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 INTRODUCTION 
 Memory is a hallmark of the adaptive immune system and results 

in faster, larger, and qualitatively better secondary responses 

compared with those seen in a primary response. 1  All vaccines 

that induce lifelong memory are live attenuated viruses such as 

the measles, mumps, polio, rubella, yellow fever, and vaccinia 

virus vaccines. 2  In contrast, no non-living vaccine, composed 

of whole cell or subcomponent proteins of pathogens, has been 

developed that also stimulates lifelong memory and protection 

against infection. Why is that? The answer may rest with the type 

of adjuvant critically required for these vaccines. Today, a very 

limited selection of adjuvants are used for commercial vaccine 

development and none of them have been evaluated from the 

point of view of how effective they are at promoting long-term 

B- and T-cell memory. Only few adjuvants have been approved 

for human use. 3,4  Of these, aluminum salts are by far the most 

commonly used, but more modern oil-in-water emulsions, such 

as MF59, are now being used in vaccines. 5  For example, it was 

recently reported that an influenza vaccine containing MF59 

efficiently primed memory B cells, suggesting that the choice 

of adjuvant critically influenced the longevity and the character 

of the response. 6  The latter refers to that the adjuvant appeared 

to increase the cross-protective effect of the vaccine against 

different influenza strains, including seasonal- and H1N1 swine 

flu. 7  Another recent example is the use of adjuvant to boost 

the effect of a formalin-inactivated respiratory syncytial virus 

vaccine, demonstrating that an adequate adjuvant greatly 

enhanced antibody affinity, thereby stimulating protective 

immunity in a vaccine that was thought to be very poor. 8  

 Although live attenuated vaccines, which replicate in the host, 

stimulate the natural innate and adaptive immune responses, 

the non-living vaccine with its adjuvant component is designed 

to mimic these natural events. But, we do not have a clear 

understanding of the multitude of processes / events that initi-

ate, maintain, and regulate natural long-term memory devel-

opment. Recent attempts at taking a systems biology approach 

to understand the impact on innate immunity of the yellow 

fever attenuated vaccine YF-17D have provided promising and 

intriguing results that may be associated with long-term memory 

development. 9  Little information is available on adjuvant effects 

and memory development in general and even less is known 

about mucosal adjuvant effects and memory responses. 10,11  

Nevertheless, in this review we will discuss what is known 

about mucosal adjuvants and B-cell memory development. In 
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particular, we will present recent data on the effect of entero-

toxin-derived adjuvants and memory development, thereby 

hoping to inspire new interest in this quite neglected field of 

research. The bacterial enterotoxins elaborated by  Vibrio chol-

erae  (cholera toxin (CT)) and the closely related heat-labile toxin 

(LT) from  Escherichia coli  bacteria have been extensively studied 

and they exert exceptional adjuvant effects on both mucosal and 

systemic immune responses. 12  Both toxins can be administered 

via mucosal or systemic routes and both dramatically augment 

a wide range of immune responses from antibody production 

to cytotoxic CD8 T-cell or CD4 T effector cell immunity. 11  The 

protein – chemical structures are well known for these toxins and 

the unique adenosine diphosphate (ADP)-ribosylating ability is 

also well studied, although we still lack a detailed understand-

ing of which cells and molecular events are involved in their 

adjuvant function. 13    

 THE GERMINAL CENTER (GC) REACTION IS CENTRAL
TO MEMORY DEVELOPMENT 
 The formation of GCs during immune responses have a crucial 

