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INTRODUCTION 
 
Alzheimer’s disease (AD) is an age-related progressive 
neurodegenerative condition and the most common 
cause of dementia. AD is characterized by neuronal cell 

loss associated with memory and cognitive decline.  
It mainly affects the hippocampus, the entorhinal  
and the cerebral cortex. Extracellular aggregates of 
insoluble amyloid-β (Aβ) protein [1, 2], intracellular 
neurofibrillary tangles of the microtubule-associated 
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ABSTRACT 
 
Alzheimer’s disease (AD) is a progressive neurodegeneration characterized by neuron death ending in memory 
and cognitive decline. A major concern in AD research is the identification of new therapeutics that could 
prevent or delay the onset of the disorder, with current treatments being effective only in reducing symptoms. 
In this perspective, the use of engineered probiotics as therapeutic tools for the delivery of molecules to 
eukaryotic cells is finding application in several disorders. This work introduces a new strategy for AD treatment 
based on the use of a Lactobacillus lactis strain carrying one plasmid (pExu) that contains a eukaryotic 
expression cassette encoding the human p62 protein. 3xTg-AD mice orally administered with these bacteria for 
two months showed an increased expression of endogenous p62 in the brain, with a protein delivery 
mechanism involving both lymphatic vessels and neural terminations, and positive effects on the major AD 
hallmarks. Mice showed ameliorated memory, modulation of the ubiquitin-proteasome system and autophagy, 
reduced levels of amyloid peptides, and diminished neuronal oxidative and inflammatory processes. Globally, 
we demonstrate that these extremely safe, non-pathogenic and non-invasive bacteria used as delivery vehicles 
for the p62 protein represent an innovative and realistic therapeutic approach in AD. 
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protein tau [3], deficit in neurotransmitters and 
mitochondrial dysfunctions are characteristic markers of 
this pathology. Additionally, other harmful factors 
common to all neurodegenerative conditions act as 
major contributors to AD, among these, the decreased 
functionality of proteolytic systems, inflammatory 
processes with increased release of pro-inflammatory 
cytokines and oxidative damage to cellular 
macromolecules. Treatments currently approved by the 
US Food and Drug Administration include drugs that 
are selectively used against a specific target to delay the 
progression of symptoms associated with AD. Research 
efforts are now directed towards the discovery of new 
disease-modifying therapies, which can block the 
progression of the disease and affect multiple molecular 
pathways [4]. 
 
Oral bacteriotherapy with probiotics is considered a 
successful approach for the treatment of different 
pathologies [5–8]. Furthermore, oral drug delivery is 
certainly a preferred method due to patient acceptance 
and rare side effects. Recently, the use of genetically 
modified and plasmid-containing bacteria as delivery 
vehicles of therapeutic molecules such as antigens or 
cytokines to eukaryotic cells is gaining increasing 
attention. These innovative strategies are mainly based 
on the use of safe, food-grade bacteria like lactic  
acid bacteria [9–13]. In particular, Lactobacillus  
lactis is a well characterized model for plasmid 
delivery to epithelial cell membranes and is intensively 
studied because, besides its safety, is also considered 
as a transient, non-colonizing and non-invasive 
bacterium [14]. 
 
This study aims to explore the neuroprotective effects of 
the L. lactis MG1363 strain harboring the newly 
constructed pExu plasmid containing a eukaryotic 
expression cassette designed to express the human 
SQSTM1/p62 (sequestosome 1) (hereafter p62). p62 is 
a multifunctional protein of 440 amino acids, which 
contains several structural domains that give it 
scaffolding ability [15]. It behaves like a signaling hub 
for multiple pathways including protein turnover via the 
ubiquitin-proteasome system (UPS) and autophagy, cell 
proliferation and death, oxidative stress, inflammation 
and immune response [16]. Previous data described p62 
as a common component of protein inclusions that 
damage brain regions in various neurodegenerative 
conditions, among them neurofibrillary tangles in AD 
[17]. In addition, Du et al. demonstrated the occurrence 
of oxidative damage to the p62 promoter that correlated 
with decreased expression of p62 in the brain of 
transgenic AD mice [18, 19]. Recently, Caccamo et al. 
suggested that increasing p62 levels through a gene 
therapy strategy can facilitate amyloid-β removal by 
autophagy activation [20]. In this work, 3xTg-AD mice 

in the early stage of the pathology were orally 
administered with p62-engineered Lactobacilli for a 
two-month period and the effects on AD main 
neurological hallmarks were investigated. In addition, 
changes in p62 levels together with the protein 
distribution in mice tissues and the possible 
involvement of the gut-brain axis were dissected. The 
overall result of mice oral treatment was the up-
regulation of endogenous p62, associated with 
improved memory function, modulation of neuronal 
proteolysis, and decreased AD typical signs including 
Aβ pathology, inflammatory and oxidative processes.  
 
