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We have optimized the display of the B domain of staphylococcal protein A on the surface of Lactococcus
lactis. The maximum binding capacity was estimated at 0.146 g of antibody per 10® cells and was sustained
at 86% after treatment with simulated gastric juice. A tumor necrosis factor alpha (TNF-«)-binding affibody
was also displayed and bound TNF-«, which could be useful in the treatment of inflammatory bowel disease.

Lactic acid bacteria (LAB) have received considerable at-
tention in recent years, based on their record of safe usage as
a constituent of fermented foods and their health-promoting
effects as probiotics (5). Recombinant LAB could also be used
in therapy, with most applications aimed at the delivery of
antigens or therapeutic proteins to human mucosal surfaces
(27). Another potential application of recombinant LAB in-
volves surface attachment of affinity molecules, such as anti-
bodies, single-chain variable fragments (scFv), or specific
oligosaccharides, which can target pathogens, toxins, or inflam-
matory mediators in the human intestine (9, 22).

We describe the surface display of two types of affinity mol-
ecule, the B domain and the tumor necrosis factor alpha (TNF-
a)-binding affibody, on a model LAB, Lactococcus lactis. The
B domain, which is one out of five antibody-binding domains of
staphylococcal protein A (15), was already used as a model
protein (2). The surface display of the B domain was reported
for Escherichia coli in a biosensor application (8), for Saccha-
romyces cerevisiae as a whole-cell immunoadsorbent (16), and
for certain viruses for specific cell targeting (20).

The affinity of the B domain or its synthetic homologue,
the Z domain (17), for the antibody Fc region has been
redirected to several other proteins by randomization of
amino acids involved in the interaction, using the genetic
combinatorial library and phage display (18). The variants
of the Z domain were termed “affibodies” and were directed
against various proteins (reviewed in reference 19) and also
against TNF-a (7).

TNF-a is well established as a proinflammatory cytokine in
the pathology of inflammatory bowel disease (IBD), and
monoclonal antibodies against TNF-a are routinely used in
parenteral therapy (23) but can have systemic side effects. The
abundant presence of TNF-a in the stool samples of IBD
patients (4) and the successful treatment of experimental co-
litis in rats by oral administration of avian IgY (28) justify the
oral delivery of an agent with the capability of removing TNF-a
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in IBD. We have therefore replaced the B domain in our
surface-displayed fusion protein with an affibody against
TNF-a (7) as a second type of binding molecule. LAB with
surface-displayed affibody against TNF-a could be used to bind
TNF-« in the intestine, with the potential for use in the treat-
ment of IBD. This novel approach could also overcome the
problems with the gastrointestinal stability of antibodies.

Preparation of gene constructs. Several gene constructs
were prepared as described in supplemental material to give a
fusion protein with optimal surface binding capabilities (Fig.
1). Each gene construct is composed of three functional parts:
a signal sequence for secretion to the growth medium (derived
from the Usp45 protein [26] and strengthened by a synthetic
propeptide [12]), an affinity domain (the B domain or the
TNF-a-binding affibody), and a variant of a peptidoglycan
binding domain of AcmA (1, 21) for surface attachment. Non-
covalent binding via AcmA was chosen, because covalent sur-
face binding using a sortase motif was described to be less
effective in a previous report of surface display of staphylococ-
cal nuclease (6).

Fusion protein expression. Nisin-controlled expression (13)
was used to express the fusion proteins. Overnight cultures of
Lactococcus lactis harboring the appropriate plasmid were di-
luted (1:100) in 10 ml of fresh GM-17 medium, grown to an
optical density (44.,) of 0.5 to 0.8, and induced with 25 ng/ml
nisin (Fluka). Three hours after induction, the culture was split
in two. Five milliliters was stored at 4°C for flow cytometry and
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FIG. 1. Gene constructs for lactococcal surface display.
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FIG. 2. Expression of fusion proteins for the surface display of the B domain in L. lactis NZ9000. (A) Cell lysate. (B) Growth medium. neg,
pNZ8148; B, pSDBAL; LB, pSDLBAL; A3a, pSDLBA3a; A3b, pSDLBA3b; A3c, pPSDLBA3c.