role in both the development of high-affinity class-switched 

antibodies and formation of B-cell memory. 14  Common also to 

other adjuvants, a particular feature of CT is its potent ability to 

stimulate large and enhanced numbers of GCs following immu-

nizations ( Figure 1 ). As the GC reaction progresses, class-switch 

recombination (CSR) and somatic hypermutations (SHMs) of 

the B-cell receptor (BCR) generates relatively higher-affinity 

variants from which memory B cells are selected. 15  Following 

antigen (Ag) recognition, B cells will form GCs in the follicle 

together with follicular dendritic cells (FDCs), which are key 

elements in the reaction. 16  B cells expand in the dark zone as 

centroblasts and later undergo positive selection in the light 

zone as centrocytes, interacting with Ag presented as immune 

complexes on the FDCs. 17  There are a number of well-defined 

factors that are required for the GC reaction and selection of 

high-affinity memory B cells, including the presence of follicu-

lar helper CD4     +      T cells (T FH ). 18  Whereas cognate recognition 

involving CD40 – CD40L interaction is critical, receptors such 

as inducible co-stimulator (ICOS), CD28, CD80 / CD86, and 

others are also needed for GCs to develop. 19  Both humans and 

mice lacking CD40 – CD40L interactions develop hyper-IgM 

syndrome, characterized by high levels of IgM but little switched 

antibodies in serum, no GC formation, and no T-dependent 

antigen responses. CD40 and CD40L interactions occur at 

the border between the B- and T-cell areas, where these cells 

meet after antigen-specific activation. This interaction could 

also promote GC maintenance, as blockade of CD40 appeared 

to disrupt established GCs. 20  Moreover, earlier experiments 

suggested that signaling through CD40L was required for 

T-cell engagement in the GCs, as rudimentary GCs would form 

in response to anti-CD40L antibodies in CD40     −     /     −      mice. 19,21  

Thus, CD40 – CD40L signals appear critical for both B- and 

T-cell entry into GCs and in this way are critical for maintaining 

the GC reaction. Interestingly, human hyper-IgM patients with 

dysfunctional CD40 – CD40L interactions have no class-switched 

memory cells but they maintain a population of IgM     +     CD27     +     -

expressing cells with hypermutated V regions. 22  It has 

been debated if these cells represent a  bona fide  memory cell 

population, 23,24  similar to IgM-expressing memory cells 

in mice, 25  or if they rather represent a population of pre-

diversified B cells through SHM, in analogy with the situation 

in sheep. 26    
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   Figure 1             Adenosine diphosphate (ADP)-ribosylating cholera toxin (CT) adjuvant strongly promotes germinal center (GC) formation and rapid CD86 
upregulation. Mice were immunized intraperitoneally with nitrophenyl conjugated chicken gamma globulin (NP-CGG) and adjuvant and 10 days later 
GCs (GL7 fluorescein isothiocyanate (FITC); green) were detected in frozen sections of spleen (upper panels). Both CT and CTA1-DD adjuvants 
strongly promoted GC formation (middle panels), whereas the enzymatically inactive mutant CTA1R7K-DD did not (right panel). CT-ovalbumin (OVA) 
conjugates effectively stimulated CD86 (anti-CD86 phycoerythrin (PE); red) expression in CD11c     +      dendritic cells (DCs) detectable in the T-cell zone 
(anti-CD3 FITC; green) of the spleen at 24   h following injection (right panel) of OVA-TCR transgenic DO.11.10 mice.  
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 GUT MUCOSAL IMMUNE RESPONSES AND GCS 
 The constitutive GC formation that is observed in Peyer ’ s patches 

(PP), and to a lesser extent in mesenteric lymph nodes, in mice 

and tonsils in humans may be driven through other signals than 

those critically important for GC reactions at systemic organized 

lymphoid tissues. This is suggested by the fact that GCs in the 

gut-associated lymphoid tissues (GALT) can form independently 

of BCR antigen signals. 27  With this background, we analyzed 

what role CD40 signals may have in IgA B-cell differentiation and 

GC formation in the GALT and nonorganized lymphoid tissues 

of the lamina propria (LP). Unexpectedly, we found that CD40-

deficient mice produced almost normal levels of total IgA in the 

complete absence of GCs in the GALT, including PP. 28  This remark-

able finding has also been confirmed in humans with hyper-IgM 

syndrome. 29  However, contrary to these authors, we observed no 

evidence of IgA CSR in the gut LP. As T cell-dependent responses 

cannot be elicited by oral immunizations in CD40     −     /     −      mice, the 

IgA in the LP represented T-independent antigen responses. The 

IgA CSR was localized to the PP and found in B cells expressing 

intermediate levels of GL7, which were not detected in mani-

fest GCs ( Figure 2 ). We found that these cells had not acquired 

mutations, indicating that SHM and affinity maturation occurred 

only in fully mature GCs in the presence of CD40 – CD40L 

cognate interactions. The GL7-intermediate (GL7 int ) B cells were 

found in both CD40     −     /     −      and wild-type mice, suggesting that IgA 

CSR normally precedes SHM. The latter required manifest GC 

reactions and could only be seen with GL7 high  cells. 30  Thus, these 

GL7 int  B cells in the PP could undergo IgA CSR outside of GCs in 

both CD40-deficient and wild-type mice. In contrast, no evidence 

of IgA CSR was observed in the gut LP, using a panel of molecu-

lar markers for IgA CSR. This included a sensitive quantitative 

reverse transcriptase-PCR for detection of  � -germline transcripts 

and activation-induced deaminase mRNA and a semi-quantitative 

PCR for the detection of switch  � -CT molecular markers. Indeed, 

in wild-type mice after oral immunization with the 4-hydroxy-3-

nitrophenyl (NP)-hapten bound to CT adjuvant (NP-CT), affinity-

matured NP-specific IgA     +      B cells were detected in the PP before 

they were observed in the mesenteric lymph nodes and gut LP, 

confirming that mucosal B-cell responses undergo selection proc-

esses and acquire SHMs before seeding the gut LP (M. Bemark 

 et al. , unpublished observation). Taken together, these data suggest 

a model where GCs in the GALT function differently from GCs at 

systemic lymphoid tissues. In the absence of CD40 – CD40L interac-

tions, systemic lymphoid tissues produce extrafollicular IgM, but do 

not support CSR, whereas the GALT, indeed, supports IgA CSR in 

PP B cells at a GL7 int  stage, that is, before manifest GC formations 

( Figure 3 ). The reason for this diverse activity could be local pro-

duction of sufficient levels of BAFF (B cell-activating factor of the 

tumor necrosis factor) and APRIL (a proliferation-inducing ligand), 

known to promote CSR in the PP, whereas the levels of these factors 

may be too low at systemic secondary lymphoid tissues. 30 – 32    

 MEMORY B-CELL SELECTION OCCURS IN THE GC 
 It is thought that the selection of B cells is achieved by high-

affinity binding of their BCR to Ag complexes on FDCs, which 

is dependent on the presence of complement receptors 1 and 2 

(CR1 / 2) on the FDCs. 33  Noteworthy is that CR1 / 2 appear not 

only to be required by the FDCs, as CR1 / 2 on the B cells facilitate 

their migration into and survival in the GCs. 34  Recently, the T FH  

cells were added to the list of regulators of the selection process 

by providing competition for cytokines in the GCs. 35  These are 

CD4     +      T cells that express CXCR5 (C-X-C chemokine receptor 

type 5), which endows them with an ability to reposition in GCs. 

