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Intestinal immunity is subject to com-
plex and fine-tuned regulation dictated

by interactions of the resident microbial
community and their gene products with
host innate cells. Deterioration of this
delicate process may result in devastating
autoinflammatory diseases, including
inflammatory bowel disease (IBD),
which primarily comprises Crohn’s dis-
ease (CD) and ulcerative colitis (UC).
Efficacious interventions to regulate
proinflammatory signals, which play crit-
ical roles in IBD, require further scien-
tific investigation. We recently
demonstrated that rebalancing intestinal
immunity via the surface layer protein A
(SlpA) from Lactobacillus acidophilus
NCFM potentially represents a feasible
therapeutic approach to restore intestinal
homeostasis. To expand on these find-
ings, we established a new method of
purifying bacterial SlpA, a new SlpA-spe-
cific monoclonal antibody, and found no
SlpA-associated toxicity in mice. Thus,
these data may assist in our efforts to
determine the immune regulatory
efficacy of SlpA in humans.

Introduction

It is estimated that over 1 million
individuals in the US suffer from
inflammatory bowel disease (IBD),
which is characterized by relapsing
chronic inflammation of the intestinal
tract, especially the colon.1-3 Moreover,
it has consistently been noted that

patients suffering from IBD have an
altered or imbalanced gut microbiota,
specifically reduced bacterial diversity,
referred to as dysbiosis.3 In fact, many
studies indicate that dysfunctional
immune responses are likely elicited by
this imbalanced microflora.4 Functional
gut homeostasis between the gut epithe-
lium, mucosal immune cells, and the
resident gut microbiota is established by
regulatory immune mechanisms elicited
by the trillions of microbes and their
interactions with numerous pathogen
recognition receptors (PRRs), including
C-type lectin receptors (CLRs) expressed
in the gastrointestinal (GI) tract.5,6

Deterioration or alternation of these
tightly regulated mechanisms by detri-
mental signals (microbial gene products,
metabolites, altered cytokine milieu,
etc.) can have devastating consequences,
resulting in autoinflammatory diseases,
including IBD. These uncontrolled
immune signals (e.g., IL-1b) are gener-
ated by highly activated innate cells,
including dendritic cells (DCs), during
microbial dysbiosis4 and create an
unbalanced microenvironment, wherein
released soluble mediators activate intes-
tine-infiltrating pathogenic T lympho-
cyte subsets (e.g., Th1, Th17), and even
proinflammatory regulatory T cells
(Tregs),7-9 resulting in tissue damage
and gut barrier dysfunction.22 The cellu-
lar and molecular mechanisms induced
by gut microbes, their gene products,
and their metabolites, as well as how
these relevant factors potentially interact
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to determine the activation and differen-
tiation of innate cells and T cell subsets
at distal sites, require further scientific
investigation.

In our recent publications, we demon-
strated that transient colonization of the
colon with a strain of Lactobacillus aci-
dophilus deficient in lipoteichoic acid
(LTA), NCK2025, significantly mitigated
chemically-induced and T cell-mediated
colitis.10-12 Analyzed mechanisms sug-
gested that the induction of regulatory IL-
10C DCs and functional Tregs, activation
of pErk1/2, and the downregulation of
critical downstream signals (Akt1, p38)13

are key elements involved in the ameliora-
tion of murine colitis in our models.10-14

Furthermore, this L. acidophilus strain
lacking LTA significantly diminished
inflammation-promoting colonic polyposis

in the Apclox468 x TS4-Cre mouse model
via the regulation of proinflammatory
innate and T cell subsets.9 Thus, we theo-
rized that the cross-talk between a specific
surface molecule expressed by the LTA-
deficient L. acidophilus, called SlpA, with
intestinal innate cells (e.g., DCs) not only
suppresses pathogenic inflammation, but
also potentially modulates the expression
of epigenetically-regulated, colorectal can-
cer (CRC)-associated genes,15 and restores
gut homeostasis to ablate colonic pol-
yps.9,16,17 These data galvanized our labo-
ratory to more thoroughly define this
protective role of bacterial SlpA in a
murine colitis model. Accordingly, we
hypothesized that the SlpA molecule inter-
acts with colonic innate cells (e.g., DCs)
via its cognate receptor, SIGNR3, to regu-
late proinflammatory signals (e.g., IL-1b)