fluorescence microscopy, and the remaining 5 ml was used for
SDS-PAGE and Western blot analysis, as described in the
supplemental material. All fusion proteins were detected by
fluorescein isothiocyanate (FITC)-conjugated anti-protein A
antibody (Abcam) in both cell lysate and growth medium, and
their observed and calculated molecular masses corresponded
(Sdbal, 18.4 kDa; Sdlbal, 19.4 kDa; Sdlba3a, 34.0 kDa;
Sdlba3b, 32.9 kDa; and Sdlba3c, 31.8 kDa) (Fig. 2). The con-
centration of fusion proteins in the growth medium was com-
parable to that in the cell lysate, which contained cytoplasmic
and surface-bound fusion proteins. This shows that not all
secreted fusion proteins bind to the surface, possibly due to
increased production and secretion rates in comparison to the
rate of binding. Two bands of similar sizes were detected with
each fusion protein, which corresponded to fusion proteins
with and without a secretion signal and with a calculated mo-
lecular mass difference of 2.9 kDa. The processing of secretion
signals was evaluated with N-terminal sequencing. The growth
medium fractions of the Sdbal and Sdlbal proteins were con-
centrated 10-fold on an Amicon Ultra-4 (3-kDa cutoff; Milli-
pore), separated on SDS-PAGE gel, blotted to a polyvinyli-
dene difluoride (PVDF) membrane, and prepared for use with
an Applied Biosystems 492 protein sequencer. The determined
sequences GSADN and LEISS correspond to the N-terminal
sequences of Sdbal and Sdlbal, respectively, without the
Usp45 signal. The HtrA protease-deficient strain was tested as
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a reported strategy for increasing recombinant protein expres-
sion (14), and a small increase in the expression level was
indeed observed (data not shown).

Surface display of the B domain. The quantity and function-
ality of the surface-displayed B domain were characterized by
flow cytometry. Ten microliters of cell cultures (1 X 107 cells/
ml) was added to 500 wl of Tris-buffered saline (TBS) and
pelleted. Cells were resuspended in 500 wl of TBS containing
1 pg of specific FITC-conjugated anti-protein A antibody
(Abcam) or 2 pg of nonspecific Alexa Fluor 488-conjugated
rabbit anti-mouse antibody (Invitrogen) and incubated for 2 h
at room temperature with constant shaking. Cells were then
washed three times with 200 pl 0.1% TBS-Tween (TBST) and
resuspended in 500 pl of TBS. Stained cells were analyzed with
a FACSCalibur (Becton Dickinson, Inc.) flow cytometer. At
least 100,000 bacterial cells were counted for each sample. The
results are presented as mean fluorescence intensity (MFI)
values for lactococcal cells, which correlate with the amount of
surface-bound fusion protein. Surface display of B domain was
detected for all gene constructs by specific antibody, while the
functionality of the displayed B domain was confirmed by the
ability to bind nonspecific antibody via the Fc region (Fig. 3).
However, significant differences between the constructs were
observed. Inclusion of a synthetic propeptide and, especially,
the use of three peptidoglycan binding domains contributed to
the increased surface display and functionality of the B do-
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FIG. 3. Flow cytometry of lactococcal cells harboring different plasmids, stained with specific (white bars) or nonspecific antibody (black bars).

(A) NZ9000 strain; (B) NZ9000AhtrA strain.
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FIG. 4. Shift in fluorescence intensity. (A) Control and Sdlba3b-expressing cells detected with specific FITC-conjugated antibody. MFI
(control) = 2.61, MFI (sample) = 115.70. (B) Control and Sdlba3b-expressing cells detected with nonspecific Alexa Fluor 488-conjugated antibody
MFI (control) = 2.26, MFI (sample) = 150.71. (C) Control and Sdz-tnf-expressing cells detected with Alexa Fluor 488-conjugated TNF-o. MFI

(control) = 4.83, MFI (sample) = 31.67.

main, in accordance with previous observations (25). The ex-
pression of Sdlba3b resulted in the highest-level responses with
both specific and nonspecific antibody in both bacterial strains.
A more detailed comparison between pNZ8148 (control)- and
pSDLBA3b-containing cells stained with specific (Fig. 4A) and
nonspecific (Fig. 4B) antibody is shown. A distinct shift in
fluorescence intensity between controls (gray) and Sdlba3b-
expressing cells (black line) can be observed in both cases. The
importance of the length of the spacer between the displayed
protein and the cell wall anchor was demonstrated, with the
Sdlba3b construct being superior to Sdlba3a and Sdlba3c. The
different spacers may affect the spatial orientation of the dis-
played protein, affecting its binding ability, or may affect the
expression levels of the fusion proteins, which differ slightly
(Fig. 2). The results for the NZ9000 strain were superior to
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FIG. 5. Control (A) and Sdlba3b-expressing (B) cells detected with
nonspecific Alexa Fluor 488-conjugated antibody. Control (C) and
Sdz-tnf-expressing (D) cells detected with Alexa Fluor 488-conjugated
TNF-a.

those for NZ9000AhtrA, despite the higher protein expression
levels in NZ9000AhtrA. The functionality of the displayed B
domain in the NZ9000AAtrA strain was impaired, as shown by
a decrease in nonspecific-antibody binding (Fig. 3B). This
could be explained by the reported disturbance of protein
secretion in the absence of HtrA (24).