This localization of T FH  cells to the GCs depended on ICOS lig-

and (ICOS-L) expressed on the B cells. 36  It was found that GC B 

cell – T FH  cell conjugates could be isolated and different cytokine 

secretion patterns correlated closely with CSR and SHM patterns 

in the B cells, which suggested a critical decision-making role 

of the T FH  in the development of a memory B cell and plasma 

cell repertoire following immunization. 35  Hence, competition 

for both FDC Ag complexes and T FH  cytokines will influence 

B-cell differentiation and control the exit of plasma cells and 

memory B cells from the GCs. Moreover, enhanced survival 
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  Figure 2             Class switch recombination to T-independent antigens occurs 
in the absence of germinal centers (GCs) in the Peyer ’ s patches (PP) of 
CD40-deficient mice .  In wild-type (WT) mice, PP in the small intestine 
have large GCs that stain with GL7 fluorescein isothiocyanate (FITC; 
green) irrespective of whether the mice have been immunized or not 
(upper left). In CD40     −     /     −      mice, no GCs can be detected in the PP (upper 
right). Despite this, they demonstrate close to normal numbers of IgA 
(anti-IgA FITC; green) plasma cells in the gut lamina propria (LP). Of 
note, very few IgM (anti-IgM phycoerythrin (PE); red) cells are visible in 
the frozen section of small intestinal LP and a majority of these are found 
in small isolated lymphoid follicles (ILFs).  
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rather than increased proliferation of high-affinity BCR-car-

rying cells has been found to be important for the selection 

process in the GCs; such effects could be achieved through the 

BCR, CD40L, ICOS, or other, presently unknown, factors. 37  The 

production of interleukin-21 (IL-21) from T FH  cells in the GCs 

and in ICOS-dependent helper CD4     +      T cells at extrafollicular 

sites have been found essential for their function in CSR and 

IgG production. 38 – 40  Clearly, adjuvants may strongly affect these 

processes, but relatively little is known at present. 4  

 Most adjuvants act on antigen-presenting cells (APCs) by 

directly or indirectly augmenting their function, thereby enhanc-

ing their T-cell priming effects. 11  In particular, potentiating and 

influencing the CD4     +      T-cell response has been found critical. 

However, direct adjuvant effects on B and T cells cannot be 

excluded, but we lack evidence for that at present. Furthermore, 

the relative role of B cells as APCs for the generation of memory 

CD4     +      T cells is much debated. 41  A recent study demonstrated 

that B cells were critical in the contraction phase to generate 

CD4     +     , but not CD8     +     , memory T cells, an effect that was inde-

pendent of antigen – antibody complexes. 42  Such a role would 

provide B-cell acting adjuvants with special memory-modulat-

ing features as will be discussed later. Thus, a better understand-

ing of these processes awaits to be gained as they are critical to 

adjuvant development and the rational design of future vaccines. 

However, already today some interesting aspects on adjuvants 

and the GC B-cell selection processes can be made.   

 VACCINES AND MEMORY DEVELOPMENT 
 Live attenuated vaccines stimulate lifelong memory that can be 

