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FimH-based display of functional 
eukaryotic proteins on bacteria 
surfaces
Markus Chmielewski1,2, Johannes Kuehle1,2, Danuta Chrobok1,2, Nicole Riet1,2, 
Michael Hallek1,2 & Hinrich Abken1,2,3

The demand for recombinant proteins for analytic and therapeutic purposes is increasing; however, 
most currently used bacterial production systems accumulate the recombinant proteins in the 
intracellular space, which requires denaturating procedures for harvesting and functional testing. We 
here present a novel FimH-based expression system that enables display of fully functional eukaryotic 
proteins while preventing technical difficulties in translocating, folding, stabilizing and isolating 
the displayed proteins. As examples, Gaussia Luciferase (GLuc), epidermal growth factor (EGF), 
transforming growth factor-α (TGF-α) and epiregulin (EPRG) were expressed as FimH fusion proteins 
on the surface of E. coli bacteria. The fusion proteins were functionally active and could be released from 
the bacterial surface by specific proteolytic cleavage into the culture supernatant allowing harvesting 
of the produced proteins. EGFR ligands, produced as FimH fusion proteins and released by proteolytic 
cleavage, bound to the EGF receptor (EGFR) on cancer cells inducing EGFR phosphorylation. In another 
application of the technology, GLuc-FimH expressed on the surface of bacteria was used to track tumor-
infiltrating bacteria by bioluminescence imaging upon application to mice, thereby visualizing the 
colonization of transplanted tumors. The examples indicate that the FimH-fusion protein technology 
can be used in various applications that require functionally active proteins to be displayed on bacterial 
surfaces or released into the culture supernatant.

Bacterial surface display of recombinant proteins has become an attractive strategy for a broad range of appli-
cations such as production of bioadsorbents1, generation of cellular biosensors2, development of novel vaccine 
platforms3, screening of antibody libraries4 and whole-cell biocatalysis5. Generally, the procedure requires the 
fusion of the protein-of-interest (POI) to a bacterial surface protein to display the POI on the surface of the 
genetically modified bacteria6. Several surface-anchoring motifs like LPP-OmpA, LamB, PhoE, ice nucleation 
protein (INP) and auto-transporter are employed as carrier proteins for crossing the bacteria membrane. Despite 
the successful approaches, several problems remain to be solved, including the substantially reduced functional 
activity of the displayed proteins. Compared with their soluble form, surface-anchored β-lactamase fused to the 
translation unit (TU) of an auto-transporter shows substantially reduced catalytic activities7. A similar experi-
ence was made when displaying sorbitol dehydrogenase8. A major problem in the use of auto-transporters arises 
from the tertiary structure of the passenger domains and the size of the central cavity that permits translocating 
only small proteins. It seems not only to be a matter of size since even the 62 amino acids protein aprotinin is 
not efficiently translocated through the outer membrane9. Translocation by auto-transporters is very sensitive to 
structure of the passenger proteins that consist of a β-strands backbone with at least 300 amino acids thereby sub-
stantially limiting the applicability to variety of potential cargos10. As an alternative approach, protein sequences 
derived from the major E. coli lipoprotein (Lpp) were fused to the N-terminus of the POI to direct the protein 
to the outer membrane11,12. The system consists of two key anchoring motifs; the Lpp-derived signal sequence at 
the N-terminus to target the fusion protein to the inner surface of the outer membrane, and the outer membrane 
protein A (OmpA)-derived transmembrane region to transfer the protein across the outer membrane12. Since 
its introduction by Ghrayeb and Inouye13 in 1984, the Lpp-OmpA display method is facing difficulties including 
the low expression rate and the insufficient translocation efficiency which may be due to steric hindrance and 
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incorrect folding when anchoring in the outer membrane14,15. In Gram-negative bacteria the outer membrane 
generally acts as a barrier to restrict the protein export from the cell interior; only pilins, flagellins, specific surface 
enzymes, and a few bacterial toxins are transported across the outer membrane16. These natural display systems 
have the benefit of being optimized for transporting and folding protein units to build polymeric structures on 
the extracellular surface making the display system attractive for biotechnological applications. We here used the 
fimbriae protein FimH, the mannose-specific adhesin of the E. coli type-1 fimbriae, for the extracellular display 
of recombinant proteins. Type-1 fimbriae are composed of up to 3,000 copies of the subunit FimA, that form the 
pilus rod, as well as the subunits FimF, FimG and FimH building the distal tip fibrillum17,18. In initial studies, 
Pallesen and colleagues used the positions 225 and 258 within the FimH adhesin to display the preS2 domain 
of the hepatitis B surface antigen or an epitope from cholera toxin19. Both positions within the FimH protein 
proved to be suitable for the integration of peptides of up to 56 amino acids which could be produced, displayed 
on the cell surface and partially conserved the adhesive function of FimH19. Longer peptide or full length proteins 
displayed by FimH in that position were so far not reported. While short polypeptides used for vaccines could 
be displayed, the technique failed in functionally expressing large proteins like enzymes or cytokines. Here we 
identified alternative positions within the FimH protein to display larger proteins in a functionally active fash-
ion. Based on the 3D modelling of E. coli type-1 pili20 we identified the N-terminus of the FimH domain on the 
fimbriae tip as a suitable integration site of a larger protein. As examples, we genetically linked Gaussia luciferase 
(GLuc) and human epidermal growth factor (EGF), tumor growth factor-a (TGF-α) and epiregulin (EREG), all 
ligands of the epidermal growth factor receptor (EGFR), to FimH. Expressed by transformed E. coli, the proteins 
conserved their functional capacities. In particular, GLuc-FimH displaying E. coli bacteria were tracked during 
colonization of syngeneic tumors in an immunocompetent mouse model of pancreatic cancer during a six week 
period without losing GLuc activity. Bacteria with surface displayed proteins can be used for screening purposes 
and, furthermore, can be released in a functionally active form by specific proteolytic cleavage making the strat-
egy attractive for protein production without the need to disrupt the bacteria by harsh procedures.

