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Abstract 

The effective targeting and subsequent binding of particulate carriers to M cells in 

Peyer´s patches of the gut is a prerequisite for the development of oral delivery 

systems. We have established a novel carrier system based on cell surface expression 

of the β1-integrin binding domain of invasins derived from Yersinia enterocolitica and 

Y. pseudotuberculosis on the yeast Saccharomyces cerevisiae. All invasin derivatives 

were shown to be effectively expressed on the cell surface and recombinant yeast cells 

showed improved binding to both human HEp-2 cells and M-like cells in vitro. Among 

the different derivatives tested, the integrin-binding domain of Y. enterocolitica invasin 

proved to be the most effective and was able to target Peyer´s patches in vivo. In 

conclusion, cell surface-modified yeasts might provide a novel bioadhesive, eukaryotic 

carrier system for efficient and targeted delivery of either antigens or drugs via the oral 

route. 
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Introduction 

Vaccination is one of the most successful and important means of modern medicine 

leading to a significant decrease of mortality caused by a number of infectious 

microbes in the last decades. However, due to an increasing resistance of known 

pathogenic microorganisms as well as the appearence of new pathogens, there is still 

a need for the development of novel vaccines. Most human pathogens like bacteria 

and viruses enter the body via the mucosal surfaces of the gastrointestinal and 

respiratory tracts. Therefore, newly developed vaccines should be able, beyond the 

induction of a protective cellular and humoral immune response, to provoke also a 

mucosa-associated immune response resulting in the production of IgA by the mucosal 

surfaces. The immunologically active sites in the gastrointestinal mucosa are called 

gut-associated lymphoid tissue (GALT), and contain organized lymphoid follicles 

(Peyer´s patches, PP) [1]. A common feature of PP includes an epithelial surface 

containing M cells which are involved in luminal uptake, transport, and processing of 

mucosally introduced antigens. Following the uptake via M cells, the particular antigen 

is transported to immune cells such as T and B lymphocytes, dendritic cells, and 

macrophages which are located beneath the surface of the PP in order to finally induce 

an effective immune response [2, 3]. Characteristically, M cell-mediated antigen uptake 

is associated with the development of an secretoric IgA (sIgA) response [4]. A strong 

mucosal immune response is able to prevent the infectious agent from attaching and 

colonising the mucosal epithelium (non-invasive bacteria) or from penetrating and 

replicating in the mucosa (viruses and invasive bacteria). It can also block microbial 

toxins from binding to and affecting epithelial and other target cells. 

However, only a few of today´s vaccines are applied via the mucosal route. Most of the 

currently available vaccines are licensed for use only via a nonmucosal route, usually 

subcutaneous or intramuscular inoculation [5]. One of the most critical factors for the 
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induction of protective mucosal immune responses represents the effective adhesion 

of the antigens to the mucosal surface and, in particular, the embedded M cells [2]. 

Some pathogenic organisms, including Yersinia, have developed a mechanism to 

specifically exploit M cells in order to invade the body. These pathogens express 

specialized surface proteins, so called invasins, that can bind to surface receptors on 

mammalian cells and lead to an enhanced uptake of Yersinia by these cells [6, 7]. The 

invasin from Yersinia pseudotuberculosis represents a 986 amino acid protein of the 

outer membrane [8]. The carboxy terminal 192 amino acids of this protein bind to some 

of the members of the β1-integrin superfamily, while the remainder of the protein is 

responsible for the presentation of the binding domain on the cell surface [9, 10]. Y. 

enterocolitica possesses a homologue invasin but both proteins are not identical [11]. 