RESULTS 
 
Evaluation of treatment-related toxicity 
 
3xTg-AD mice received a daily oral administration of 
109 CFU live p62-engineered LAB or corresponding 
controls for a period of two months. The treatment did 
not cause mortality or toxicity signs in any of the 
animals. No diarrhea, changes in general appearance or 
other treatment-related sickness were recorded and there 
was no weight loss or reduction in food intake (data not 
shown). 
 
Effects of p62-LAB treatment on mice cognitive 
functions 
 
Prior to sacrifice, the novel object recognition (NOR) 
test was performed on the four groups of mice to 
evaluate the effects of the treatment on hippocampal 
functions and recognition memory. No significant 
difference was observed comparing control, LAB and 
p62-LAB groups with the T0 group whereas a 
statistically significant difference (p<0.05) was observed 
in p62-LAB treated mice with respect to both control 
and LAB group, as shown in Figure 1. In detail, AD 
mice treated with p62-LAB showed a better 
“discrimination index” than control and LAB treated 
animals of the same age. 
 
Functionality of the LAB:pExu vector and 
distribution of the p62 protein in mice tissues  
 
The functionality of the LAB-pExu system was evaluated 
upon the oral administration of L. lactis MG1363 
(pExu:egfp) to 3xTg-AD mice (see Supplementary 
Materials and Methods). Interestingly, the expression of 
the eGFP was detected in intestinal cells 6 h after the 
treatment and in brain cells from 48 h to 72 h after 
gavage (see Supplementary Materials and Methods and 
Supplementary Figure 1).  
 
The distribution of the p62 protein, both the endogenous 
(murine, m-p62) and the exogenous (human and 
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plasmid-associated, h-p62) form, was determined by 
immunohistochemistry (IHC) of intestinal, lymphoid 
and nervous tissues from control, LAB and p62-LAB 
groups (Figure 2). In order to discriminate between the 
two p62 isoforms, the analysis was conducted on 
sequential slices using an anti-rodent and an anti-human 
p62 monoclonal antibody. In untreated and LAB treated 
mice, the immunohistochemical analysis of duodenal 
mucosa evidenced endogenous p62 in few scattered 
mononuclear cells along villi (Figure 2, panels A1 and 
C1). Interestingly, p62-LAB treatment induced an 
evident increase of m-p62 in neuronal ganglia and in 
some mononuclear and interstitial cells of villi (Figure 
2, panel E1). A sporadic and weak expression of the 
exogenous p62 in interstitial cells of the villi was 
observed (Figure 2, panel F1). In the spleen, a modest 
positivity for endogenous p62 was measured in control 
and LAB treated mice (Figure 2, panel A2 and C2) 
whereas p62-LAB treatment induced a clear expression 
of the same protein in many mononuclear and 
megakaryocyte cells of the white pulp (Figure 2, panel 
E2). The analysis of consecutive spleen sections 
revealed a weak expression of the h-p62 (Figure 2, 
panel F2). Finally, in the hippocampal region of control 
and LAB brains, a poor expression of the endogenous 
form of p62 was observed (Figure 2, panels A3 and C3). 
Similar to intestine and spleen, brains of p62-LAB 
treated mice showed an evident up-regulation of 
endogenous p62 (Figure 2, panel E3) and a rare 
positivity for the human p62, with few weakly labeled 
neurons in the hippocampus, evident only at higher 
magnification of the neuronal region (Figure 2, panel 
F3). Concerning the brain of p62-LAB mice, neuronal 
cells showed a weak-to-strong cytoplasmic reactivity to 
p62 (the most significant signals are indicated by the 
arrows). No positivity was observed for h-p62 in tissue 
sections from control mice and LAB treated mice 

(Figure 2, panels B1, B2 and B3, D1, D2 and D3). An 
increased expression of the endogenous p62 protein 
upon p62-LAB treatment was also detected in 
mesenteric lymph nodes (Supplementary Figure 2). 
These in-situ morphological data on murine p62 up-
regulation was then confirmed by western blot analysis 
performed on total brain homogenates (Figure 3, panel 
A). No signal was detected for the human p62 protein 
(Figure 3, panel B), likely due to the small percentage 
of neuronal cells expressing this protein.  
 