Results
Display of recombinant proteins on the surface of gram-negative bacteria. To enable translo-
cation to the bacterial surface, proteins of interest (POI) were genetically fused to the N-terminus of the E. coli 
FimH adhesin. The FimH-fused POI cDNA was further linked to the FimH leader peptide by PCR, cloned into 
the pET-11d vector and transformed into E. coli strain BL21. Expression of the POI was induced by adding 
isopropyl-β-D-thiogalactopyranosid (IPTG), resulting in the display of the POI on the distal tip of the type-1 
fibrillum (Fig. 1).

Likewise, Gaussia luciferase (GLuc), epidermal growth factor (EGF), tumor growth factor-α (TGF-α) and 
epiregulin (EREG) were expressed as fusion proteins of FimH (Fig. 2A,B). Upon IPTG treatment the recombinant 
proteins were detected by flow cytometry using antibodies specific for GLuc or the c-myc tag incorporated into 
the POI-FimH fusion proteins (Fig. 2A).
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Figure 1. Schematic depiction of the POI-FimH fusion protein to display a recombinant protein on the surface 
of gram-negative bacteria. (A) Schematic depiction of the expression cassette used to express the protein of 
interest (POI) linked to the FimH protein. The protein is expressed upon IPTG-mediated de-repression of the 
T7 promoter and IPTG mediated induction of the T7 polymerase from the lacUV5 promoter in DE3 containing 
E. coli bacteria. (B) The POI is located at the top of the type-1 fibrillum N-linked to the FimH protein. OM, 
outer membrane; IM, inner membrane.
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To visualize the recombinant GLuc-FimH as part of the fimbriae, the transformed E. coli bacteria were 
induced for expression by IPTG, fixed and subjected to immunogold staining with a rabbit anti-GLuc anti-
body and a colloidal gold-labeled anti-rabbit IgG antibody. As exemplarily shown in Fig. 3 (further examples in 
Supplementary Fig. S1), GLuc-FimH protein was specifically detected on the bacterial surface next to the outer 
membrane whereas control stainings with an isotype matched antibody of irrelevant specificity or staining of 
bacteria without IPGT induction did not detect GLuc protein.

GLuc-FimH modified E. coli bacteria catalyze the conversion of the sGLuc substrate D-Luc. To 
assay the functional capacity of the GLuc-FimH fusion protein, engineered E. coli bacteria were cultivated in 
the presence of IPTG and incubated with the GLuc substrate benzyl-coelenterazine for bioluminescence imag-
ing (Fig. 4A). Transformed bacteria converted the GLuc substrate and emitted photo-detectable luminescence 
indicating enzymatic catalysis by the surface-displayed FimH-fused Gaussia luciferase. In contrast, neither 
GLuc-FimH modified bacteria without IPTG induction nor wild-type E. coli bacteria converted the GLuc 
substrate.

Bacteria preferentially accumulate and amplify at sites of immune repression including larger solid tumor 
lesions21. We here used GLuc-FimH bacteria to track their accumulation within established pancreatic carci-
nomas in immune competent mice. Therefore, cells of pancreatic cancer cell line Panc02 modified with click 
beetle Luciferase (CBLuc) for bioluminescence imaging were transplanted into the pancreas of syngeneic 
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Figure 2. Design and expression of POI-FimH fusion proteins. (A) The Gaussia Luciferase (GLuc) is N-linked 
to the FimH protein and thereby becomes part of the fimbriae on the bacterial surface. By use of the bacterial 
pet11d vector, the expression of the GLuc-FimH fusion protein is induced by incubation with IPTG. (B) 
Schematic representation of the expression cassettes for the FimH fusion proteins with human EGF, human 
TGF-α and human epiregulin EPRG, respectively. Gly, Glycine-(Gly-Gly-Gly-Gly-Ser)3-linker; cMyc, c-Myc 
tag; CS, HRV3C protease cleavage site. (C) The expression of the POI-FimH protein on the surface of E. coli 
was induced by incubation with IPTG for 2 hrs and recorded by flow cytometry. Bacteria containing the GLuc-
FimH expression vector were stained with a Gaussia luciferase-specific rabbit antibody and detected with a PE-
coupled anti-rabbit antibody (bold histogram). An isotype-matched PE-conjugated antibody (light histogram) 
and non-modified E. coli (wt) served as controls. The expression of EGF-FimH, TGFα-FimH and Epiregulin-
FimH on the surface of engineered E. coli bacteria was induced by IPTG. The bacteria were stained with a PE 
labeled c-Myc-specific mouse antibody and the proteins were recorded by flow cytometry (bold histograms). An 
isotype-matched PE-conjugated antibody (light histograms) served as control. All experiments were performed 
in triplicates and a representative histogram is shown.
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immunocompetent C57BL/6 mice. Transplanted carcinoma cells gave rise to a pancreatic adenocarcinoma that 
progressively increased in size (Fig. 4B). When tumors were established, i.e., reached a size of about 75 mm3, 
GLuc-FimH E. coli bacteria or control non-modified E. coli bacteria were injected into the tail vein of tumor 
bearing mice. GLuc-mediated bioluminescence was recorded on day 2 and day 10 after bacteria application using 
the GLuc specific substrate. GLuc-mediated bioluminescent signals were detected particularly at the tumor site 
of GLuc-FimH bacteria inoculated mice. GLuc-bioluminescence was also detected in regional lymph nodes 
which are likely due to tumor-associated macrophages transporting phagocytosed bacteria into regional lymph 
nodes (Fig. 4C). Bioluminescence data were confirmed by immunohistochemical stainings of the tumor tissues; 
GLuc-FimH engineered bacteria were detected in tumor tissues of treated mice, but not in untreated mice, using 
E. coli- and GLuc-specific antibodies (Fig. 4D). As expected, wild-type E. coli bacteria also colonized the tumor 
lesions as recognized by the E. coli specific antibody but not by the GLuc-specific antibody. No E. coli bacteria 
were found in pancreatic tumors of control mice without prior bacteria inoculation.