With respect to the integrin receptors, it shows the same binding behavior as 

pseudotuberculosis invasin [12]. Similar to the invasin of Y. pseudotuberculosis, the 

integrin-binding domain is located in the C-terminal region of the protein [13]. In line 

with this, Critchley-Thorne et al. (2006) showed in a mouse model that expression of 

invasin from Y. pseudotuberculosis on non-pathogenic Escherichia coli cells leads to 

uptake of these bacteria by M cells in the Peyer's patches [14]. Likewise, expression 

of Y. pseudotuberculosis invasin on the surface of Salmonella typhimurium resulted in 

increased translocation of the recombinant bacteria from the intestinal lumen into the 

mesenteric lymph nodes [15]. Further, invasin-coated particles were successfully used 

for targeting to different cell lines, suggesting a high potential of such adhesins with 

regard to the development of novel, so called bioadhesive carriers [16]. 

In the last years, we and other groups described the successful usage of intact, 

recombinant yeast cells for the delivery of both proteins [17-22] and functional nucleic 

acids [23-28] indicating the potential of yeast cells for the development of novel 

vaccines. Here, we report the construction of a novel, bioadhesive delivery system 
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based on the surface-expression of the integrin binding domains of Y. enterocolitica or 

Y. pseudotuberculosis invasin on the baker´s yeast Saccharomyces cerevisiae. The 

recombinant yeast cells showed a significant binding to human epithelial cells and M 

cells in vitro as well as Peyer´s patches in vivo, rising the possibility to use the surface-

modified yeast cells as carrier for efficient oral delivery of either antigens or drugs in 

the human gut. 
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Materials and methods 

Strains, culture media and methods 

Standard molecular manipulations were performed as described [29]. For cloning, 

E. coli strain TOP10 (F-mcrA ∆(mrr-hsdRMS-mrcBC) Φ80lacZM15 ∆lacX74 recA1 

deoR araD139 ∆(ara-leu)7697 galU galK rspL (StrR) endA1 nupG) was grown at 37°C 

in LB-medium supplemented with 100 µg ampicillin ml-1 when necessary. For the in 

vivo expression of all constructed fusion proteins, S. cerevisiae strain EBY100 (MATa 

ura 3-52 trp 1 leu2∆1 his3∆200 pep4:HIS3 prb1∆1.6R can1 GAL; strain includes AGA1 

gene under control of a GAL promotor and URA3 as selection marker; Invitrogen) was 

used. Cells were grown in YEPD medium at 30°C. Transformation was carried out by 

the lithium acetate method according to Ito et al. [30] and transformants were selected 

on trp d/o medium. To express the fusion proteins, cells were grown in YNB-CAA 

medium containing glucose overnight and were then switched to galactose-containing 

YNB-CAA. PCR amplifications were performed using high fidelity Taq DNA-

polymerase (Roche) according to the instructions of the manufacturer. 

 

Construction of cell wall fusion proteins 

The genes encoding the extracellular part of invasin of Y. enterocolitica or 

Y. pseudotuberculosis were optimised for codon usage of S. cerevisiae by the 

synthesis of an artificial gene sequence (GeneArt, Regensburg) encoding the C-

terminal 397 amino acids (aa; Y. enterocolitica) and 497 aa (Y. pseudotuberculosis) of 

the natural invasin protein. For cloning, EcoRI and NotI restriction sites were 

introduced. The shortened invasin variants (198 aa in case of Y. enterocolitica and 197 

aa for Y. pseudotuberculosis, respectively) were PCR-amplified using the particular 

artificial gene sequence as template and the following primers: 5’ Y.entInv BD EcoRI 

(5’-GAATTCATCACCTTGTACCCAATTCCAAAGATTACCTC-3’), 3’ Y.entInv BD NotI 
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(5’-GCGGCCGCTCATCATTGTGG-3’), 5’ Y.pstInv BD EcoRI (5’-

GAATTCATTTCCTTGTTCCCAGTTCCAACTTTGACC-3’) and 3’ Y.pstInv BD NotI (5’-

GCGGCCGCTCATCAGATGGAC-3’). Invasin derivatives were then inserted in the 

pYD1 expression vector (Invitrogen) via EcoRI/NotI restriction, yielding the plasmids 

pYD1-Y.ent397,  pYD1-Y.pst497, pYD1-Y.ent198, and pYD1-Y.pst197 (see Fig.1). 