detected as protective serum antibody levels and maintained 

over     �    50 years in a majority of vaccinated people. 43,44  Also, 

cell-mediated immunity was maintained in smallpox-immu-

nized people for decades and, interestingly, booster doses did 

not change the increased frequencies of T- and B-cell memory. 44  

This is a remarkable finding and may serve as a hallmark of what 

a successful vaccine adjuvant should achieve. Whether this is a 

realistic goal or not cannot be answered at present. However, by 

studying the parameters of lifelong memory following vaccina-

tion with live attenuated vaccines, we may succeed in designing 

future vaccine adjuvants that promote such memory, also when 

using non-living vaccines. A major break-through in our knowl-

edge about adjuvants would be if we could predict the impact 

on long-term memory development already at an early stage 

of an immune response. Efforts to establish the early impact of 

live attenuated vaccines on innate immunity using a systems 

biology approach have given support for this strategy. 45,46  These 

authors found that the yellow fever YF-17D vaccine targeted 

several Toll-like receptors and distinct subsets of DCs, which 

could explain why this vaccine effectively stimulated long-term 

memory. The early events in the priming and differentiation 

of CD4 T cells is another key factor in understanding memory 

development and long-term persistence of protective antibod-

ies. 6  Furthermore, identifying the major tissues for detection of 

the specific memory T and B cells would add to the features that 

could be used to describe different adjuvants. There is ample 

evidence in the literature that long-term plasma cells, but not 

memory B cells, reside in the bone marrow (BM), whereas 

memory B cells have primarily been located in the spleen in 

both mice and humans. 47  

 A controversial question at present is whether memory B cells 

contribute to renewing the pool of long-term plasma cells in 

the BM or whether these populations function independently 

following vaccination. 48 – 50  On the other hand, ample evidence 
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  Figure 3             A schematic diagram depicting immunoglobulin heavy chain 
class switching in mucosal and systemic secondary lymphoid tissues. 
T-independent antigens stimulate the production of IgM antibodies 
during systemic responses, whereas T-independent activation induces 
CD40-independent IgA class switch recombination in gut-associated 
lymphoid tissues (GALT). Many of these IgA-switched cells subsequently 
enter into germinal centers (GCs) in a CD40-dependent manner, where 
they go through somatic hypermutation before seeding the intestine. 
Thus, although IgA-producing cells in the gut of CD40-deficient mice 
are unmutated, essentially all carry mutations in wild-type (WT) 
mice. It appears that a similar scenario is true during T-dependent 
responses in GALT in WT mice, as molecular markers for IgA class 
switch recombination are largely restricted to pre-germinal center cells 
expressing low levels of activation-induced deaminase (AID). CSR, class-
switch recombination; SHM, somatic hypermutation; TCR, T cell receptor; 
TLR, Toll-like receptor.   
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indicate that memory B cells rapidly react to re-challenge with 

antigen, such that protection against infection is achieved. 

For example, using a mouse model for aluminum hydroxide 

adsorbed anthrax vaccine (AVA), specific serum antibody titers 

rose tenfold, from below protective levels to well above protec-

tive levels, within 3 days in mice primed 18 months earlier with 

AVA plus CpG-oligodeoxynucleotide (ODN) adjuvant. This was 

not seen in mice primed with AVA alone, clearly demonstrat-

ing the critical role of the CpG-ODN adjuvant for long-lived 

memory B-cell development. 51  Serum IgG titers were kept at 

a protective level for 12 months in all mice given AVA    +    CpG-

ODN, whereas mice given AVA alone had completely lost their 

anti-AVA IgG antibodies in serum. Thus, in this model the com-

bination of plasma cells in the BM, failing to maintain protective 

serum antibody levels for     >    12 months, was complemented by 

rapidly responding high-affinity memory B cells. Hence, from 

this and other studies it is apparent that the adjuvant choice, in 

this case aluminum with or without CpG-ODN, could critically 

influence affinity maturation, presence of plasma cells in the 

BM, and development of AVA-specific memory B cells.   

 ADJUVANTS AND LONG-TERM MEMORY DEVELOPMENT 
 The terminology  adjuvare  is Latin and means  “ to help, ”  which 

is exactly what the adjuvants are doing. In most vaccines 

based on non-living material, there is insufficient ability to 

stimulate a significant immune response. This has led to a grow-

ing interest in adjuvant development. Over the last decade, our 

knowledge about different substances that exert adjuvant effects 

has grown immensely. 11  Despite this, we must conclude that 

little information is available as to what adjuvants, in fact, do 

 in vivo . The choice of adjuvant to be used is often as critical as 

which Ag or combination of Ag to include in a vaccine. All types 

of immune responses can be augmented, antibody formation 

as well as cell-mediated immunity, including cytotoxic 

T-cell activity. Adjuvants may use many different mecha-

nisms to exert an augmenting effect on immune responses —

 from establishing an antigen depot in the tissue to direct 

or indirect immunomodulation and antigen-targeting 

effects. A more prominent theme of several studies today 

ascribe activation of the PYD-containing proteins inflam-

masome a critical function in many adjuvant formulations, 

as has been reported for Alum, probably through the release 

of uric acid. 52  The linking of innate responses to the induc-

tion of adaptive immunity is the key to understanding how 

to construct effective adjuvants. Because of a more detailed 

understanding of how to trigger innate immunity, through 

specific receptor recognition, adjuvant research is increasingly 

focused on targeting the innate immune system. Targeting is 

also a way to restrict side effects, to reduce the dose of antigen, 

and to limit the risk of adverse reactions to vaccination. An adju-

vant strategy that involves the specific delivery of an activation 

signal through a pattern recognition receptor in a given set of 

cells provides a unique opportunity to tailor the next genera-

tion of vaccine adjuvants with predicted action. DCs are consid-

ered the key APCs for priming of naive T cells. 53,54  That this is 

also the case at mucosal membranes has recently been doc-

umented by Fahlen-Yrlid  et al.  55  who demonstrated that 

intranasal or oral immunization with CT lost the priming ability 

in DC-depleted mice. 