Recombinant human EGF receptor ligands produced by transformed bacteria mediate EGFR 
phosphorylation. To allow harvest of FimH-fused proteins we modified the POI-FimH fusion protein by 
inserting a cleavage site for the human rhinovirus 3C protease (HRV3C) between the C-terminus of the POI and 
the N-terminus of FimH (Fig. 2B). E. coli were transformed with the respective plasmids encoding the EGFR 
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Figure 3. The GLuc-FimH fusion protein is located on the bacteria surface. (A) E. coli bacteria were 
transformed with the respective plasmid encoding the GLuc-FimH fusion protein. The expression was induced 
by incubation with IPTG; incubation without IPTG and non-modified (wt) E. coli served as controls. The 
samples were fixed and the expression of the GLuc-FimH protein on the bacterial surface was recorded by 
transmission electron microscopy using immunogold staining. White arrowheads indicate the presence of 
GLuc. (B) Number of colloidal gold labels on the surface of bacteria per optical field was quantified for GLuc-
FimH (n = 10) engineered and wild-type bacteria (n = 10) in the presence or absence of IPTG; ***p < 0.001 
(one-way ANOVA with Tukey’s multiple-comparisons test).
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Figure 4. The GLuc-FimH fusion protein is functionally active on the bacteria surface. (A) E. coli bacteria 
were transformed with the plasmid encoding the GLuc-FimH fusion protein and tested in vitro for GLuc 
catalytic activity using benzyl-coelenterazine as substrate. Non-modified E. coli (wt) as well as GLuc modified 
E. coli bacteria without IPTG induction served as controls. Emitted photons [ph/s/sr] were recorded by the 
Photon Imager bioluminescence device; the signal intensity is displayed. All experiments were performed in 
triplicate wells for each condition and repeated at least twice. Data represent means ± s.d. of three replicate 
wells. (B) Click-beetle luciferase (CBL)-positive syngeneic pancreatic adenocarcinoma were established in 
immunocompetent mice by inoculation of Panc02 tumor cells. The accumulation of GLuc engineered E. 
coli bacteria in Panc02 tumors was analyzed by bioluminescence recording at day 0 and day 10 after bacteria 
inoculation. Spots indicate the accumulation of GLuc bacteria at the tumor site and at regional lymph nodes 
whereas the body was cleared from bacteria. (C) Pancreatic adenocarcinoma from mice after inoculation with 
Gluc-FimH engineered or wild-type E. coli were investigated for the presence of E. coli antigens and GLuc by 
immune histology staining using anti-E. coli and anti-GLuc antibodies. Pancreatic tumors derived from mice 
without bacteria inoculation served as controls.

https://doi.org/10.1038/s41598-019-44883-z


6Scientific RepoRts |          (2019) 9:8410  | https://doi.org/10.1038/s41598-019-44883-z

www.nature.com/scientificreportswww.nature.com/scientificreports/

ligands EGF, EPRG and TGF-α linked to FimH, and induced for protein expression by IPTG. The proteins 
were detached from the bacteria surface by HRV3C protease digestion. To harvest the cleaved EGFR ligands, 
protease-treated bacterial culture supernatant was concentrated by ultrafiltration. The produced EGFR ligands in 
the processed supernatants were determined by ELISA (Fig. 5A). To test for binding to the human EGFR recep-
tor, ELISA plates were coated with produced ligands and incubated with recombinant human EGFR-IgG fusion 
protein that was dectected by biotin-labeled human IgG-specific antibody. All three released EGFR ligands bound 
specifically to the human EGFR receptor (Fig. 5B).