Fluorescence microscopy was used to confirm the results of
flow cytometry. The staining protocol was similar, except that
the starting volume of cell cultures was 20 pl and the final
volume of TBS for resuspension 200 pl. Fluorescence micros-
copy was performed using a Carl Zeiss LSM 510 confocal
microscope. Alexa Fluor 488 was excited with an argon laser
(488 nm), and emission was filtered using a narrow-band 505-
to 530-nm filter. Sdlba3b-expressing cells showed stronger
binding of antibody and greater intensity of fluorescence than
control cells (Fig. 5), which again confirmed the surface display
and functionality of the B domain.

Binding capacity. The capacity of B domain-displaying cells
to bind nonspecific antibody was quantified by a spectroscopic
method as described in the supplemental material. The
amount of antibody adsorbed on 1 X 10% cells was plotted
against the concentration of antibody and was observed to be
concentration dependent (Fig. 6). The Langmuir adsorption iso-
therm (11) was assumed for the binding of antibody. The Lang-
muir linear regression method (10) {Coy/T" = (Cap/Tia) +
[1/(K X T',.0]F was used to fit the Langmuir equation to the
data and yielded the equation C,,/I" = (6,837 X C4y,) + 22,688
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FIG. 6. Adsorption of nonspecific antibody to B domain displaying
cells.
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FIG. 7. Flow cytometric analysis of binding of nonspecific antibody
to pSDLBA3b-containing cells after the incubation of cells at pH 7.0
(positive control) or under simulated gastric conditions at pH 4.0
(GJ-pH 4) or pH 2.0 (GJ-pH 2). pNZ8148-containing cells were used
as a negative control.

(* = 0.9897). The maximal amount of adsorbed antibody
(T,ax) Was calculated to be 0.146 pg per 1 X 10° cells, which
corresponds to approximately 4,500 molecules per cell. This
is less than the amount reported for yeast (16); however, the
smaller cell size and the different display mechanism have to
be considered. Nevertheless, the capacity to bind microgram
quantities of target proteins by commonly used bacterial
doses (1 X 10? to 1 X 10'°) could well suggest physiological
significance.

Gastric resistance. The harsh gastric conditions are the big-
gest hurdle in the oral delivery of proteins. The stability and
functionality of the surface-displayed B domain were tested
against simulated gastric juice (GJ), which was prepared as
described in reference 3, using 3 mg/ml pepsin (Sigma-
Aldrich), and the pH was adjusted to 2.0 or 4.0. Five hundred
microliters of pNZ8148 (negative-control)- or pSDLBA3b-
containing cells was mixed with either 500 wl of TBS buffer
(pH 7.0; positive control) or 500 pl of simulated GJ and incu-
bated at room temperature for 30 min. Fifty microliters of the
mixture was stained with nonspecific antibody and analyzed by
flow cytometry as described above. The reduction of MFI in
samples exposed to simulated gastric juice was less than 14%,
even after 30 min at pH 2.0 (Fig. 7). This indicates that L. lactis
with the surface-displayed B domain or its homologues would
retain considerable functionality after oral administration.

Display of affibody and binding of TNF-a. The TNF-a-
binding affibody gene (sdz-tnf) (see Table S1 in the supplemen-
tal material) was based on the Z00185 polypeptide (7) and was
displayed in a manner analogous to that observed for the B
domain. The surface display of the TNF-a-binding affibody was
characterized by its ability to bind recombinant TNF-a, which
was labeled using an Alexa Fluor 488 microscale protein-label-
ing kit (Invitrogen). Flow cytometry of pNZ8148-containing
(Fig. 4C, gray [control]) and pSDZ-TNF-containing (black
line) cells, which were stained with fluorescently labeled
TNF-«, showed a distinct shift in fluorescence intensity. In-
creased fluorescence of Sdz-tnf-expressing cells was also ob-
served with the use of fluorescence microscopy (Fig. 5). We
have therefore demonstrated that L. lactis with surface-dis-
played TNF-a-binding affibody was capable of binding fluores-
cently labeled TNF-a. The binding of TNF-a by recombinant
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L. lactis could be used for the removal of TNF-a from the
human intestine, which should be useful in the alleviation of
the symptoms of IBD. Besides TNF-a-binding affibody, other
affibodies could be applied in a similar fashion, yielding novel
possible applications.
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