in order to reshape the functional
balance of intestinal homeostasis,
resulting in significant mitigation
of T cell-induced colitis. The
rationale for this hypothesis being
that 3 L. acidophilus surface layer
proteins (SlpA, SlpB, and SlpX)
have been observed to interact
with PRRs,18,19 which activate
intestinal innate cells; however,
information about the functions of
these Slps, and in particular, SlpA,
is relatively limited.20,21,22 To spe-
cifically determine the effects of
SlpA and its binding to SIGNR3
on intestinal cells, and the conse-
quences thereafter, the upp
counter-selective knockout strat-
egy10 was used to generate a new
strain of L. acidophilus, called
NCK2187, which expresses only
SlpA on its surface.23 This new
bacterial strain was critical to
definitively elucidate the role of
SlpA in controlling pathogenic
inflammation, as oral treatment
with purified SlpA or the bacteria
expressing only SlpA on their sur-
faces resulted in significant clinical
improvement of murine colitis.
Furthermore, our data showed
that SlpA plays a critical role in
controlling immune responses
upon its interaction with SIGNR3,
resulting in the amelioration of
induced colitis, protection of intes-

tinal barrier integrity, and maintenance of
the gut bacterial composition.23 To build
upon these observations, we have opti-
mized the purification of SlpA to investi-
gate its physiological effects when orally
administrated to mice, and have evaluated
whether this protein is able to resist the
harsh conditions of the GI microenviron-
ment, both important factors that may
affect the feasibility of its use in potential
clinical trials.

Isolation and Detection of
L. acidophilus Surface Layer

Protein A

S-layers are paracrystalline (glyco)
protein arrays that are present in abun-
dance on the cell surface of a subset of

Figure 1. L. acidophilus-SlpA isolation by NaCl. L. acidophilus-SlpA was isolated and purified, as described
previously,23 with substitution of LiCl with NaCl. (A) SDS-PAGE containing 2.5 mg of LiCl¡ and NaCl¡isolated
SlpA stained with Coomassie blue to visualize the purified protein. (B) Mass spectrometry data analyzed on
the Scaffold27 platform showed 97 unique spectra with 55 unique peptides with the possibility of 2 proteins
(C). The predicted protein gi|58336516 (SlpA) shows 54% coverage whereas gi|362076610 (SlpB) reveals
only 18% of coverage (highlighted portion, D). The regions of SlpB matching the generated peptides are
common between SlpA and SlpB (shown in the red box, D), and no single unique peptide from SlpB was
identified.
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eubacteria and archaea. Among
the functional roles that have
been attributed to S-layers,24

their binding to PRRs,18

including CLRs, has been
found to be critical to their
potential immunogenic capac-
ity.19,25 Consistent with our
goals to further clarify the reg-
ulatory role of SlpA in control-
ling downstream signals during
the interaction with its cognate
receptor, SIGNR3, and to
make this technology suitable
for clinical trials, we first
sought to improve the process
of SlpA isolation and purifica-
tion. For this purpose, we used
sodium chloride (NaCl) (5 M),
instead of lithium chloride
(LiCl), which is more com-
monly used for SlpA purifica-
tion (Fig. 1A).26 The rationale
being that SlpA purified by
LiCl may potentially induce
toxicity when orally adminis-
trated to experimental animals,
resulting in the induction of
low-grade inflammation and
potential intestinal tissue dam-
age. To avoid non-SlpA protein
contamination in our isolation
technique, we employed the
LTA-, SlpB-, and SlpX-deficient
L. acidophilus NCK2187 strain.
Visualization of the isolated pro-
tein by SDS-PAGE showed a sin-
gle protein band of the expected
size for SlpA (46 kDa, Fig. 1B).
An automated mass spectrometry
microbial identification system
that uses Matrix Assisted Laser
Desorption Ionization Time-of-
Flight technology (MALDI-TOF)
indicated 97 unique spectra and
55 unique peptides generated
post-trypsinization of the protein
isolate, which identified 2 possi-
ble proteins [gi|58336516 (SlpA)
and gi|362076610 (SlpB)] (Fig. 1C).
MALDI-TOF data were then analyzed on
Scaffold1.27 Further evaluation revealed
that the peptides generated cover 54% of
SlpA and 18% of SlpB (highlighted,
Fig. 1D). However, NCK2187 bacteria
do not express SlpB, and the peptides

generated, one of which was recognized as
a potential component of SlpB, were gen-
erated from the C-terminal region of
SlpA, which is conserved between SlpA
and SlpB. (red box, Fig. 1D). Thus, it
was concluded that no single unique pep-
tide from SlpB was identified. Therefore,

mass spectrometry and SDS-PAGE analy-
ses demonstrated that the identity of the
purified SlpA protein was retained whether
purified by NaCl or by LiCl (Fig. 1).