Reduction of brain amyloid load after oral 
administration of p62-LAB 
 
Increased production and release of amyloid peptides 
are major hallmarks of AD and responsible for neuronal 
degeneration. Herein, the effect of p62-LAB treatment 
on the amyloid load in the brain, spleen and intestine of 
3xTg-AD mice was evaluated through IHC and ELISA. 
Furthermore, in order to establish a correlation between 
p62 expression and Aβ(1–42) peptide levels, a double 
staining analysis (purple and brown staining, 
respectively) was performed in the abovementioned 
tissues (Figure 2). In detail, aggregates of Aβ(1-42), 
shown in the sections as brown deposits, were observed 
in the duodenal mucosa of control and LAB treated 
animals (Figure 2, panels A1 and C1) and were 
significantly reduced in p62-LAB treated mice (Figure 
2, panel E1). Similarly, the strong labeling of the 
amyloid peptide in the spleen of control and LAB mice 
(Figure 2, panels A2 and C2) resulted decreased upon 
treatment (Figure 2, panel E2). As for the brain, p62-
LAB exposure (Figure 2, panel E3) markedly reduced 
the clear Aβ(1–42) deposition observed in untreated 
mice (Figure 2, panel A3). A less evident but significant 
decrease of this amyloid peptide was also detected upon 
LAB exposure (Figure 2, panel C3). Interestingly, the 

 

 
 

Figure 1. Novel Object Recognition (NOR) test. The effect of p62-LAB treatment on mice memory performance was assessed by the 
NOR test. The discrimination scores obtained for the four groups of mice are reported. The asterisk indicates statistical significance (p<0.05). 
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Figure 2. IHC analysis of intestine, spleen and brain from control, LAB and p62-LAB treated mice. Tissue sections from duodenal 
mucosa, spleen and brain, specifically the hippocampal region, were stained with an anti-rodent p62 antibody (purple), an anti-human p62 
antibody (purple) and an anti-Aβ(1-42) antibody (brown). Panels A1-B1, C1-D1, and E1-F1 show consecutive intestinal sections, panels A2-B2, 
C2-D2, and E2-F2 show consecutive spleen sections and panels A3-B3, C3-D3, and E3-F3 show consecutive brain sections. 
Immunohistochemical double-staining for m-p62 (arrows) and Aβ(1-42) (arrowheads) is shown (IHC, intestine and spleen 20×, scale bar = 100 
µm; brain 40×, scale bar = 200 µm, *p<0.05, **p<0.01 vs C and LAB, #p<0.05 vs LAB). 
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double staining analysis clearly indicated a correlation 
between the increased levels of endogenous p62 and the 
reduction in Aβ(1–42) peptide. These data on the 
diminished levels of the amyloid peptide were also 
confirmed by additional IHC analysis performed on 
brain sections stained with the 6E10 antibody that 
reported a reduction of amyloid amounts upon p62-
LAB treatment (Supplementary Figure 3). Both Aβ(1–
42) and Aβ(1–40) peptides were quantified in brain 
homogenates by ELISA and lower levels were observed 
upon treatment with p62-engineered Lactobacilli 
compared to C and LAB groups (Figure 4, panels A and 
B, respectively). In detail, the most evident effect was 
detected on the Aβ(1–42) peptide (42% decrease 
compared to controls) whose concentration was also 
partially reduced by the treatment with LAB (30% 
decrease compared to controls). As expected, 16-weeks-
old untreated mice showed higher brain amounts of both 
peptides compared to T0 group: 1.57- and 1.52-fold 
increase for Aβ(1–42) and Aβ(1–40), respectively.  

Effects of p62-LAB treatment on neuronal proteolysis 
 
Concerning cellular proteolysis, the p62 protein drives 
substrates to the UPS or autophagy for degradation [16, 
21]. We explored whether the administration of p62-
engineered LAB could modulate brain proteolysis, with 
a special emphasis on these two major proteolytic 
systems. As expected, an age-dependent decrease in 
proteasome activity was detected in brain homogenates 
of the control group when compared to T0 animals 
(Figure 5, panel A). Compared to control mice, only the 
T-L activity was significantly decreased in the LAB 
treated group, whereas an evident subunit-dependent 
inhibition of the complex was observed in p62-LAB 
treated mice, with the T-L and BrAAP activities as the 
most influenced by the treatment (70% and 50% 
inhibition, respectively). Only the PGPH subunit was 
not affected by the treatment (Figure 5, panel A). The 
inhibition of this enzymatic system in the brain of p62-
LAB treated animals was also confirmed by the 

 

 
 

Figure 3. Immunodetection of the p62 protein in brain homogenates of T0, control and treated 3xTg-AD mice. Panel A shows 
detection of the m-p62 using a monoclonal anti-murine p62 antibody. GAPDH was used as a control to check equal protein loading. 
Densitometry is shown on the right (*p<0.05 and ***p<0.001 vs T0, ###p<0.001 vs C, §§§p<0.001 vs LAB). Panel B shows detection of the h-p62 
protein in brain homogenates of T0, control (C) and treated 3xTg-AD mice using a monoclonal anti-human p62 antibody. 3 µg of a 
recombinant human p62 protein were loaded as control. GAPDH was used as a control to check equal protein loading. 
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accumulation of the proteasomal substrates p27, p53 
and ubiquitinated proteins (Figure 5, panel B). 
 