To test for the induction of EGFR signaling, 293T cells were incubated with supernatants containing ligands 
EGF, TGF-α or epiregulin (1 µg/ml) and phosphorylation of the EGF receptor was detected via flow cytometry by 
intracellular staining with an anti-pEGFR (Tyr1173) antibody. As summarized in Fig. 5C, the released recombi-
nant proteins triggered EGFR Tyr1173 phosphorylation indicating EGFR signaling (Fig. 5C). EGF induced EGFR 
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Figure 5. Recombinant EGFR ligands produced by transformed E. coli induce EGFR receptor phosphorylation. 
(A) E. coli bacteria were engineered with FimH fusion proteins linked with the EGFR ligand epiregulin, EGF 
or TGF-α, respectively. Displayed EGFR ligands were proteolytically released from the bacteria surface and 
detected by ELISA. The analysis was performed in triplicates for each condition and the entire experiment 
repeated at least twice; representative data are shown. (B) Proteolytically released proteins of interest, i.e., EGF, 
TGF-α and epiregulin were tested for binding to the EGF receptor (EGFR). Therefore, microtiter wells were 
coated with the bacteria produced EGF, TGF-α and epiregulin, respectively, and incubated with the human 
EGFR-hIgG (filled symbols) and mouse EGFR-IgG (open symbols) fusion protein to test for specific binding. 
A human IgG fusion protein of irrelevant specificity (bold line) served as control. Bound EGFR-IgG fusion 
protein was detected by a biotin-labeled human IgG-specific antibody. (C) EGFR+ 293T cells were incubated 
in the presence of proteolytically released EGF, TGF-α or EPRG, respectively, and tested for EGFR (Tyr1173) 
phosphorylation by flow cytometry. The mean fluorescence intensity (MFI) after incubation with the EGFR 
ligands is shown. All experiments were performed in triplicates for each condition and repeated at least twice; a 
representative experiment is shown.
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phosphorylation with a faster kinetic than the ligands epiregulin and TGF-α. Taken together, data demonstrate 
the functional biological activity of all three bacteria-produced EGFR ligands.

Discussion
In this study, we describe a bacterial expression system using the bacterial fimbriae component FimH as a vehi-
cle for bacterial surface display of various heterologous proteins while retaining their functional capacities. The 
FimH-mediated protein display is based on anchoring the protein-of-interest in the distal tip of the fibrillum, 
thereby avoiding steric hindrances. The display of large proteins on the bacteria surface is likely facilitated by 
specialized periplasmic assembly factors and chaperones that bind individual pilus subunits in the periplasm 
and deliver them safely to an assembly platform in the outer membrane, to which the pilus is anchored22. The 
FimH-assisted display concept takes advantage of the chaperone mediated transfer through the membrane and 
display of proteins of sizes up to 200 amino acids. The displayed proteins on the fimbriae are functional as exem-
plarily shown by FimH-fused Gaussia luciferase (GLuc) that converted the cognate substrate for bioluminescence 
imaging after application in mice.

Our strategy differs in various means from previous approaches. In 1995, Pallesen and colleagues used two 
interior positions within the adhesin unit of FimH for surface display of heterologous sequences19. A serious 
limitation of the described strategy is the small capacity of up to 56 amino acids that can be successfully inserted 
into this position19. In contrast, we inserted proteins of nearly 200 amino acids on the tip of the fimbriae without 
loss of function thereby overcoming the size limitation as reported by Klemm and Schembri23. In addition, dis-
playing fully functional eukaryotic proteins on bacterial surfaces make new applications possible. This includes 
the production of proteins with enzymatic activity as shown by the extracellular expression of GLuc. Also func-
tional ligand – receptor interactions can be initiated by the produced recombinant EGFR ligands EGF, TGF-α 
and EPRG. In fact, considering the current needs and possibilities in producing recombinant proteins in bacteria 
for various biotechnological applications the presented technological solution helps to overcome major obstacles 
as they currently occur with respect to efficient and stable display on bacterial surfaces. This includes optimal 
anchoring of the FimH carrier protein in the bacterial outer membrane. In previous studies, various anchoring 
motifs were identified, including OmpC, OmpX and BclA for surface display of recombinant proteins24–26. Other 
bacterial proteins used for anchoring, such as outer membrane proteins LamB (maltoporin), OmpA (outer mem-
brane protein A) and PhoE (phosphateinducible porin), were found unsuitable for the display of larger recom-
binant proteins; however, the Lpp-OmpA display system as an exception allows display of larger proteins on the 
surface of E. coli bacteria11, e.g., the alkaline phosphatase (PhoA) protein15. However, the use of current anchoring 
motifs did not always allow efficient display of every recombinant protein on the bacterial surface. Despite the 
achieved progress, further developments are required to provide a reliable biotechnological solution for the real-
ization of individual requests. One of the major obstacles is the outer membrane itself. In order to be displayed 
on the surface, the recombinant proteins produced in the cytoplasm must be translocated through the inner 
membrane, cross the periplasm, be inserted into the outer membrane and there correctly folded and displayed27.

The novelty of the present study is that the fimbriae protein FimH was used as a carrier protein for the display 
of entire eukaryotic proteins on the surface of E. coli bacteria. In this respect, the study goes beyond the aims of 
Klemm and Schembri23 and Pallesen19 displaying peptides.