 Immature DCs residing in tissues are known to take up Ag 

and, if maturation occurs, migrate to regional lymph nodes or 

the spleen. 56,57  In the secondary lymphoid tissues, the DC immi-

grants, expressing strong co-stimulation, may be inherently 

stimulatory. In fact, maturation results in phenotypic changes 

of the DCs, including increased production of major histocom-

patibility complex – peptide complexes, increased co-stimulation 

(CD40, CD80, CD86, notch ligands), and chemokines and / or 

cytokines production, such as IL-12 and type I interferons. 58  

The outcome of antigen presentation by the DCs is, thus, a 

function of the level of maturation; less mature DCs will more 

likely result in tolerance, whereas fully mature DCs will prime 

strong T-cell immunity. Attenuated live vaccines are known 

to activate multiple pathways that include Toll-like receptors, 

C-type lectin receptors, RIG-1-like receptors, and NOD-like 

receptors. 59  These pattern recognition receptors are also differ-

ently expressed on a wide range of immune and non-immune 

cells, making the pattern for mimicking with adjuvant effects 

exceedingly complex. However, recent attempts to develop chip 

analysis of gene expression in innate immunity for vaccine adju-

vant development may have a strong impact on future adju-

vant design. 9  Moreover, the relative difficulty in targeting DCs 

 in vivo  has limited our knowledge about the priming events that 

determine whether Ag stimulation will result in a tolerogenic or 

an immunogenic outcome. 60  However, recent progress in this 

field has shown that antigen conjugated to DC-specific anti-

bodies, such as monoclonal antibodies recognizing DEC205, 

33D1, or CD11c, may be used to effectively target DCs, and it 

has been found to augment priming of T cells at least 100-fold 

more effective than antigen alone. 61,62  These conjugates had to 

be delivered together with a maturation signal, such as anti-

CD40, to be adjuvant active, whereas in the absence of such 

stimulation, antigen-specific tolerance developed. 56  In fact, 

different DC subsets express different membrane molecules 

and it appears, for example, that 33D1-antibody targeting gave 

better CD4 than CD8 T-cell priming and anti-DEC205 gave the 

opposite result. 63,64  

 The activation of naive CD4     +      T cells can lead to the develop-

ment of either Th1, Th2, Th17, T FH , or T reg  cells, characterized 

by distinct transcription factors, cytokine production, and cell 

membrane phenotypes. 65,66  For example, modulation of the 

induction of T FH  or T reg  may, therefore, prove to be a promising 

avenue in search for future vaccine adjuvants. 67  But, at present, 

few adjuvant strategies have included modulation of these CD4 

T-cell subsets as a means to achieve long-term protective immu-

nity. 68,69  Taken together, the identification of ways to modulate 

Th1, Th2 Th17, T FH , or T reg  will most certainly be key to the 

successful development of novel vaccine adjuvants.   

 THE ADP-RIBOSYLATING FAMILY OF BACTERIAL TOXIN 
ADJUVANTS 
 CT and LT are perhaps the best studied and most effective 

experimental adjuvants known today, but unfortunately they 
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are also very toxic. 70  There is a vast literature on their structure 

and function. 71  They consist of an AB 5  complex with the ADP-

ribosyltransferase active A1 linked to a pentamer of B-subunits 

via the A2 fragment. 72  The B-subunit of CT is responsible for 

binding to the GM1 receptor, a glycosphingolipid found ubiqui-

tously on membranes of most mammalian cells. Several studies 

have shown that ADP-ribosyltransferase activity is required for 

optimal adjuvanticity, and that binding to cells of the immune 

system is mediated via the B-subunit. 73 – 75  The mechanism of 

adjuvanticity of the ADP-ribosylating toxins has been the subject 

of considerable debate, although most investigators agree that 

both elements, binding and enzymatic activity, can contribute 

to immunomodulation. There is ample evidence in the literature 

to support this notion, and in particular studies with the closely 

related LT and derivatives thereof have documented this point. 

However, the ADP-ribosyltransferase activity appears to be key 

to an optimal immunoenhancing effect. 76  Notwithstanding this, 

an alternative strategy to lowering the toxicity is to produce 

mutants of CT or LT holotoxins, which host no to minute enzy-

matic activity, but have retained substantial adjuvant function. 77  

These single-amino acid mutations, most frequently used, are 

located in the A1-subunit and, although dramatically less toxic, 

they have been found to retain substantial adjuvant function. 

The best mutants reported with adjuvant activity are LTK63, 

LTR72, CT112, and LT196. 76,78,79  The latter mutation, which 

contrary to the other mutations does not involve the NAD-

binding active site of A1, has recently been complemented by 

a second mutation in position 211 of the LTA1, rendering the 

double mutant trypsin resistant. Thus, the double mutant LT has 

proven effective even following oral administration and will be 

evaluated for clinical efficacy. 78,80  

 The adjuvant effects of the CT or LT are thought to involve 

the modulation of APCs, but it is poorly understood which 

APCs are functionally targeted by the holotoxins or derivatives 

thereof. All nucleated cells, including APCs, can bind the toxins 

via the GM1 ganglioside receptor present in the cell membrane. 