To evaluate the effects on autophagy, we 
immunodetected the levels of the autophagy-related 
proteins beclin-1, involved in the recruitment of 
membranes to form autophagosomes, and LC3 II, the 
lipidated form of LC3, localized in autophagosomal 
membranes. The expression of both proteins was 
significantly up-regulated by p62-LAB treatment and an 
increased conversion of LC3-I into LC3-II was detected 
(Figure 6, panel A). Then, to estimate lysosomal 
function, we measured the activity of two major 
lysosomal hydrolases, cathepsin B and cathepsin L 
(Figure 6, panel B) [22]. Cathepsin B (Cat B) was 
previously associated with amyloid plaques and related 
 

 
 
Figure 4. Amyloid peptides load in the brain of 3xTg-AD 
mice. Levels of Aβ(1-42) (panel A) and Aβ(1-40) (panel B) 
peptides measured by ELISA on brain homogenates of 3xTg-AD 
mice, T0, C, LAB and p62-LAB groups. Concentrations are 
expressed as pg/mL (**p<0.01 and ***p<0.001 vs T0, #p<0.05 
and ##p<0.01 vs C, §p<0.05 vs LAB).  

memory loss and its inhibition was suggested to reduce 
Aβ levels [23, 24]. Interestingly, a 25% inhibition of 
Cat B activity was observed in p62-LAB treated mice 
compared to 16-weeks-old untreated mice (group C). 
Conversely, cathepsin L (Cat L), whose activity was 
reduced in control and LAB-treated animals compared 
to T0 group (29% and 26% inhibition, respectively), 
was significantly restored by p62-LAB exposure (21% 
activation respect to C) (Figure 6, panel B). This finding 
is of extreme importance considering Cat L role in the 
production of numerous peptide neurotransmitters and 
its α-secretase activity that is known to suppress 
amyloid peptides levels [25].  
 
Effects of p62-LAB treatment on macromolecules 
oxidation  
 
Extensive oxidative damage to cellular macromolecules 
characterizes the AD brain and p62 protein plays a 
protective role in oxidative conditions [26, 27]. 
Homogenized brain tissues from T0, control, LAB and 
p62-LAB treated mice were analyzed for the detection 
of oxidative markers. Protein oxidation was evaluated 
measuring carbonyls and 3-nitrotyrosine (3-NT) levels 
and results are reported in figure 7, panel A. The 
treatment with the p62-transformed bacteria was 
successful in reducing the amount of both oxidation 
products with a 1.78- and a 1.37-fold decrease of 3-NT 
and carbonyls compared to control, respectively. 
Similar results were obtained for 4-hydroxy-2-nonenal 
(4-HNE), a product of lipid peroxidation, whose levels 
where strongly reduced upon mice treatment with 
engineered LAB (-65% compared to control, Figure 7, 
panel B). DNA oxidation was determined detecting 8-
oxo-7,8-dihydro-2′-deoxyguanosine (8-oxodG), the 
most prevalent form among oxidative base 
modifications, and the expression of 8-oxoguanine 
DNA glycosylase-1 (OGG1) responsible for the 
removal of oxidized guanine base lesions generated by 
free radicals [28]. Interestingly, lower levels of 8-
oxodG were detected in p62-LAB treated mice (1.6-fold 
reduction compared to control animals) that also showed 
a parallel increased expression of the DNA repair enzyme 
(2.4-fold increase) (Figure 7, panel C).  
 
Effects of p62-LAB treatment on inflammation 
 
A panel of pro- and anti-inflammatory cytokines was 
monitored performing immunoassays to evaluate the 
modulatory effect of the treatment on brain 
inflammation (Figure 8). Our data definitely 
demonstrated that transformed LAB were able to 
significantly reduce the inflammatory status in AD 
mouse brain by stimulating the expression of anti-
inflammatory molecules (Figure 8, panel A) and the 
simultaneous decrease of pro-inflammatory cytokines 
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Figure 5. Proteasome functionality in brain homogenates of 3xTg-AD mice. The ChT-L, T-L, PGPH and BrAAP components of the 20S 
proteasome and the ChT-L activity of the 26S proteasome were measured using fluorogenic peptides as reported in the Material and Method 
section (panel A) (*p<0.05, **p<0.01 and ***p<0.001 vs T0, # p<0.05, ## p<0.01 and ###p<0.001 vs C, §p<0.05, §§p<0.01 and §§§p<0.001 vs LAB). 
Immunodetection of the proteasome substrates p27, p53 and Ub-protein conjugates in brain homogenates of 3xTg-AD mice, T0, C, LAB and 
p62-LAB groups (panel B) and related densitometry (panel C). GAPDH was used as a control to check equal protein loading (*p<0.05, **p<0.01 
and ***p<0.001 vs T0, #p<0.05, ## p<0.01 and ###p<0.001 vs C, §p<0.05 and §§p<0.01 vs LAB). 
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(Figure 8, panel B). In detail, the most consistent up-
regulation for the anti-inflammatory cytokines was 
measured for IL-10 (3-fold increase compared to 
control). Conversely, all the pro-inflammatory 
molecules, that were heavily up-regulated with age (T0 

vs C), resulted significantly reduced upon p62-LAB 
treatment (2.35-, 2.95-, 3.25- and 2.0-fold decrease for 
INF-γ, IL-1β, TNF-α and IL-2, respectively, compared 
to control). A weaker but still significant effect was also 
observed in mice administered with LAB. 