 

Indirect immunofluorescence 

Indirect immunofluorescence was performed with a monoclonal Anti-Xpress Antibody 

(Invitrogen) according to the manufacturer specifications. In brief, exponentially 

growing yeast cells were harvested, washed with PBS (pH 7.4) and incubated with 

anti-Xpress antibody diluted 1/100 in PBS for one hour at room temperature with 

occasional mixing. Subsequently, the cells were washed three times with PBS and 

incubated with a fluoresceine isothiocyanate (FITC)-labeled anti-mouse-IgG (Roche) 

for one hour at room temperature in the dark. After washing, cells were examined on 

a fluorescence microscope (Biozerø; KEYENCE) using 488 nm as excitation 

wavelength. 

 

Cell culture  

The human adherent epithelial cell lines HEp-2 and Caco-2 were cultured in 

Dulbecco’s modified Eagle medium (DMEM; Sigma) supplemented with 10 % fetal calf 

serum (FCS; Biochrom), penicillin (50 U ml-1) and streptomycin (50 µg ml-1; Biochrom). 

The suspension cell line Raji was cultured in RPMI 1640 (Sigma) supplemented with 

10 % fetal calf serum (FCS), penicillin (50 U ml-1) and streptomycin (50 µg ml-1). Cells 

were grown in a humidified 5 % CO2 atmosphere at 37°C.  

 

In vitro infection of HEp-2 monolayers with yeast cells 
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Yeast cells induced in YNB-CAA medium containing galactose were harvested by 

centrifugation, washed three times with sterile PBS, counted and resuspended in cell 

culture medium. In preparation for either assay, HEp-2 cells were released with 

trypsin/EDTA (Sigma) for some minutes at 37°C and replaced into a 24-well plate, and 

grown to nearly confluency. Subsequently, 5 x 106 yeast cells per well were added; 

after an incubation step of 3 hours at 37°C and 5 % CO2 the cultures were carefully 

washed several times with cell culture medium to remove unbound yeast cells. 

Subsequently, human cells were lysed by the addition of 0.1 % Triton X-100 and the 

remaining yeast cells were harvested by centrifugation. The number of bound yeast 

cells was enumerated by plating appropriate dilutions on YEPD agar and incubation at 

30°C. 

 

In vitro M cell model 

M-like cells were generated as described [31, 32]. In brief, Caco-2 were seeded onto 

porous membranes in Transwell plates (Corning; 1.12 cm2, pore size: 3 µm) and 

incubated at 37°C and 5 % CO2 to a confluency of at least 80 % in order to allow full 

differentiation before addition of 1.8 x 105 Raji B cells in the basal chamber. The co-

cultures were incubated for further 5 days in a medium consisting of 1/3 RPMI and 2/3 

DMEM. Morphological changes after co-culture were checked microscopically using 

Phalloidin-TRITC staining [32]. The Caco-2 monolayer was washed once with PBS 

and fixed with 3.7 % formaldehyde for 30 min. After two more washing steps, 1.8 x 106 

yeast cells were added to the apical chamber in a volume of 500 µl and the basal 

chamber was filled with 1.5 ml fresh medium. Following an incubation of two hours at 

37°C and 5 % CO2, the Caco-2 monolayer was carefully washed three times with PBS 

to eliminate unbound yeast cells. Eventually, the mammalian cells were lysed by 
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adding 0.1 % Triton X-100 and the remaining yeast cells were plated in different 

dilutions on YEPD agar. 

 

Assessment of cell monolayer integrity and morphological as well as functional 

changes in co-cultures 

Cell monolayer integrity and morphological changes during co-culture were assessed 

by labeling F-actin with TRITC-Phalloidin (Life Technologies) and subsequent 

microscopical analysis. Monolayers were washed with HBSS buffer and fixed by 

incubation with 3.7 % formaldehyde for 10 minutes. After two washing steps with 

HBSS, cells were first incubated for 10 minutes with 0.1 % TritonX 100 (Sigma) at room 

temperature, washed again and incubated for 1 hour with TRITC-Phalloidin in PBS (1 

µg/ml). After extensive washing, the filter membrane was removed, placed on a glass 

slide and immediately analyzed by laser scanning microscopy.  