Previous reports have documented both pro- and anti-inflam-

matory effects of CT. From several studies, including our own 

work, it has been demonstrated that CT exposure of APCs has 

an augmenting effect on IL-1 and IL-6 production, whereas 

in other studies a downregulating effect on IL-12 and tumor 

necrosis factor- � , and a promoting effect on IL-10 production, 

have been reported. 81 – 86  Taken together, these effects would 

indicate both a pro-and anti-inflammatory function of CT on 

innate immunity. In an attempt to reconcile these conflicting 

observations that we recently found, using gene profiling by 

Affymetrix technology (Santa Clara, CA), CT-exposed B cells 

upregulated the expression of the  STAT3  ( signal transducer and 

activator of transcription 3 ) gene. 87  This resulted in a higher sen-

sitivity to IL-10 signaling, leading to augmented anti-inflamma-

tory effects of IL-10, whereas IL-6 production was enhanced in 

CT-exposed B cells, promoting inflammatory processes. These 

findings may help explain the seemingly contradictory effects of 

CT on the innate immune system. Also, DCs have been found 

to be sensitive to  STAT3  gene expression, as specific targeting 

of this gene revealed a negative regulatory function in DCs. 88  

Moreover, although CT adjuvant has been used to generate 

Th1-dominated responses, most reports have shown a bias for 

Th2 cells, and IL-10-producing regulatory Tr-1 cells were also 

reported to be increased after administration of CT. 83,89  Kelsall ’ s 

group 90  recently reported that CT strongly inhibited the func-

tion of the interferon regulatory factor 8 in CD8 �      +      DCs and in 

this way could inhibit the differentiation of Th1 cells in response 

to a  Toxoplasma gondii  infection, as pathway signaling of this 

regulatory factor is essential for IL-12 production. However, the 

strength of CT as an adjuvant is likely not explained by this type 

of blocking effect, and it should be pointed out that for other 

antigens CT adjuvant can effectively promote Th1-dominated 

responses as well as the fact that it exerts unimpaired adjuvant 

function in IL-12p40     −     /     −      mice. 91 – 93  Yet, another study has docu-

mented the involvement of the nuclear factor- � B pathway in 

CT-targeted APCs, further suggesting effects on gene transcrip-

tion associated with inflammatory responses. 73  Whether nuclear 

factor- � B activation is also a prerequisite for an adjuvant effect 

was not investigated. 

 We believe that an important strategy to learn more about 

the adjuvant mechanisms of the holotoxins and their mutant 

derivatives is to follow  in vivo  deposition of the adjuvants in 

the tissues following immunizations. We have used ovalbumin 

(OVA)-conjugated CT to study the deposition of the adjuvant 

 in vivo . 94  We found that after intravenous injections most of 

the OVA accumulated in the marginal zone of the spleen. No 

OVA could be detected in this zone when unconjugated OVA 

was used, even when very high doses were injected. We could 

also conclude that the deposition of CT-OVA was facilitated 

by GM1 ganglioside receptor binding, because a non-binding 

mutant toxin conjugate failed to deposit in the marginal zone. Ag 

concentrations in the targeted cells were very high and appeared 

to form a depot of OVA in the marginal zone for up to 48   h 

after injection. Already after 24   h, the concentration of OVA was 

reduced in the marginal zone, which coincided with the appear-

ance of OVA-containing DCs in the T-cell zone. These DCs were 

high expressors of CD86, but not CD80, and appeared to pro-

vide enhanced APC function, as peptide-specific T cells greatly 

expanded in response to the CT-OVA conjugate ( Figure 1 ). The 

observation of an improved co-stimulation, especially CD86 

upregulation, is a feature shared with LT and is also reported 

for some of the mutant holotoxins. 94 – 96    

 CT PROMOTES LONG-TERM MEMORY DEVELOPMENT 
 We have been interested in memory development after oral 

immunization using CT adjuvant for many years and have pub-

lished several studies on this topic in the 1980s and 1990s. 97 – 102  

We reported on the longevity of antitoxin IgA responses in the 

gut intestinal LP following repeated oral immunizations with 

antigen and CT adjuvant. Not only were antitoxin IgA plasma 

cells present in the gut LP for     >    6 months after the oral immuni-

zation, but upon a re-challenge with CT, even after 24 months, 

a vigorous antitoxin IgA antibody response was observed in 

the gut LP, detectable within 24 – 48   h after the challenge 

( Figure 4 ). Antigen-specific memory B cells could be isolated 

from the spleen or mesenteric lymph nodes after 12 months and 
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adoptively transferred to naive syngeneic recipient mice, which 

were subsequently challenged by oral CT. This elicited a strong 

recall IgA response in the gut LP, clearly demonstrating the pres-

ence of functional memory B cells in orally immunized mice. 99  

Adoptive transfer of a gut antitoxin IgA response was completely 

disrupted by deleting the B cells before transfer. Thus, memory 

B cells following oral immunizations with CT adjuvant reside in 

systemic tissues as well as in the GALT ( Figure 4 ). Interestingly, 

although specific antibodies of all classes were recorded in 

serum after 1 month following oral priming immunizations, 

only IgM antibodies were specific after 1 year, suggesting that 

long-lived IgM plasma cells resided in the BM. 101  The study 

also indicated that not all retained B cells following oral immu-

nizations have undergone CSR to the downstream isotypes IgG 

and IgA. Rather, it appeared that IgM     +      plasma cells were more 

persistent in the BM than the IgA plasma cells. Furthermore, the 

notion that not all memory B cells undergo CSR, but retain IgM 

expression, while accumulating SHMs and increased affinity 

maturation, is supported by a recent study by Dogan  et al. , 25  who 

investigated memory B cells following intraperitoneal immu-

nizations with sheep red blood cells. These authors found that 

specific IgM     +      memory B cells dominated the response for 

longer than IgG     +      memory B cells. However, presently we lack 

definite proof for the existence of mutated IgM     +      memory B 

cells after oral immunization with CT or any other adjuvant. 103  

It would appear, though, quite functional if memory IgM     +      B 

cells could rapidly undergo CSR, either at an extrafollicular site 

or rather through re-entering a GC, and in this way ensure the 

ability to respond with IgA or IgG antibodies, whatever is most 

appropriate for protection. Re-entering of B cells into dynamic 

open GC has, in fact, recently been demonstrated. 104  This would 

allow rapid mobilization of a protective response of appropriate 

quality and magnitude with IgA in the gut LP and IgG in serum. 