 

 
 

Figure 6. Autophagic markers in the brain of 3xTg-AD mice. Beclin-1 and LC3 II expression in brain homogenates of 3xTg-AD mice 
(panel A). GAPDH was used as a control to check equal protein loading (*p<0.05, **p<0.01 and ***p<0.001 vs T0, ###p<0.001 vs C, §§p<0.01 and 
§§§p<0.001 vs LAB). Cathepsin L and B activity measured in brain homogenates of 3xTg-AD mice, T0, C, LAB and p62-LAB groups (panel B) 
(**p<0.01 and ***p<0.001 vs T0, ##p<0.01 and ###p<0.001 vs C, §§p<0.01 vs LAB). 
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Effects of p62-LAB treatment on components of the 
gut-brain axis 
 
Considering the ability of probiotics to exert 
neuroprotective effects through the modulation of 
components of the gut-brain axis [5], we measured the 
plasma concentration of gut peptide hormones and the 
microbiota composition in the four experimental 
groups. An age-dependent decrease of glucose-
dependent insulinotropic polypeptide (GIP), glucagon 
like peptide-1 (GLP-1) and ghrelin concentration was 

detected in untreated AD mice (C) but no statistically 
significant changes were observed upon LAB or p62-
LAB treatment (Supplementary Figure 4). 
 
Microbiota composition was screened to check for 
changes in richness, the number of species present in a 
sample, and evenness, the related differences in 
abundance of species. Interestingly, the analysis of 
bacterial communities showed no significant difference 
in alpha diversity indices (Observed species, Chao1, 
and Shannon index), revealing no change in species 

 

 
 

Figure 7. Treatment effects on proteins, lipids and DNA oxidation. Determination of carbonyls and 3-NT (panel A), 4-HNE (panel B), 
8-oxodG and OGG1 (panel C) in brain homogenates of 3xTg-AD mice (T0, C, LAB and p62-LAB groups). GAPDH was used as a control to check 
equal protein loading (*p<0.05, **p<0.01 and ***p<0.001 vs T0, ##p<0.01 and ###p<0.001 vs C, §p<0,05, §§p<0.01 and §§§p<0.001 vs LAB). 
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richness and evenness (data not shown). Principal 
coordinate analysis (PCoA) based on unweighted 
Unifrac distance metric was used to assess beta-
diversity, a parameter that compares bacterial 
communities among samples. The results obtained did 
not reveal significant clustering between groups 
(ANOSIMUnweighted: R = 0.003, p = 0.475, data not 
shown). Linear discriminate analysis effects size 
(LEfSe) detected few differentially abundant bacterial 
taxa on the phylogenetic levels (Figure 9). At the 
species level, the most evident change induced by the 
p62-LAB treatment was the increased abundance of 
unclassified species belonging to Rikenellaceae family 
(LDA score >4.0), whereas an increase in unclassified 

species belonging to Peptococcaceae family was 
associated to LAB administration (LDA score >2.9) 
(Figure 9, panel A). Univariate statistics revealed no 
significant differences between groups at phylum and 
class levels and only few differences at the other 
taxonomic levels including a decrease in Flexispira and 
in Erysipelotrichaceae in the p62-LAB group (C vs 
p62-LAB, p<0.0093 and p<0.0409, respectively) and an 
increase in f_Ruminococcaceae in both LAB and p62-
LAB group (C vs LAB 0.0455, C vs p62-LAB 0.0252). 
PICRUSt analysis to determine the predicted metabolic 
functions of the microbial communities detected 
changes in five pathways, with a LDA score between 
2.0 and 2.4, in the gut microbiome of p62-LAB group 

 

 
 

Figure 8. Treatment effects on brain anti- and pro-inflammatory cytokines. Detection of anti-inflammatory (panel A) and pro-
inflammatory (panel B) cytokines by Western blot analysis in brain homogenates of 3xTg-AD mice (T0, C, LAB and p62-LAB groups). GAPDH 
was used as a control to check equal protein loading (*p<0.05 and ***p<0.001 vs T0, # p<0.05, ## p<0.01 and ###p<0.001 vs C, §§p<0.01 and 
§§§p<0.001 vs LAB). 
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(Figure 9, panel B). In addition, ten metabolic pathways 
differed with a p<0.05 between C and p62-LAB groups 
(Supplementary Table 1). 
 