Cell monolayer integrity was analyzed by measurement of the Trans-Epithelial 

Electrical Resistance (TEER). Monolayers were gently washed with pre-warmed HBSS 

and measured at 37°C using an Ag/AgCl electrode. TEER values are depicted in unit 

area resistance (Ω cm2) = resistance (Ω) x effective membrane area (cm2).  

To detect functional changes in mono- versus co-cultures, transport efficiency of 

monolayers was analyzed using fluorescent microspheres. Fluoresbrite® 

Microparticles (0,46 µm; Polysciences, Inc.) diluted in cell culture medium were 

introduced into the apical chamber of transwells. The basolateral solution was sampled 

at several time points and analyzed using an ELISA reader. Percentage of 

translocation was calculated using the donor solution for calibration. After incubating 

the co-culture in the microsphere solution for 250 minutes, monolayers were analyzed 

microscopically as described earlier. 
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In vivo visualisation of yeast cell uptake 

For in vivo analysis of yeast cell uptake in intestinal mucosa, yeast cells were labeled 

with 5-(6)-Carboxyflourescein diacetate N-succinimidylester (CFSE; Sigma). For this 

purpose, lyophilized yeast cells were washed twice with PBS and resuspended in PBS 

containing 0.1% DMSO and 1µM CFSE. After 90 minutes incubation, the cells were 

washed three times with PBS to remove remaining dye. Female BALB/c mice were 

purchased from Charles River, housed in a specific pathogen free environment and 

used for experiments at 8-10 weeks of age. All experiments were approved by the 

Landesamt für Gesundheit und Soziales (LAGeSo; G 0014/14). Mice were treated 

orally by gavage with 1 x 108 CFSE labeled yeast cells (negative control) or with 

Y.ent198 expressing yeast (n=3 for each group) resuspended in 200 µl PBS. After four 

hours, mice were sacrificed by cervical dislocation and the small intestine was 

removed. A 2-3 cm segment from the jejunum containing at least one PP was isolated, 

fixed for 16 hours in PBS containing 2 % PFA and dehydrated by incubation in solutions 

of increasing sucrose concentrations starting with 10 %, 20 % and finally 30 %, each 

for 8-16 hours at 4°C. The tissue was embedded in Tissue-Tec O.T.C. cryo embedding 

medium (Sakura Finetec), frozen and 7 µm sections were cut using a HM 560 Cryotom 

(Thermo Fischer Scientific). Sections were stored at -20°C. 

Prior to confocal microscopy the sections were warmed up to room temperature and 

mounted with DAKO mounting medium containing DAPI (Sigma). Slides were 

analyzed with a LSM 710 confocal microscope (Zeiss) and pictures were taken using 

the software Zen 2011 (Zeiss). 
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Results 

Construction of invasin fusion proteins and targeting to the cell wall 

In order to develop a yeast-based carrier for oral application we used the well-

established Aga1/Aga2 system in which the protein of interest is fused to Aga2 and 

subsequently anchored via Aga1 to the yeast cell surface (Fig.1A; [33]). We 

constructed fusion proteins consisting of Aga2 and the invasins of 

Y. pseudotuberculosis (Y.pst) and Y. enterocolitica (Y.ent) in two different lengths 

corresponding to the complete extracellular invasin domains (Y.pst497 and Y.ent397) or 

the adhesion domains alone (Y.pst197 and Y.ent198), respectively (Fig. 1B; [34]). In 

order to ensure proper translation the invasin sequences were codon-optimized for 

yeast. 