 These previous observations using CT adjuvant raises a 

number of questions with regard to memory development 

following oral immunizations. Based on the results discussed 

above, the presence of long-lived plasma cells and memory B 

cells following oral immunization is an indisputable fact. But, 

presently we lack information about where these cells are gener-

ated or where they reside during long periods of time. 105  Second, 

the question of whether SHMs are introduced to secure affinity 

maturation in specific IgA responses and whether all memory 

B cells undergo IgA CSR or whether they may also express IgG 

or IgM has not been adequately analyzed. A central event for 

memory development is the GC reaction. Unfortunately, no 

information is available on  de novo  formation of GCs follow-

ing oral immunizations, probably because the PP, and to some 

extent the mesenteric lymph nodes, constantly host GCs as a 

consequence of luminal antigens in the form of bacterial flora 

and food antigens. 28  This has made simple direct observations 

of the impact of oral immunization on GC formation in the 

GALT difficult. However, we have demonstrated that CT is par-

ticularly effective at stimulating large GC reactions in the spleen 

when given intraperitoneally or intravenously. 106  Future studies 

will focus on the impact of toxin-based adjuvants on long-lived 

plasma and memory B-cell development.   

 THE NON-TOXIC CTA1-DD ADJUVANT AND MEMORY 
DEVELOPMENT 
 A major limitation of the holotoxins is their promiscuous bind-

ing to the GM1 ganglioside receptors present on all nucleated 

cells, including epithelial cells and nerve cells, which precludes 

clinical use of these toxin adjuvants. 107,108  Indeed, a commercial 

intranasal Flu vaccine with LT as the adjuvant revealed increased 

incidence of cases with Bell ’ s palsy in vaccinated subjects, and led 

to the withdrawal of the vaccine from the market. 107,109,110  This 

uptake was dependent upon ganglioside GM1 receptor binding 

of the B-subunit, and all holotoxins or mutant molecules that can 

bind GM1 ganglioside, including the double mutant LTR196 / 211 

or LTK63, potentially carry the risk of affecting the central 
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   Figure 4             Cholera toxin (CT) promotes the development of long-term memory B cells following oral immunizations. Mice were primed perorally three 
times with 10 days apart with 10    � g of CT, and at indicated intervals anti-CT-forming cells were analyzed in single cell suspensions of mononuclear 
cells isolated from the lamina propria of the small intestines from mice receiving no (blue bars) or a single oral booster immunization with CT (red) 8 – 10 
days before analysis (left panel). Following oral priming immunizations with CT as described above, we waited 1 year before we adoptively transferred 
2.5 × 10 6  B (red bars) or T (blue) cells from the mesenteric lymph nodes or B cells from the spleen (green bars) and challenged the recipients by an 
oral dose of CT and analyzed the response in various tissues (right panel). We found that CT adjuvant clearly promoted long-term memory B-cell 
development after oral immunizations. AFC, antibody-forming cell; LP, lamina propria; MLN, mesenteric lymph node; ND, not detected.  
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nervous system following intranasal immunization. 80,111  Hence, 

one can anticipate that it will still be considerably difficult to 

separate adjuvanticity from toxicity in human vaccines because 

of the GM1-binding ability of these mutant holotoxins. 

 To eliminate the toxicity of CT, we generated a gene fusion pro-

tein, CTA1-DD, that completely lacks the cholera toxin B-subunit 

ganglioside-receptor binding pentamer. Instead, CTA1-DD is a 

fusion protein consisting of the ADP-ribosylating CTA1 subunit 

linked to two Ig binding D domains from  Staphylococcus aureus  

protein A. 112,113  This way it retains the potent adjuvant function 

of CT, but lacks its toxic side effects and does not accumulate 

in the central nervous system. 106,110,113 – 116  Mice and monkeys 

have been given high doses of     >    200    � g of CTA1-DD without 

any apparent side effects or signs of reactogenicity, whereas 

similar doses of CT are known to be lethal to mice. It is note-

worthy that humans can get overt diarrhea from doses as low 

as 5 – 10    � g of CT. 108  Thus, CTA1-DD appears to be a safe and 

non-toxic mucosal vaccine adjuvant, although it carries equal 

ADP-ribosylating ability as CT holotoxin. Although CTA1-DD 

binds to the BCR on B cells, it still functions as an adjuvant for 

priming T cells in the absence of B cells, as seen in B cell- defi-

cient mice. 117  Used alone, CTA1-DD promotes a wide range 

of specific immune responses, augmenting antibody levels and 

priming CD4     +      and CD8     +      T cells to a large variety of antigens, 

including those from pathogens such as rotavirus,  Helicobacter 

pylori ,  Mycobacterium tuberculosis ,  Chlamydia trachomatis , HIV, 

and influenza A virus. 117 – 122  It should be emphasized that the 

adjuvant effect is achieved simply by admixing the vaccine anti-

gen to CTA1-DD. 