The displayed GLuc present of the surface of E. coli bacteria is enzymatically active in converting the specific 
substrate indicated by biolumescence which can be used to track the bacteria during colonization of syngeneic 
tumors in an immunocompetent mouse model of pancreatic adenocarcinoma. Bacterial colonization of tum-
ors as sites of local immune repression is mediated by the reticuloendothelial system of the host, by the tumor 
microenvironment and by the bacterial metabolism28. This explains why the bacterial colonization is limited to 
immunocompromised areas such as tumors and can be efficiently prevented by the endogenous immune system 
outside the tumor. In this context, bacteria tracking by anchored luciferase activity open new fields to understand 
the interactions and to use bacteria as vehicle to deliver diagnostic marker or therapeutic drugs to the tumor.

In a further example, we demonstrated the universal applicability of the technology by fusing the epidermal 
growth factor (EGF), tumor growth factor-alpha (TGF-α) and epiregulin (EPRG), respectively, to FimH (Fig. 2B). 
All these proteins are ligands of the EGF receptor. In order to test their activity on the EGFR receptor, the pro-
duced EGFR ligands were proteolytically released from the bacteria surface and added to EGFR+ tumor cells. 
Interestingly, all ligands induced Tyr1173 EGFR phosphorylation, however, EGF stimulated more efficiently than 
EPRG and TGF-α. The data confirms previous work by Faria and colleagues who used recombinant EGF, TGF-α, 
EPRG, and two further EGFR ligands produced intracellularly by E. coli29. In contrast to conventional production 
methods the FimH produced ligands were proteolytically released from the carrier protein FimH without the 
need to lyse the E. coli bacteria. Since the bacteria remain viable and intact they can be re-used for protein produc-
tion. For example, the bacteria were cultivated and harvested in a closed circuit while the POI was proteolytically 
cleaved from the carrier molecule FimH without destructing the bacteria. The bacteria can then be returned to 
the production circuit ready for repeated POI production. After proteolytic cleavage the POI is correctly folded; 
the technique thereby avoids known obstacles associated with protein recovery using of harsh denaturants and 
subsequent cumbersome protein-refolding procedures.

The POI display on the tip of fimbriae can moreover be used to screen a protein display library for various 
properties or for binding similar to phage display library screening. By binding to immobilized POI ligands the 
engineered bacteria are bound and can be amplified and enriched by repetitive rounds of binding, washing and 
amplifications. Such bacteria display library screening may be as efficient as phage display library screening. 
Taking together the described technology has the potential to broaden the production and application of recom-
binant proteins for diagnostic and therapeutic purposes.
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Material and Methods
Primary cells and cell lines. The mouse pancreatic cancer cell line Panc02 was cultivated in RPMI 1640 
medium, 10% (v/v) FCS, penicillin (100 U/ml), and streptomycin (100 mg/ml). 293T (ATCC, CRL-11268) is a 
human embryonic kidney cell line that expresses the SV40 large T antigen and was cultivated in DMEM medium, 
10% (v/v) FCS, penicillin (100 U/ml), and streptomycin (100 mg/ml).

Mice. All animals were used according to protocols approved by the Institutional Animal Use Committee 
of the State North Rhine-Westphalia (Germany) and maintained in pathogen-free conditions in a barrier 
facility. C57/BL6 mice at the age of 6–8 weeks were obtained from Charles River Laboratories (Wilmington, 
Massachusetts, USA).

Bacterial expression constructs. The GLuc-FimH construct encodes the Gaussia luciferase linked to the 
FimH protein derived from E. coli. The DNA gblock (Integrated DNA Technologies (IDT), Inc., Skokie, Illinois, 
USA) encoding the GLuc-FimH fusion protein was synthetically engineered and integrated into the bacterial 
expression vector pET11d (Agilent, Santa Clara, CA, USA) at the NcoI and BamHI sites. The DNA sequences 
encoding EGF, TGF-α and EPRG, respectively, were linked to the E. coli FimH DNA and the c-Myc tag for detec-
tion, a cleavage site sequence for the HRV3C mediated proteolytic release of a POI at the 3′-terminus, and flanked 
by the restriction sites for NcoI at the 5′-terminus and BamHI at the 3′-terminus. The corresponding gblocks were 
integrated into the MCS of the bacterial expression plasmid pET11d by using the restriction enzymes NcoI and 
BamHI, respectively. The pET11d expression vector (Agilent) provides IPTG-mediated de-repression of the T7 
promoter in addition to IPTG-induction of T7 polymerase from the lacUV5 promoter in the DE3 containing E. 
coli strain BL21 (Agilent).

Fluorescence-activated cell sorter analysis (FACS) of genetically modified E. coli cells. E. 
coli cells containing the plasmids pET11d-GLuc-FimH, pET11d-EGF-FimH, pET11d- TGF-α-FimH and 
pET11d-EPRG-FimH, respectively, were grown at 37 °C for 9 h in LB medium (10 ml) supplemented with ampi-
cillin (200 µg/ml) and finally cultivated for additional two hours in the presence of 1 mM IPTG (Sigma-Aldrich, 
St. Louis, Missouri, USA) for POI expression. Bacteria were harvested, washed twice with PBS and resuspended 
in PBS to constitute a stock suspension with a final concentration of 1.0 at OD600nm (optical density). For the 
detection of GLuc on the bacterial surface, 100 µl of the bacterial suspension was incubated for 30 min with the 
rabbit GLuc-specific IgG serum (1:1,000) and for detection with the Phycoerythrin (PE)-conjugated anti-rabbit 
IgG antibody (1.0 µg/ml), clone Poly4064 (BioLegend, San Diego, CA, USA). The detection of the EGFR ligands 
EGF, TGF-α and EPRG on the bacterial surface was performed by the FITC-conjugated c-Myc-specific antibody, 
clone SH1-26E7.1.6 (Miltenyi Biotec GmbH, Bergisch Gladbach, Germany), respectively. Isotype-matched anti-
bodies of irrelevant specificity were used as controls. Cells were analyzed on a FACSCalibur (BD Biosciences); 
data were analyzed using the FlowJo software (FlowJo LLC, Ashland, OR, USA).