To assess any potential toxicity of the
isolated SlpA, groups of C57BL/6 mice
were orally gavaged with purified SlpA (0,

Figure 2. NaCl¡purified SlpA is not overtly toxic to mice. (A–F) C57BL/6 mice were treated orally every other
day with SlpA (0, 150, 300, 600 mg/100mL per mouse), for a total of 4 times. One week later, mice were sacri-
ficed and a whole blood chemistry profile was generated for each mouse with a comprehensive metabolic
chemistry panel, using a VetScan V2S analyzer. All animal experiments were performed under the guidelines
of the Animal Welfare Act and the Public Health Policy on Humane Care, and with approval by the Institutional
Animal Care and Use Committee (IACUC protocol 201406559) at the University of Florida. Data represent
observations from 4 independent experiments (n D 5) and are shown as mean§ standard error of the mean.
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150, 300, 600 mg/100 mL per
mouse) every other day for a total
of 4 treatments. Subsequently, the
blood chemistry profiles of these
animals were analyzed. Obtained
data demonstrated that oral treat-
ment of the mice with varying
doses of SlpA did not significantly
alter whole blood biochemical val-
ues that are typically assessed in a
routine metabolic panel in these
animals (Fig. 2). Changes in
enzyme activity or concentration
of other analytes in the blood were
used as metrics of tissue damage or
physiologic stress. Function of the
urinary system (Fig. 2B) and of
the hepatocellular and biliary sys-
tems (Figs. 2C–D & F) was evalu-
ated and found to be unaffected
by treatment. The electrolytes,
sodium, potassium, calcium, and
phosphorus, were also measured to
gauge any changes in hydration
status, excretional activity, or
global cellular damage within the
treated mice (Fig. 2E). No statisti-
cal differences were found in any
of the parameters when comparing
the controls and those mice receiv-
ing varying doses of SlpA adminis-
tration, indicating no overt
evidence of toxicity with oral treat-
ment using SlpA in these animals.

We then sought to generate a
specific monoclonal antibody
against purified SlpA.30,31 To this
end, groups of C57BL/6 mice
were immunized with purified
SlpA with killed L. gasseri as an
adjuvant for 3 months (every
week/100 mg of SlpA). Subse-
quently, spleen cells were derived
to generate hybridoma cells pro-
ducing a monoclonal antibody
(mAb) recognizing SlpA. As seen
in Fig. 3, the antibody derived
from one of our hybridoma cell
clones, BM1, recognized SlpA by
Western blot (Fig. 3A). Further-
more, this mAb also recognized
SlpA on the surface of SlpA-coated
beads, and on SlpA-pulsed RAW
264.7 macrophages (Figs. 3B–C),
respectively. We have reported
immunomodulatory effects by the