DISCUSSION 
 
AD is an age-associated disease characterized by 
numerous pathological hallmarks that slowly destroy 
memory and learning ability. Irrespective of 
considerable efforts made to develop new effective 
therapeutic agents, the drugs that are currently approved 
for the treatment of this disorder only provide 
symptomatic relief but cannot prevent the onset or block 
the progression of the pathology. Considering the 
multifactorial nature of AD, the design of novel drugs 
with a broad spectrum of activity could be a successful 
strategy for preventing its development. Recently, the 
use of recombinant bacteria, mainly Lactobacilli, has 
received great interest for their ability to act as delivery 
vectors of therapeutic molecules to mucosal surfaces 
[29]. These recombinant cells were tested in mouse 
models of colitis to reduce inflammation and reestablish 
intestinal homeostasis and of type 1 diabetes to restore 
antigen-specific tolerance [29]. 

In the view of these promising results, this work 
investigated the neuroprotective effects of a 
Lactobacillus lactis strain engineered with the pExu 
plasmid encoding the human p62 protein (pExu:p62 
vector). This protein is widely recognized for its 
multiple roles in the cell and also emerged as a key 
factor in AD [30]. In addition, previous data 
demonstrated that the administration of a p62-encoding 
plasmid exerted a powerful anti-osteoporotic, anti-
inflammatory, and retinoprotective activity in animal 
models [31, 32]. 
 
Herein, we observed a marked increase in endogenous 
p62 levels in different tissues of p62-LAB treated mice. 
Interestingly, a weak staining of the human p62 protein 
was also detected, confirming previous findings on the 
ability of these bacteria to behave like vectors for local 
delivery of molecules to the gastrointestinal tract  
[10, 33]. The analysis of the distribution of the p62 
protein in p62-LAB treated animals performed by 
immunohistochemistry indicates the classical way of 
delivery of the protein from the gut mucosa to the brain, 
by lymphatic vessels and some neural terminations.  
In fact, a progressive decreased expression of the 

 

 
 

Figure 9. Linear discriminant analysis effect size (LefSe) of bacterial taxa and KEEG pathways. LefSe of bacterial taxa and their 
association with C, LAB and p62-LAB groups. Only LefSe values >2 are shown (panel A). LEfSe of the differentially abundant KEGG pathways in 
T0, C and p62-LAB groups. Only LefSe values >2 are shown (panel B). 
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exogenous human-p62 peptide together with an increase 
of the endogenous mouse p62 protein were observed in 
the mesenteric lymph-nodes, in the spleen and in the 
brain. This dissemination route was also described in 
other disorders in which the infectious agents, such as 
viruses or bacteria, can gain access to the brain by  
using peripheral nerves (neural neuroinvasion) or the 
lymphatic/hematic way [34]. In our case, as shown by 
the results of IHC, the p62 protein follows both 
lymphatic and axonal pathways to finally reach the 
central nervous system (CNS). Comparatively, results 
from experimental sheep oral infections with the prion 
disease agent PrPsc showed that it reaches the brain 
through the early involvement of the enteric and 
abdominal ganglia. Data on the diffusion of the scrapie 
infectious agent described a three steps-based 
accumulation process upon oral ingestion of the prion 
protein: a first phase, with the accumulation in gut-
associated lymphoid tissue (GALT), a second step 
involving the lymphatic dissemination of the protein to 
non-GALT lymphatic tissues and a final neuro-invasion 
phase until the CNS [35–37].  
 
Considering the numerous evidences associating 
decreased levels of p62 with AD pathology, it is 
reasonable to hypothesize that a reestablishment of its 
concentration could counteract AD signs [20, 30]. This 
assumption was confirmed by the NOR test that 
demonstrated a significant improvement in the 
recognition memory of treated mice. These encouraging 
outcomes positively correlated with lower brain 
deposition of APP and Aβ(1–40) and Aβ(1–42) 
peptides, the major agents responsible for plaques 
formation. Exploring neuronal proteolysis, p62-LAB 
treated animals showed proteasome inhibition and the 
simultaneous activation of autophagy, with increased 
LC3 and beclin-1 levels and selective modulation of 
cathepsin B and L activity. It is widely known that the 
two proteolytic pathways are closely related to each 
other and p62 is an important modulator of their cross-
talk, and its presence contributes to the maintenance of 
protein homeostasis [5, 16, 38–41]. Previous evidences 
described compensatory mechanisms between the two 
systems, with proteasome inhibition favoring autophagy 
stimulation [38, 40]. Increased autophagy and 
overexpression of beclin-1 and LC3 were previously 
demonstrated to exert neuroprotective effects favoring 
amyloid-beta protein clearance in AD mouse models 
[20, 42–46]. Autophagy is a highly dynamic multi-step 
process that can be modulated at different steps [47]. 
Thus, the expression of autophagy associated proteins is 
not always easy to interpret and several parameters must 
be considered. Our findings show that increasing p62 
concentration upregulates autophagy-related proteins 
LC3II and beclin-1 and modulates cathepsins activity to 
finally promote autophagic removal of amyloid 

peptides. In particular, our results are in line with the 
findings of Caccamo et al., reporting that increasing 
brain expression of p62 favors the autophagy-mediated 
Aβ degradation [20]. However, differently from their 
gene therapy approach with direct injection of DNA 
into ventricles of newborn pups, we propose a non-toxic 
and non-invasive oral therapy.  
 