 

Figure 1:  
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(A) Schematical drawing showing the cellular anchor ing of the integrin-binding 

domain of invasin in S. cerevisae. Cell wall-anchored Aga1 is covalently linked to a 

fusion protein consisting of Aga2, the X-press epitope and the respective invasin-

derivative;  the integrin-binding domain is located near the C-terminus of the fusion 

protein. BD: integrin-binding domain; CW: cell wall. (B) Schematic representation of 

the different invasin derivatives used in this stud y. Y.pst: Y. pseudotuberculosis; 

Y.ent: Y. enterocolitica; the respective numbers indicate the length of the C-terminal 

domain of each invasin. 

 

 

After GAL1-induced expression, localization of the respective cell wall fusion was 

investigated by indirect immunofluorescence probed with antibodies against the 

incorporated Xpress tag (as the correct invasin specific antibodies were not available 

in our lab). As expected, all yeast transformants showed a bright fluorescence that was 

localized over the entire cell wall whereas control cells showed no fluorescence (Fig. 

2A). 
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Figure 2: 

The Aga2/invasin fusions are located at the yeast c ell surface.  S. cerevisiae strain 

EBY100 was transformed with the respective invasin derivative and expression of the 

cell wall fusion protein was investigated using indirect immunofluorescence. 

Exponential growing yeast cells were stained with a monoclonal anti-X-press-antibody 

followed by treatment with a FITC-labeled secondary antibody. A nomarsky image as 

well as the corresponding fluorescence image are shown. 

 

 

However, as the Xpress tag is also present in the empty control vector, a simple 

detection of fluorescence is not a direct proof for a successful expression of the invasin 
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fusions. Therefore, we performed a Western Blot with cell wall extracts after DTT-

treatment yielding specific signals and demonstrating that the Aga2/invasin derivatives 

were successfully targeted to the yeast cell wall (not shown). Subsequent FACS 

analysis revealed that about 56 % of the control cells (empty vector) expressed Aga2 

whereas expression rates of the invasin derivatives were slightly lower with 35 % 

(Y.ent397) and 39 % (Y.ent198) for Y.ent, and 44 % (Y.pst497) and 42 % (Y.pst197) for 

Y.pst, respectively. This confirms results from Moelleken and Hegemann who 

expressed the adhesion domain Y. pseudotuberculosis invasin on S. cerevisiae using 

the same anchoring system [35]. Taken together, our results show that the different 

invasin derivatives can be successfully targeted in roughly equal amounts to the cell 

wall of S. cerevisiae. 

 

Cell wall-anchored invasin derivatives differ in their ability to bind to human HEp-2 cells 

As invasin is known to interact with β1-integrins on the surface of human cells [7] we 

tested whether the different invasin derivatives mediate a binding of the recombinant 

yeast cells to HEp-2 cells. To do so, we incubated yeast cells expressing the different 

invasin variants with HEp-2 cells seeded in well plates and determined the amount of 

bound yeast cells. In contrast to yeast cells expressing Aga2 alone, yeast cells 

presenting invasin on their surface showed a significant affinity for HEp-2 cells (Fig. 3; 

p<0.05 for all invasin derivatives). In particular, although not entirely statistically 

significant (p=0.07), Y.ent mediated a considerably higher binding to HEp-2 cells than 

Y.pst. Regarding the length of the invasin domains there was a significant higher 

binding of the shorter derivatives containing only the actual adhesion domain (Y.ent198 

and Y.pst197; p<0.05 each). Considering the fact that Y.ent is slightly less expressed 

than Y.pst (see above), these specific differences clearly argue for an invasin-
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dependent interaction of the surface-modified yeast cells with ligands on the surface 

of HEp-2 cells. 

 

 

Figure 3: 

Binding of surface-modified yeast cells to human HE p-2 cells.  5 x 106 yeast cells 

were added to HEp-2 cells and incubated for 4 hours at 37°C and 5 % CO2 atmosphere. 

Subsequently, the cultures were washed several times with PBS and the HEp-2 cells 

were lysed with 1 % Triton X-100. The yeast cells were washed with PBS and plated 

out on YEPD agar to enumerate the number of yeast cells bound. A vector containing 

only Aga2 without invasin domain was used as negative control. The standard 

deviation of 6 independent experiments is given (*p<0.05). 