Figure 3. Generated mAb BM1 recognizes L. acidophilus-SlpA. C57BL/6 mice were immunized once a week
for 3 months with 100 mg of SlpA, and 300 mg of heat-killed Lactobacillus gasseri as adjuvant. Polyclonal sera
were tested for recognition of isolated SlpA by Western Blot (WB), and splenic cells from SlpA-reactive mice
were fused with Sp2/0 myeloma cells at a ratio of 7:1. Hybridomas were seeded on a semi-solid medium for
clone selection and screening. Subsequently, clones were screened by ELISA for SlpA reactivity. Reactive
clones were isotyped and all IgM secretors removed. Clone BM1 (IgG) was selected for its ability to recognize
SlpA by WB (A), flow cytometry (B), confocal microscopy (C), and ELISA (D, E, F). (A). L. acidophilus-SlpA
detection by WB with BM1. 100 ng of purified SlpA, 108 CFU L. acidophilus (L. a.), 108 CFU L. reuteri (L. r.), or
100 ng of BSA proteins were separated by SDS-PAGE, transferred onto a PVDF membrane, and detected by
BM1. (B). L. acidophilus-SlpA detection with BM1 by flow cytometry. Carboxylated Dynabeads were coated
with purified SlpA and the reactivity of the BM1 mAb confirmed by Canto II flow cytometry. Data were ana-
lyzed by FlowJo. Experiments were performed at least 3 times with similar trends. (C). L. acidophilus-SlpA
detection with BM1 by confocal microscopy. RAW 264.7 cells were pulsed for 1 or 3 hrs with NaCl purified
SlpA (10 mg/mL). Subsequently, cells were fixed and stained with BM1 mAb for detection by confocal
microscopy. Cells were incubated with BM1 mAb overnight. Cells were washed and subsequently incubated
with a secondary antibody (Alexa Fluor 488 anti-mouse IgG1, 1:100) for 4 hrs. Nuclei were stained with DAPI
(15 min) and visualized by a Zeiss confocal microscope. (D). L. acidophilus-SlpA detection with BM1 by ELISA.
ELISA plates were coated with 500 ng of purified SlpA overnight, and binding by BM1 was tested thereafter.
(E). Two-fold serial dilutions of SlpA were coated on ELISA plate overnight, and binding of BM1 was tested.
(F). Germ-free (GF) mice were orally treated with 109 CFU L. acidophilus, 150 mg of SlpA, or left untreated.
Fecal pellets from these mice were used to coat ELISA plates; BSA was used as a negative control. BM1 mAb
only bound to plates coated with feces derived from treated mice. All animal experiments were performed
under the guidelines of the Animal Welfare Act and the Public Health Policy on Humane Care, and with
approval by the Institutional Animal Care and Use Committee (IACUC protocol 201406559) at the University
of Florida. Data represent observations from 4 independent experiments (n D 4) and are shown as mean §
standard error of the mean. ** denotes statistical significance p< 0.01, ***p < 0.001.
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purified SlpA in murine colons, suggesting
SlpA dissolved in PBS resists the hostile
acidic milieu of the upper GI tract and
enzymatic degradation within the intesti-
nal lumen to reach the colon. To verify
this, we established an ELISA using the
mAb, BM1, that can detect SlpA
(Fig. 3D). To evaluate the sensitivity of
the BM1 to recognize SlpA, we coated
ELISA plates with serial dilutions of puri-
fied SlpA (1 mg/mL down to 16 ng/mL).
We observed a dose-dependent decrease
in SlpA detection; the smallest concentra-
tion of SlpA that could be detected was
32 ng/mL (Fig. 3E). The sensitivity of
the BM1 antibody may be able to be fur-
ther enhanced after its purification. Data
clearly showed that using this developed
ELISA, SlpA can be detected in the fecal
samples from mono-associated germ-free
C57B/6 mice (Fig. 3F), indicating, as
mentioned above, that SlpA can likely
resist the harsh conditions of the GI sys-
tem. These data may be useful for initiat-
ing Phase I clinical trials using
NaCl¡purified SlpA to demonstrate its
ability to potentially downregulate
induced colonic inflammation in human
patients.

Concluding Remarks

To gain further insights into the physi-
ological effects of SlpA, studies have been
performed to elucidate the feasibility of
Phase I clinical trials using this protein. It
appears that SlpA, using the newly
employed purification method, does not
elicit potential toxicity when administered
orally to animals, and that the structural
epitope(s) of this bacterial protein can still
be recognized by the mAb generated in
our laboratory, even after it is excreted in
the feces. The same antibody may poten-
tially be used for the detection of SlpA in
colonic tissues, to evaluate its processing
by immune cells. We are currently work-
ing on optimizing the isolation and the
labeling of this antibody for its use in tis-
sue staining. Nonetheless, further mecha-
nistic studies, such as those focusing on
the local and peripheral effects, and evalu-
ation of targeted and untargeted metabo-
lomics in treated animals, are required to
demonstrate the role of SlpA on host

physiology. These studies will also shed
light on the effects of SlpA on other intes-
tinal immune cells, including epithelial
cells, colonic B cells, which mount critical
humoral immune responses (e.g., IgA),
and innate lymphoid cells (ILCs) in steady
state and with colonic disease.
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