Oxidative damage and inflammation are important 
components of AD brain pathology. Specifically, 
oxidation is observed in membranes, proteins and 
nucleic acids and associates with their loss of function 
whereas inflammatory alterations are accompanied by 
increased levels of pro-inflammatory cytokines [48–
50]. Here, we demonstrated that p62-LAB oral 
administration induces a clear reduction of oxidative 
and inflammatory markers, which is consistent with 
the previously identified anti-inflammatory and anti-
oxidant properties of p62 [51–54]. In addition, since 
Aβ is a direct source of oxidative stress and that its 
deposition is linked to microglia activation and 
sustained pro-inflammatory signaling, reduction of its 
levels further contributes to counteract the two 
detrimental processes [48, 50, 55, 56]. A less evident 
but significant effect was observed upon treatment 
with control lactic acid bacteria that emerged as 
particularly successful in reducing inflammatory 
markers, thus confirming the health benefits associated 
to probiotic consumption [5, 57–59]. However, their 
use as delivery vectors for the p62-pExu plasmid 
undoubtedly strengthens such effects and provides 
additional support to the therapeutic action of the 
proposed strategy in AD.  
 
The analysis of microbiota composition revealed no 
side effects on gut microbiota nor major changes in 
composition in treated mice, with only a few taxa  
being shifted. Interestingly, in accordance with its  
anti-inflammatory properties, p62-LAB treatment 
decreased the relative abundance of the family 
Erysipelotrichaceae, previously demonstrated to be 
increased with age in AD mice and with a positive 
correlation with a pro-inflammatory gut micro-
environment. In addition, an increase in the family 
Ruminococcacea, one of the major butyrate producing 
families and, remarkably, inversely correlated with 
intestinal permeability in AD, was observed [60–63]. 
The upregulated KEGG pathways were mainly related 
to the degradation of aromatic compounds that can be 
used as a source of carbon and energy, upon their 
conversion to substrates of the tricarboxylic acid cycle. 
Moreover, the absence of changes in gut hormones and 
the minor modifications in microbiota composition and 
related metabolic pathways suggest that the observed 
effects do not depend upon the modulation of gut-brain 
axis components. 
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Conclusively, our data demonstrate the therapeutic 
potential of p62-engineered Lactobacilli in an AD 
mouse model and propose a novel multi-target approach 
for AD treatment that takes advantage of the 
multifunctional activity of the p62 protein and of the 
beneficial properties and safety of these food grade 
bacteria. Nevertheless, additional pre-clinical studies 
are required to evaluate the long-term effects of the 
treatment and the persistence of the obtained results 
after the treatment is discontinued. Furthermore, once 
addressed the safety concerns on the use of engineered 
strains by humans and validated the strategies to 
optimize biocontainment and the translational potential 
of these modified microbes [64], clinical trials will be 
important steps to confirm the effective benefit of this 
approach for human AD patients. In fact, despite 3xTg-
AD mice are a widely accepted model for human AD 
and despite mouse and human share numerous 
similarities in physiology and anatomical structures, we 
should take into account that minor differences in the 
gastrointestinal tract (including microbiota 
composition), due to genetic background and 
environmental factors, could influence the final 
outcome of the study. 
 
MATERIALS AND METHODS 
 
Engineered bacterial cells growth and lyophilization 
 
The Lactobacillus lactis subsp. cremoris MG1363 
strain, both control (LAB) and p62-pExu transformed 
cells (p62-LAB), were obtained from the laboratory of 
Prof. Azevedo at the Federal University of Minas 
Gerias (Belo Horizonte, Brazil) [33]. These cells were 
maintained as stock cultures in glycerol at -80°C until 
use. Transformation of L. lactis, pExu plasmid 
construction and in vitro and in vivo functionality 
evaluation were described by Mancha-Agresti et al. 
[33]. The p62 ORF fragment was inserted into pExu 
MCS using the restriction enzymes, resulting in 
pExu:p62. The pExu:p62 plasmid was then established 
by transformation in L. lactis MG1363 strain [33]. Two 
populations of L. lactis subsp. cremoris MG1363 were 
grown: LAB added with the pExu:empty plasmid 
(indicated as LAB), LAB added with the pExu vector 
encoding for human p62 (pExu:p62, indicated as p62-
LAB).  
 