 

Surface-modified yeast cells bind to M-like cells 

Adhesion of a particular carrier to M cells within the mucosal surfaces of the gut is one 

of the most promising strategies for the induction of mucosal immune responses [5]. 

Consequently, after having established the yeast-based display system for invasin, we 
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next asked whether the recombinant yeast cells are also able to mediate a binding to 

in vitro generated M-like cells. In order to investigate this we used a well-established 

system in which the co-culturing of human intestinal epithelial Caco-2 cells and Raji B 

cells leads to the differentiation of a subpopulation of epithelial cells into M-like cells 

(Fig. 4A; [31, 32]). For these experiments we used only the short invasin variants that 

showed the highest binding in the HEp-2 system (Y.ent198 and Y.pst197; see above). 

After incubation with the respective yeast transformants, the number of yeast cells 

bound to the co-cultured Caco-2/Raji B cells was determined and compared to the 

amount of cells bound to a standard Caco-2 monolayer (Fig. 4B). Morphological and 

functional changes resulting from the co-culture were routinely checked by measuring 

TEER-values, translocation efficiency of fluorescent microparticles, and also by F-

actin/Phalloidin staining (see suppl. Fig. 1). 

 



 17

 

Figure 4: 

(A) Schematical drawing of the in vitro M cell model used in this study.  Caco-2 

cells were seeded onto a porous membrane and cultivated to confluency. 

Subsequently, Raji B cells were added to the basolateral chamber; after another one 

week of incubation, a subpopulation of the Caco-2 cells differentiates into M cells. (B) 

Binding of surface-modified yeast cells to in vitro-generated M-like cells.  5 x 106 

yeast cells were added to either Caco-2 cells alone or a Caco-2/Raji B cell co-culture 
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and incubated for 4 hours at 37°C and 5 % CO2 atmosphere. Subsequently, the 

cultures were washed several times with PBS and the number of yeast cells bound 

was determined after plating on YEPD agar. A vector containing only Aga2 without 

invasin domain was used as negative control. The standard deviation of 4 independent 

experiments is given (*p<0.05; **p<0.01). 

 

 

In particular, the invasin-expressing yeast cells showed a significant higher affinity to 

the co-cultured cells than to Caco-2 cells alone (Y.ent198: p<0.01; Y.pst197: p<0.05). 

Interestingly, also the binding of the control cells expressing Aga2 only was significantly 

increased (p<0.05), clearly indicating that the co-culture of Caco-2 and Raji B cells 

leads to specific changes in the Caco-2 monolayer as orginally described for the in 

vitro M cell model [31, 32]. However, both invasin-displaying yeast transformants 

showed a significant higher binding than the control cells (p<0.05 each), suggesting 

that the binding is mediated by an interaction of the invasin adhesion domains to 

specific ligands at the surface of the human cells. Again, and in agreement with the 

data derived from the HEp-2 model (see above), expression of Y.ent proved to be more 

effective in comparison to the Y.pst invasin (Fig. 4). Taken together, these results 

clearly account for an invasin-dependent binding of the surface-modified yeast cells to 

human M-like cells. 

 

Surface-expression of Y.ent198 increases targeting to the small intestine in vivo 

To test whether surface modification of yeast actually leads to an increased uptake via 

the intestinal mucosa in vivo we fed mice with fluorecently labeled yeast cells 

expressing Y.ent198 as this derivative yielded the best in vitro binding. Four hours after 

treatment, mice were sacrificed and the transport of yeast cells into the tissue of the 



 19

jejunum was analyzed microscopically. In none of the analyzed samples yeast cell 

uptake within in the villous region of the small intestine was observed. In contrast, the 

CFSE-labeled yeast cells detected in these sections were restricted to the gut lumen 

(Figure 5, top row). As already shown in the literature, isolated signals were observed 

within PP of mice fed with control yeast (Figure 5, center) showing that yeast cells can 

principally be taken up into lymphoid structures in the small intestine [36]. However, 

the uptake in PP tissue was highly increased in animals treated with Y.ent198-

expressing yeast cells (Figure 5, bottom) with a scattering of the CFSE signal indicating 

a vesicular distribution within the PP cells confirming both a successful and effective 

targeting of the Y.ent198-expressing yeast cells to PP. 