 Although CTA1-DD has been found to be an excellent 

adjuvant for intranasal, intraperitoneal, intravenous, subcu-

taneous, and rectal immunizations, it has failed to work for 

oral administration. Because of the poor oral effect, we devel-

oped a new combined vector by incorporating CTA1-DD into 

ISCOMS (immune-stimulating complexes). 123,124  In doing 

so, we achieved a more stable vaccine adjuvant that was also 

efficacious when given orally. The combined vector proved 

highly effective in mice for stimulating, for example, tubercu-

losis-specific protective immunity in the lung using Ag85B-

ESAT-6 mixed with CTA1-DD / ISCOMs as adjuvant. 118  

 The CTA1-DD molecular platform has provided us with a 

unique tool to uncover regulatory mechanisms that govern 

mucosal immune responses. Not only have we discovered unique 

functions of ADP-ribosylation at mucosal membranes, but we 

have also gained information about such fundamental aspects 

of vaccination as memory development or mechanism for anti-

bacterial or antiviral protection. We have found that CTA1-DD 

stimulated GC formations in a dose-dependent fashion and 

effectively generated long-term plasma cell populations in the 

BM and long-lived memory B cells, primarily located to the 

spleen. These effects were obtained in the absence of polyclonal 

B-cell activation as assessed by an unaltered concentration of 

IgG in serum, although specific titers increased by     >    100-fold. 

Thus, the CTA1-DD adjuvant had significant effects on the GC 

reaction, both with regard to frequency and size, and promoted 

SHM and long-term high-affinity memory B-cell development. 

Most notably, compared with the adjuvant effects exerted by Ribi 

(monophosphoryl lipid A (MPL)) or Alum, CTA1-DD adjuvant 

promoted antigen-specific serum IgG responses that were main-

tained for 2 – 3-fold longer time ( Figure 5 ). After 18 months, we 

could transfer splenic B cells to naive recipient mice and chal-

lenge these mice with antigen. Remarkably, we found that a sec-

ondary type of IgG-specific responses was elicited by a challenge 

immunization, clearly documenting the presence of functional 

memory cells after a single immunization with the CTA1-DD 

adjuvant. Further studies will address the mechanisms behind 

this memory-promoting potential of the CTA1-DD adjuvant. 

Furthermore, the augmenting effect on SHM and affinity mat-

uration may partly explain why a recent report on the use of 

CTA1-DD together with chlamydial major outer membrane 

protein greatly promoted high-affinity antibacterial-neutralizing 

antibodies, an effect that also conferred resistance in the oviduct 

to the immunopathology induced by live chlamydia infection. 119  

Finally, because CTA1-DD can bind to the BCR on B cells, it 

may directly influence the activities in the GC, especially as we 

have found that CTA1-DD / ISCOMS accumulate in the B-cell 

follicle already 2   h after immunization. 123  Ongoing studies will 

dissect these mechanisms in more detail to gain insight into why 

CTA1-DD appears to be a strong inducer of long-term plasma 

and memory B-cell responses.   

 CONCLUDING REMARKS 
 A major area of research should be devoted to identifying 

whether there exists predictive correlates of protection using 

different or combinations of adjuvants in defined vaccines, such 

that we can design vaccines that meet the demand for long-term 

protection against infection. For example, is the presence of a 

high specific serum antibody titer at 10 or 20 weeks following 
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  Figure 5             Long-term serum antibody responses are retained twice as 
long following immunizations with CTA1-DD when compared with Alum 
or Ribi / monophosphoryl lipid A (MPL) adjuvants. Mice were immunized 
with a single priming dose intraperitoneally with nitrophenyl conjugated 
chicken gamma globulin together with CTA1-DD, Ribi, or Alum as 
adjuvants, and the decline of serum antibody titers was monitored for 25 
weeks. Serum was analyzed for 4-hydroxy-3-nitrophenyl (NP)-specific 
IgG log 10  titers by enzyme-linked immunosorbent assay (ELISA). 
Strikingly, CTA1-DD adjuvant preserved the highest titers and these 
were reduced less than twofold from 5 to 25 weeks, whereas Alum and 
Ribi / MPL lost more than fivefold in anti-NP IgG titers in that time.  
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vaccination a good correlate of long-term protection? Is the size 

of GC a correlate of long-term memory and affinity matura-

tion? Does the presence of high numbers of T FH  cells reflect the 

induction of long-term memory? Is the generation of long-term 

plasma cells and memory B cells controlled by the same factors 

and to what extent can we identify adjuvants that promote the 

latter rather than the former? The list of questions can be made 

long, but overall we can conclude that at present we do not have 

the knowledge to evaluate these aspects of candidate vaccine 

adjuvants. However, by employing new technologies and in 

particular real-time two-photon microscopy, we may be able to 

dissect the complex network of processes that adjuvants employ 

to enhance immune responses following vaccination.     
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