Immunogold electron microscopy. Wild-type and transformed E. coli bacteria were cultivated for 12 h 
at 37 °C in the presence of 1 mM IPTG in LB-medium supplemented with ampicillin (200 µg/ml) until the sus-
pension reached an OD600nm of 1.0. The bacteria were harvested, washed twice in PBS and fixed for 1 h at room 
temperature by incubation with 3% (w/v) paraformaldehyde and 0.2% (w/v) glutaraldehyde in 0.1 M phosphate 
buffer, pH 7.4. For GLuc detection, bacteria were incubated with rabbit anti-Gaussia luciferase antibody (New 
England Biolabs) and gold labeled polyclonal anti-rabbit IgG antibodies (Sigma-Aldrich) according to manu-
facturer’s instructions. The suspension was washed three times in PBS, 1% (w/v) BSA and fixed in 3% (w/v) 
glutaraldehyde for 30 min at room temperature. For electron microscopy bacteria were pelleted in melting agar, 
dehydrated with alcohol, and embedded according to standard procedures. Sections of the material were exam-
ined with a Philips CM 10 transmission electron microscope (Philips, Amsterdam, Netherlands).

Bioluminescence imaging. For bioluminescence imaging, GLuc modified E. coli (106/100 µl) were culti-
vated on 96-well in LB medium (100 µl/well) for two hours in the presence of IPTG (1 mM), washed twice with 
PBS and incubated with benzyl-coelenterazine (5.0 µg/ml) for 10 minutes. Emitted photons were recorded by the 
Photon Imager bioluminescence device (Biospace Lab, Paris, France) equipped with the Photo Vision software 
(BioSpace). Non-modified E. coli and GLuc modified E. coli without IPTG induction served as controls.

Immunocompetent mouse model of pancreas adenocarcinoma. CEAtg C57BL/6 mice were 
obtained from the Patterson Institute, Manchester, UK. Murine pancreatic tumors with CEA and click beetle (CB) 
Luc expression were induced in 10-week-old C57bl/6 mice by intra-pancreatic injection of 2 × 105 Panc02 cells. 
For in vivo bioluminescence imaging, Panc02 cells were genetically modified with the CBLuc and cotransfected 
with the hygromycin B phosphotransferase gene for clonal selection. The tumor progression was monitored by the 
Photon Imager bioluminescence device (Bispace Lab) after intraperitoneal administration of the CBLuc-specific 
substrate D-Luc (150 mg/kg) (PJK GmbH, Kleinblittersdorf, Germany). For in vivo imaging, GLuc modified E. 
coli were intravenously injected into tumor bearing mice. At day 2 and day 10 upon E. coli inoculation, mice were 
treated with IPTG (1 mM) for the induction of the GLuc-FimH expression; two hours later mice were inoculated 
with benzyl-coelenterazine (100 µg/mouse) and analyzed for bioluminescence by the Photon Imager biolumi-
nescence device (Biospace Lab). Bioluminescence signals were accordingly filtered against background noise. 
Regions of interest were defined as regions above threshold and automatically gated by predefined program tools. 
There was no manual gating of regions of interest in order to avoid any incoherence. Photon emission intensity 
(photon/s/sr) was calculated from data of emitted photons from the respective regions of interest using the M3 
vision software (Biospace Lab).
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Immunohistological analyses. To detect GLuc expressing E. coli in tumor tissues, cryostat sections were 
stained with an anti-E. coli-HRP antibody (1.0 µg/ml) (Abcam, Cambridge, United Kingdom) to detect the bacte-
ria and with a rabbit anti-GLuc antibody (New England Biolabs) and a HRP-conjugated anti-rabbit IgG-specific 
secondary antibody (Abcam) to detect GLuc. Specific binding was visualized by adding the DAB chromogen sub-
strate (Biozol, Eching, Germany). Sections were additionally stained with H&E (Carl Roth, Karlsruhe, Germany).

ELISA. E. coli were transformed with the respective plasmid encoding EGF, TGF-α and EPRG, respectively, 
were cultivated in LB medium for two hours in the presence of IPTG (1 mM). Bacteria pellets were resuspended 
in 1 ml PBS and treated with HRV 3C protease (10 U) overnight at 4 °C in order to release the POI from the FimH 
part of the fusion protein. Released POIs were concentrated by using of an ultra-0.5 centrifugal Amicon device 
(Merck KGaA, Darmstadt, Germany). The detection of the proteins of interest was performed by using ELISA kits 
specific for human EGF, TGF-α and EPRG, respectively (CUSABIO BIOTECH, Houston, TX, USA).