 

 

Figure 5: 
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Invasin expression increases targeting to small int estinal Peyer‘s patches in 

vivo. BALB/c mice were fed with 1x108 CFSE-labeled yeast cells expressing either 

Y.ent198 or a vector containing only Aga2 without invasin domain as negative control 

by oral gavage. Four hours later, the mice were sacrificed, the small intestine removed, 

washed and prepared for subsequent cryosectioning. Sections were mounted with 

DAPI-containing mounting medium prior to analysis by confocal laser microscopy. 

Each sample represents one of three similar results (n=3; scale bar: 50 µm). 
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Discussion 

Despite the many attractive features of mucosal immunisation, it has often proven 

difficult in practice to stimulate protective mucosal immune responses. The main 

reason for this finding lies in the fact that orally applied vaccines encounter several 

host defence mechanisms such as epithelial barriers, mucus or a variety of proteolytic 

and lipolytic enzymes. Thus, in analogy to successful mucosal pathogens, a potential 

carrier should possess some key features: (i) it should be particulate, (ii) protect the 

delivered substance from proteolytic degradation in stomach and intestine (iii) adhere 

selectively to the M cells within mucosal surfaces, (iv) efficiently stimulate innate 

immune responses, and (v) induce adaptive immune responses appropriate for the 

respective target pathogen/s [1, 37-39].  

Yeast cells are naturally able to fulfil the qualifications for such a carrier in a unique 

manner: yeast per se is particulate with a size of a few micrometers, protects a foreign 

antigen from degradation during the stomach passage by acidic pH or by proteases in 

the gut and remains viable in the intestine for up to a week [40]. It is taken up by M 

cells [36] and is known to possess adjuvant effects by stimulating innate immune 

responses by structural cell wall components [20, 41, 42]. In particular, yeast is able to 

stimulate TLR2 and 4 which have been shown to enhance microparticle uptake by M 

cells and to support mucosal adjuvantic properties of a carrier [2, 43, 44]. Moreover, it 

has been shown to generate adaptive (including cell-mediated) immune responses in 

mice after subcutaneous or oral application [19, 45-47] and also in humans [48]. 

Importantly, the potential of yeast as novel life vaccine reaches far beyond the criteria 

mentioned above: in contrast to the majority of attenuated bacteria and mammalian 

viruses (which are already under investigation as mucosal vaccine candidates, e.g. 

Listeria) several yeast genera possess the GRAS (generally regarded as safe) status 

which should facilitate the approval of a yeast-based vaccine considerably. 
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Additionally, yeast combines the advantages of a single-cell microorganism (small 

size, easy cultivation, rapid cell growth) with the advantages of a eukaryotic cell (ability 

to perform complex posttranslational modifications, lack of endotoxins). Further, many 

yeast genera are, due to the tremendous experience in using yeast in genetics and 

biotechnology for many years, also accessible to several genetical and structural 

modifications allowing amongst others the development of multivalent vaccines or the 

modulation of immune responses induced [20, 21]. Eventually, almost essential for the 

usage in developing countries, they can be easily stored as dry-yeasts making a cold-

chain fully dispensable.  

In order to enhance the natural features of a yeast-based carrier for a targeted delivery 

of antigens or drugs via M cells, we expressed different derivatives of invasins derived 

from Y. pseudotuberculosis and Y. enterocolitica on the cell surface of the baker’s 

yeast S. cerevisiae using the well-established Aga1/Aga2 expression system [33]. In 

this system, the Aga2-invasin fusions are linked via disulfide-bonds to the cell wall-

anchored Aga1 moiety. Every invasin derivative was successfully targeted to the cell 

wall and could be released by cleavage of the disulfide-bond after DTT-treatment (not 

shown). All invasin-expressing yeast recombinants bound to human HEp-2 cells (Fig. 

