highly specific components 
from pathogens, this shows that TLRs are able 
to modulate processing of selective antigens in 
a confined compartment. Indeed, TLRs exert 
positive and phagosome autonomous control 
on both the kinetics and outcomes of 
phagosome maturation. In addition, TLR 
signaling was shown to increase peptide 
loading on MHC class II molecules. This is 
reflected in the superior ability of phagosomes 
carrying TLR ligands to contribute peptides to 
MHC class II molecules. Also loading of ZPS 
to MHC class II molecules is enhanced by 
TLR signalling by inducing ZPS processing 
into the optimal length by deamination for 
MHC II binding. Furthermore, MHC II-peptide 
complexes and likely also MHC II-ZPS 
complexes are efficiently transported to the 
plasmamembrane via tubules emanating from 
the MIIC and the half life of MHC II-peptide 
complexes presented at the cell surface are 
increased upon TLR-ligand engagement. Next 
to the stimulation of antigen presentation that 
is restricted to the confined compartment that 
contain both the antigen and TLR ligand, TLR 
signalling also stimulates general antigen 
presentation by inducing secretion of cytokines 
that upregulates the capability of cells to 
present antigens. Because IFNγ enhance both 
cross-presentation and classical MHC I 
pathway by inducing the generation of the 
immunoproteasome, specifically cross-
presentation by relocating TAP to phagosomes, 
and also classical MHC II pathway by 
increasing synthesis of MHC class II 
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molecules, it seems that this TLR-mediated 
signalling is not favouring any specific antigen 
presentation pathway. However, Dectin-1 was 
shown to modulate TLR signalling towards 
cytokine expression. This could indicate that 
the interplay between different pathogen 
recognition receptors is modulating this 
general respone. Whether TLR signalling that 
modulates antigen processing in the confined 
compartment favours cross-presentation or 
presentation via MHC class II molecules is not 
known. Thus far it is demonstrated for TLR 
signalling to enhance the antigen processing 
for the classical MHC II pathway. Which 
requirements are essential to antigen 
processing for cross-presentation are not 
known. This is hampered by the amount of 
pathways proposed for cross-presentation with 
each their distinct compartments and 
requirements. For instance, it is possible that 
after delivering a certain antigen to the stable 
early endosome compartment, TLR-ligand 
engagement within the endosome is required to 
keep it away from the lysosomal pathway. A 
recent article describes that Irgm3 via lipid 
bodies formation inhibits phagosome 
maturation, without altering the rate of 
phagocytosis and affecting loading of 
exogenous peptides onto MHC class I 
molecules for cross-presentation [347]. This 
could indicate a mechanism responsible for the 
blockage towards the lysosomal pathway and 
favoring cross-presentation. 
 
The second step towards full activation of T 
cells is presence of costimulatory molecules. 
When costimulatory molecules are absent 
during the engagement of MHC-peptide 
complex and TCR, signal 1 results in a state of 
non-responsiveness called clonal anergy. The 
presence of costimulatory molecules 
simultaneous with signal 1 allows clonal 
expansion. Moreover, it was demonstrated that 
TLR control of antigen presentation favours 
the presentation of microbial antigens within 
the context of T-lymphocyte costimulatory 
molecule expression, leading to full activation 
of T cells. In other words, TLR license the 
antigen to fully activate the T cell. Therefore it 
seems that TLRs influence antigen processing 
and presentation that is regulated by various 
uptake receptors, but that the absence of TLR-
engagement results in tolerization of T cells 
instead of full activation. Indeed, Wang et al 
[345]  showed that deficiency in TLR2 resulted 

in a lack of upregulation of costimulatory 
molecule B7-2 and an almost diminished T cell 
activation upon stimulation with PS-A. In 
addition, studies suggest that antigen uptake by 
CLRs alone can result in tolerance [348].  
 