E. coli produced human EGF, TGF-α and EPRG, were tested for binding to EGFR. Therefore, microtiter wells 
were coated with released EGFR ligands (1.0 µg/ml) in PBS and incubated with human EGFR-hIgG and as control 
with mouse EGFR-hIgG (each 1.0 µg/ml, R&D Systems, Minneapolis, MN, USA), respectively. A human IgG anti-
body of irrelevant specificity served as control. Bound EGFR-IgG fusion protein was detected by an IgG-specific 
biotin-labeled antibody (BioLegend) and streptavidin-HRP (Sigma-Aldrich). Specific binding was visualized by 
using of 3,3′,5,5′-tetramethylbenzidine (TMB) substrate (Thermo Fisher Scientific) and analyzed by using of the 
Multiscan GO ELISA reader (Thermo Scientific); all measurements were performed in triplicates.

EGFR phosphorylation assay. Supernatants containing the cleaved EGFR ligands EGF, TGF-α and EPRG, 
respectively, were quantified by ELISA and co-incubated (1.0 µg/ml) with 293T cells (106 cells) in 50 µl RPMI 
medium. Phosphorylation of the EGFR receptor at tyrosine 1173 was detected by flow cytometry using the goat 
anti-human pEGFR (Tyr 1173) polyclonal antibody (Santa Cruz Biotechnology, Dallas, Texas, USA) and an 
APC-labeled anti-goat IgG antibody (R&D Systems, Minneapolis, MN, USA).

Statistical analysis. Data were analyzed using GraphPad InStat, version 3.06 (GraphPad Software, San 
Diego, CA, USA), using unpaired or paired Student’s t test with Welch’s correction or unpaired Mann-Whitney 
test (for non-Gaussian distribution); p < 0.05 was considered to be significant.

Tumor induction. All mouse studies were performed in accordance with institutional and federal guidelines 
(Agency for Nature, Environment and Consumer Protection of the State North Rhine-Westphalia [LANUV] 
registration no. 84-02.04.2012.A417).

References
 1. Tafakori, V., Ahmadian, G. & Amoozegar, M. A. Surface display of bacterial metallothioneins and a chitin binding domain on 

Escherichia coli increase cadmium adsorption and cell immobilization. Appl Biochem Biotechnol 167, 462–473 (2012).
 2. Liang, B. et al. Amperometric L-glutamate biosensor based on bacterial cell-surface displayed glutamate dehydrogenase. Anal Chim 

Acta 884, 83–89 (2015).
 3. Kalyanasundram, J. et al. Surface display of glycosylated Tyrosinase related protein-2 (TRP-2) tumour antigen on Lactococcus lactis. 

BMC Biotechnol 15, 113 (2015).
 4. Cavallari, M. Rapid and Direct VHH and Target Identification by Staphylococcal Surface Display Libraries. Int J Mol Sci 18, E1507 

(2017).
 5. Hörnström, D., Larsson, G., van Maris, A. J. A. & Gustavsson, M. Molecular optimization of autotransporter-based tyrosinase 

surface display. Biochim Biophys Acta Biomembr 1861, 486–494 (2019).
 6. Georgiou, G. et al. Display of heterologous proteins on the surface of microorganisms: from the screening of combinatorial libraries 

to live recombinant vaccines. Nat Biotechnol 15, 29–34 (1997).
 7. Lattemann, C. T., Maurer, J., Gerland, E. & Meyer, T. F. Autodisplay: functional display of active beta-lactamase on the surface of 

Escherichia coli by the AIDA-I autotransporter. J Bacteriol 182, 3726–3733 (2000).
 8. Jose, J. & von Schwichow, S. Autodisplay of active sorbitol dehydrogenase (SDH) yields a whole cell biocatalyst for the synthesis of 

rare sugars. Chembiochem 5, 491–499 (2004).
 9. Jose, J. & Zangen, D. Autodisplay of the protease inhibitor aprotinin in Escherichia coli. Biochem Biophys Res Commun 333, 

1218–1226 (2005).
 10. Junker, M. et al. Pertactin beta-helix folding mechanism suggests common themes for the secretion and folding of autotransporter 

proteins. Proc Natl Acad Sci USA 103, 4918–4923 (2006).
 11. Georgiou, G. et al. Display of beta-lactamase on the Escherichia coli surface: outer membrane phenotypes conferred by Lpp’-

OmpA’-beta-lactamase fusions. Protein Eng 9, 239–247 (1996).
 12. Wan, H. M., Chang, B. Y. & Lin, S. C. Anchorage of cyclodextrin glucanotransferase on the outer membrane of Escherichia coli. 

Biotechnol Bioeng 79, 457–464 (2002).
 13. Ghrayeb, J. & Inouye, M. Nine amino acid residues at the NH2-terminal of lipoprotein are sufficient for its modification, processing, 

and localization in the outer membrane of Escherichia coli. J Biol Chem 259, 463–467 (1984).
 14. Murphy, T. F. Studies of the outer membrane proteins of Branhamella catarrhalis. Am J Med 88, 41S–45S (1990).
 15. Stathopoulos, C., Georgiou, G. & Earhart, C. F. Characterization of Escherichia coli expressing an Lpp’OmpA(46-159)-PhoA fusion 

protein localized in the outer membrane. Appl Microbiol Biotechnol 45, 112–119 (1996).
 16. Kornacker, M. G. & Pugsley, A. P. The normally periplasmic enzyme beta-lactamase is specifically and efficiently translocated 

through the Escherichia coli outer membrane when it is fused to the cell-surface enzyme pullulanase. Mol Microbiol 4, 1101–1109 
(1990).