3) demonstrating that the invasin binding domain on their cell surface is fully functional. 

These results confirm data from Moelleken and Hegemann who expressed the binding 

domain of Y. pseudotuberculosis invasin in yeast using the same anchoring system 

and also found an enhanced binding of the surface-modified yeast cells to HEp-2 cells 

[35]. The shorter invasin constructs which contain only the adhesin domains (Y.ent198 

and Y.pst197) as well as the elongated constructs with additional invasin domains 

(Y.ent397 and Y.pst497) were detected in roughly equal amounts on the cell surface. 

Therefore, the observation of the increased binding ability of the shorter derivatives 

does not rely on different expression levels of the constructs. In contrast, the most 
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abundant fusion (Y.pst497) showed the weakest binding to HEp-2 cells. However, the 

diminished binding of the longer fusions in general might be due to a steric interference 

of these additional domains with the binding to the integrin receptor. Among both 

shortened invasin fusions, the binding mediated by Y.ent198 was considerably 

increased in comparison to Y.pst197. These results were also confirmed using an in 

vitro M cell model to simulate the conditions in the intestinal tract (Fig. 4). Here, we 

investigated the shortened invasin fusions as they exhibited the strongest binding to 

the HEp-2 cells. The yeasts were added to monolayers that were cultured either under 

monoculture (Caco-2) or co-culture conditions (Caco-2/Raji B cells), the latter leading 

to the differentiation of a subpopulation of the Caco-2 cells into M-like cells 

accompanied by a decrease in TEER-value and enhanced translocation efficiency of 

fluorescent particles [31, 32]. Furthermore the three-fold increase in binding of the 

control cells without invasin demonstrates that the co-culture actually causes a change 

in the Caco-2 monolayers. However, this improvement became even more apparent, 

and statistically significant, for the invasin-expressing yeast cells. As already seen in 

the HEp-2 system, yeast cells expressing Y.ent198 on their surface showed the 

strongest binding; by co-culture of Caco-2 cells with B cells, the binding of these cells 

was increased more than twenty times. Importantly, the recombinant cells expressing 

Y.ent198 are able to target PP as well as the overlying M cells also in vivo. After feeding 

of mice with fluorescent labeled yeast cells it was shown via fluorescence microscopy 

that Y.ent198 expressing yeast were considerably more effectively taken up in PP tissue 

than the respective control yeast. 

The results of this study confirm that the binding properties of recombinant yeast can 

be improved with regard to their oral administration. In particular, the expression of the 

integrin-binding domain of the Y. enterocolitica invasin significantly increased the 

binding to human epithelial cells in two different in vitro model systems and also in vivo. 
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Our data implicate that invasin-expressing yeast cells can be used to target M cells 

specifically in vivo and lay the basics for the development of a novel yeast-based 

carrier for antigens or drugs. In future studies, the invasin-expressing yeast cells will 

be tested for their ability of delivering a model antigen to immune cells after oral 

application and to subsequently induce an antigen-specific immune response. 
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Supplementary Figure 1: 

(A) Translocation efficiency of microparticles in mono- and co-culture. Cell monolayers 

were incubated with fluorescently labeled microparticles added to the apical chamber. 

Samples were taken from the basolateral chamber within 2 - 4 hours, fluorescence 

intensity was measured and translocation efficiency of particles was calculated (n = 

10; mean ± S.D.; Mann-Whitney test.***p<0.001). (B) After 250 minutes incubation with 

microparticles, the Caco-2 /Raji-B monolayer was washed three times with HBSS, 

stained with TRITC-Phalloidin and analyzed microscopically. Red: TRITC-Phalloidin; 

green: microparticles; Scale bar: 10 µm. (C) Cell monolayer TEER values. Monolayers 
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of mono- or co-cultures were rinsed with HBSS buffer and measured at 37°C. n = 10; 

mean ± S.D.; t-test.***p<0.001. 

 