The last step towards a full and specific T cell 
response is the determination of differentiation 
state of the activated T cell. A variety of both 
membrane-incorporated and soluble factors 
influence the outcome of this process. 
Especially, cytokines that are secreted by the 
APC itself or other neighbouring cells 
determine the differentiation state of the 
activated T cell. As described, activation of a 
TLR by its relevant ligand rapidly ignites a 
complex intracellular signaling cascade that 
ultimately results in upregulation of 
inflammatory genes and production of 
proinflammatory cytokines and interferons. 
Most TLR ligands stimulate APCs to produce 
cytokines that initiate TH1 responses (such as 
IL-12 and IL-18). For instance the ZPS PS-A 
induce IL12 expression in a TLR2-dependent 
pathway that is vital for driving differentiation 
towards Th1 cell developmental process. 
However, it is also recently described that 
CLRs may influence TLR-induced cytokine 
expression. Thereby showing that next to 
recognition bacterial-derived zwitterionic 
polysaccharides, also the bacterial-derived 
glycans are modulating the outcome for 
differentiation.  
Since Sp1 from S. pneumoniae is not inducing 
secretion of IL12 in either macrophages or 
DCs, ZPSs do not induce similar immune 
responses. This indicates that ZPS-specific 
immune responses occur, perhaps relying on 
differential recognition by innate immune 
receptors. Moreover, ZPS-specific activated 
CD4+CD45Rblow T cells or CD8+CD28- T cells 
induce anti-inflammatory cytokine such as 
IL10, that prevent the Th1-mediated 
inflammatory immune responses in abscess 
formation and fibrosis.  
Moreover, the recent finding that Dectin-1 
signaling modulates TLR2-signaling to induce 
profound IL23 responses illustrates that CLRs 
not only function as uptake receptor but also 
signaling receptor. This finding clearly 
demonstrates that TLRs influence antigen 
processing and presentation regulated by CLRs 
as antigen uptake receptors, and CLRs on their 
turn may influence signaling pathways 
initiated by TLRs.  
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Collectively, these findings illustrate that the 
ultimate outcome is the result of a concordant 
action dictated by pathogen-associated 
molecular patterns that determine which set of 
innate receptors are engaged.  
Signaling by the receptors is not a simple 
model in which the sum of receptor signaling 
determines the immune response. If we focus 
on DCs, since they are the most prominent in 
antigen presentation of all APCs, we see that 
DCs are equipped with different molecular 
platforms to detect both microbial and non-
microbial endogenous factors. For instance, the 
family of Toll-like receptors (TLRs) are PRRs 
that are present primarily intracellularly. In 
contrast, Fc-receptors are incorporated in the 
plasmamembrane and recognize antigens at the 
DC surface. Since microbes are composed of 
multiple components that can be recognized by 
different host receptors, it is logic that multiple 
receptors are able to bind to the microbe and as 
previously discussed the interplay is crucial in 
determining the fate of the microbe. In other 
words, an integration of a variety of signals 
must occur to drive a proper immune response. 
Signals for activation of DCs can be derived 
from many sources, such as IFNγ from T cells, 
or other cytokines that can function in a 
paracrine or autocrine fashion, danger signals, 
CD40L stimulation from helper T cells or NK 
T cells, and microbial products. The expression 
and function of receptors recognizing these 
signals on DCs varies significantly between 
mice and humans and in different DC subsets 
[286]. For instance, the type I Interferon 
production induced by viral double-stranded 
RNA depends on RIG-I in convential DCs, 
whereas it depends on TLR3 in plasmacytoid 
DCs. Also important, DCs are exposed 
sequentially and stochastically different 
stimuli: the microbial products and 
inflammatory cytokines are encountered 
initially in peripheral tissues, whereas the 
CD40L stimulance occurs when the DC have 
reached the T cell area of secondary lymphoid 
organs. Since it was demonstrated that for 
cytokine production, TLR4 stimulation (via 
LPS) has to be sustained until a time point that 
coincides with the time of transcription of 
cytokine genes[349], it seems that also the 
duration of receptor stimulation is crucial in 
DC activation. In addition, different stimuli 
can cooperate and synergize in the induction of 
DC activation. An example for this is the 
modulation of TLR signaling by C-type lectin 

receptor signaling [293]. Also 
compartimentalization is crucial for receptor 
signaling, as indicated by TLR4 signaling that 
induces two pathways: the Toll-interleukin 1 
receptor domain-containing adaptor protein 
(TIRAP)-MyD88 pathway that induces 
cytokines, and the Toll-receptor-associated 
molecule (TRAM)–Toll-receptor-associated 
activator of interferon (TRIF) pathway that 
induces IFN. Inhibiting TLR4 endocytosis 
disrupts the TRAM–TRIF pathway, and 
localization of TRAM to endosomes is 
necessary for TLR4 signaling [287]. Thus, 
TIRAP-MyD88 signaling is initiated by TLR4 
at the plasma membrane, whereas TRAM–
TRIF signaling is initiated by endocytosed 
TLR4.  It is also demonstrated in literature that 
cytokine production by DCs is regulated not 
only by the combination of stimuli, but also by 
the order in which the stimuli are delivered 
over a defined period of time[350]. The 
IL12p70 production is enhanced by IFNγ only 
prior to TLR signaling, and the TLR synergy is 
more pronounced when TLR3 or 4 ligands are 
encountered before TLR8-induced signaling 
[350].  
 
Collectively, the findings summed in this 
report clearly demonstrate that carbohydrates 
in both pure form and in association with other 
molecules are biologically significant 
biomolecules and research of them is thus far 
underappreciated. The discovery that 
carbohydrates can be recognized by T cells is 
important for the development of new 
generation glycoconjugate vaccines. Current-
generation glycoconjugate vaccines are 
typically prepared by polysaccharide 
modification at multiple sites, with subsequent 
coupling to proteins randomly in a cluster 
form. As described before, there are some 
issues with the current glycoconjugate 
vaccines. The conjugation process induces 
structural heterogeneity of the batches. It is 
also possible that carrier-induced epitope 
suppression occurs and the major problem is 
that most current glycoconjugate vaccines do 
not induce the most efficient immunity. This is 
reflected in requirement of booster vaccines. 
Due to the described immunogenicity of ZPS, 
it is likely that ZPS-glycoconjugates induce 
higher T-cell and antibody responses to both 
carrier and polysaccharide, as compared to 
normal PS-glycoconjugates. Since a ZPS is a 
carbohydrate and an antigen at the same time, 
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ZPSs present the opportunity to investigate the 
precise mechanism of carbohydrate recognition 
and immunological consequences.  
In addition, demonstrating that carbohydrates 
can be recognized by T cell receptors indicate 
that perhaps the sugar-moieties on glycans or 
glycolipids –either alone or in combination- 
can induce specific immune responses. As an 
example, perhaps the sugar moieties are 
essential in the recognition of glycolipids that 
are presented via the MHC-like molecule CD1 
to NK T cells.  
Since it was suggested that polysaccharide-
based vaccines function in part by induction of 
protective CD8+ T cell responses, further 
research into the contribution of bacterial-
derived carbohydrates in antigen presentation 
via MHC I will be essential for optimal 
formulation of polysaccharide-based vaccines.  
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