 17. Phan, G. et al. Crystal structure of the FimD usher bound to its cognate FimC-FimH substrate. Nature 474, 49–53 (2011).
 18. Waksman, G. & Hultgren, S. J. Structural biology of the chaperone-usher pathway of pilus biogenesis. Nat Rev Microbiol 7, 765–774 

(2009).
 19. Pallesen, L., Poulsen, L. K., Christiansen, G. & Klemm, P. Chimeric FimH adhesin of type 1 fimbriae: a bacterial surface display 

system for heterologous sequences. Microbiology. 141, 2839–2848 (1995).
 20. Sauer, M. M. et al. Catch-bond mechanism of the bacterial adhesin FimH. Nat Commun 7, 10738 (2016).
 21. Geller, L. T. et al. Potential role of intratumor bacteria in mediating tumor resistance to the chemotherapeutic drug gemcitabine. 

Science. 357, 1156–1160 (2017).
 22. Hultgren, S. J. et al. Pilus and nonpilus bacterial adhesins: assembly and function in cell recognition. Cell 73, 887–901 (1993).

https://doi.org/10.1038/s41598-019-44883-z


1 0Scientific RepoRts |          (2019) 9:8410  | https://doi.org/10.1038/s41598-019-44883-z

www.nature.com/scientificreportswww.nature.com/scientificreports/

 23. Klemm, P. & Schembri, M. A. Fimbriae-assisted bacterial surface display of heterologous peptides. Int J Med Microbiol 290, 215–221 
(2000).

 24. Xu, Z. & Lee, S. Y. Display of polyhistidine peptides on the Escherichia coli cell surface by using outer membrane protein C as an 
anchoring motif. Appl Environ Microbiol 65, 5142–5147 (1999).

 25. Lee, S. H., Lee, S. Y. & Park, B. C. Cell surface display of lipase in Pseudomonas putida KT2442 using OprF as an anchoring motif 
and its bio catalytic applications. Appl Environ Microbiol 71, 8581–8586 (2005).

 26. Rice, J. J., Schohn, A., Bessette, P. H., Boulware, K. T. & Daugherty, P. S. Bacterial display using circularly permuted outer membrane 
protein OmpX yields high affinity peptide ligands. Protein Sci 15, 825–836 (2006).

 27. Dalbey, R. E. & Kuhn, A. Protein traffic in Gram-negative bacteria-how exported and secreted proteins find their way. FEMS 
Microbiol Rev 36, 1023–1045 (2012).

 28. Stritzker, J. et al. Enterobacterial tumor colonization in mice depends on bacterial metabolism and macrophages but is independent 
of chemotaxis and motility. Int J Med Microbiol 300, 449–456 (2010).

 29. Faria, J. A. Q. A., de Andrade, C., Goes, A. M., Rodrigues, M. A. & Gomes, D. A. Effects of different ligands on epidermal growth 
factor receptor (EGFR) nuclear translocation. Biochem Biophys Res Commun 478, 39–45 (2016).

Acknowledgements
The authors thank Jörg Bedorf (Department of Pathology, University Bonn, Bonn, Germany) for electron 
microscopy and Dr. Dirk Wiedermann (Max Planck Institute for Metabolism Research, Cologne, Germany) for 
their support with bioluminescence imaging.

Author Contributions
The experiments were conceived by M.C. and H.A. and were conducted by M.C., D.C. and N.R. The data were 
analyzed and interpreted by M.C. and H.A. The manuscript was written by M.C., J.K. and H.A. All authors 
reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-44883-z.
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-44883-z
https://doi.org/10.1038/s41598-019-44883-z
http://creativecommons.org/licenses/by/4.0/

	FimH-based display of functional eukaryotic proteins on bacteria surfaces
	Results
	Display of recombinant proteins on the surface of gram-negative bacteria. 
	GLuc-FimH modified E. coli bacteria catalyze the conversion of the sGLuc substrate D-Luc. 
	Recombinant human EGF receptor ligands produced by transformed bacteria mediate EGFR phosphorylation. 

	Discussion
	Material and Methods
	Primary cells and cell lines. 
	Mice. 
	Bacterial expression constructs. 
	Fluorescence-activated cell sorter analysis (FACS) of genetically modified E. coli cells. 
	Immunogold electron microscopy. 
	Bioluminescence imaging. 
	Immunocompetent mouse model of pancreas adenocarcinoma. 
	Immunohistological analyses. 
	ELISA. 
	EGFR phosphorylation assay. 
	Statistical analysis. 
	Tumor induction. 

	Acknowledgements
	Figure 1 Schematic depiction of the POI-FimH fusion protein to display a recombinant protein on the surface of gram-negative bacteria.
	Figure 2 Design and expression of POI-FimH fusion proteins.
	Figure 3 The GLuc-FimH fusion protein is located on the bacteria surface.
	Figure 4 The GLuc-FimH fusion protein is functionally active on the bacteria surface.
	Figure 5 Recombinant EGFR ligands produced by transformed E.