L. lactis subsp. cremoris MG1363 was grown in M17 
medium (Sigma-Aldrich) containing 0.5% glucose 
(Sigma-Aldrich) and 125 µg/mL erythromycin (Sigma-
Aldrich) at 30 °C without agitation. For bacteria 
lyophilization, culture medium containing 5×108 

CFU/mL (corresponding to 1 O.D.) was centrifuged and 
the supernatant discarded. Pellet was suspended in 
pasteurized skimmed milk and aliquoted in 2 mL tubes 

each containing the daily dose of bacteria for 8  
mice (8×109 cells). Tubes were frozen and then  
dried for 24 h. Cell viability and number were checked 
upon lyophilization. Lyophilized bacteria were stored  
at 4° C. 
 
Animals and treatment  
 
Triple transgenic mice 3xTg-AD were purchased from 
Jackson Laboratory (Bar Harbor, Maine, USA). This is 
a widely used animal model for AD due to its three 
distinguished mutations corresponding to familial AD 
(APP Swedish, tau P301L, and PSEN1 M146V). 
Translation of the overexpressed transgenes are 
confined to the central nervous system, including the 
hippocampus and cerebral cortex. Aβ deposition is 
continuous, with first signs surfacing within 3 to 4 
months of age in the frontal cortex and becoming 
more extensive by 12 months [65, 66]. 8-weeks-old 
male mice were divided into four groups as follows: 
untreated 8-weeks-old mice (T0, n=8); mice treated 
with lyophilized milk (C, n=8), mice treated with 
control lyophilized LAB (pExu:empty, n=8) and mice 
treated with lyophilized p62-LAB (LAB(pExu:p62), 
n=8). Bacteria were dissolved daily in mice drinking 
water and given to the animals. Mice received 109 
bacteria every day. After a two-month treatment, mice 
were sacrificed. According to the guidelines of the 
European Communities Council (86/609/ECC) for the 
care and use of laboratory animals, mice were 
maintained in a temperature-controlled room (21±5 °C) 
under an inverted 12 h light/dark cycle (lights on at 
8:00 pm) and provided with rodent standard food 
(Mucedula, Italy) and water ad libitum. All appropriate 
measures were taken to minimize pain and discomfort 
in these experimental animals. General observations 
regarding possible changes in skin and fur, mucous 
membranes, diarrhea, sleep, movements and posture 
were performed. Additionally, local injuries and 
mortality (if any) were recorded throughout the 
experimental period. The body weight was measured at 
the beginning of the treatment and then once a week to 
ensure adequate food intake.  
 
Novel object recognition 
 
Behavioral tests were performed during the animals’ 
dark phase starting from 8:00 to 15:00. Animals were 
handled for 3 days before testing in order to accustom 
them to the experimenter. The investigators were 
blinded to the groups’ allocation during the tests. The 
novel-object recognition test (NOR, based on the 
spontaneous tendency of rodents to spend more time 
exploring a novel object than a familiar one) was used 
to evaluate recognition memory. The first step is the 
habituation, during which the animal is allowed to 
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explore the empty arena for 5 min and then returns to 
the home cage. Following a training period dedicated to 
the exploration of two identical objects, the animal is 
removed from the arena for a delay period of 3 h, and it 
is then placed back within the arena, where one of the 
two identical objects is replaced by a new, dissimilar 
novel object (test phase). The time the rodent spends 
exploring each object in 10 min provides a 
measurement of the extent of memory integrity and 
attention. Results were expressed as discrimination 
scores (the ratio between the time spent with novel 
object and total time spent with both objects). A lower 
score indicates memory impairment in this task. 
Objects were different in shape, color and texture and 
maintained throughout the study to obtain reproducible 
data. Preliminary experiments were done to select 
novel and familiar object pairs, so that each object in 
the pairs elicited the same amount of spontaneous 
investigation. 
 
Mice sacrifice and tissues preparation 
 
After the treatment, mice were sacrificed, and feces 
frozen for microbiota determinations. Blood and organs 
were collected, brains weighed, dissected and 
photographed, and immediately frozen or fixed in 10% 
buffered formalin for morphological analyses and 
immunohistochemistry. A portion of the brains was 
homogenized (1:5 weight/volume of buffer) in 50 mM 
Tris buffer, 150 mM KCl, 2 mM EDTA, pH 7.5. 
Homogenates were immediately centrifuged at 13000×g 
for 20 min at 4 °C and supernatants collected for 
enzymatic assays and western blotting. An aliquot of 
the supernatants was supplemented with protease 
inhibitors (Pefabloc and TPCK) for ELISA 
determinations. The Bradford method was used to 
measure the protein concentration in homogenates, 
using bovine serum albumin (BSA) as a standard [67]. 
 
ELISA assay for Aβ levels 
 
Brain homogenates (supernatant fraction) supplemented 
with protease inhibitors (Pefabloc and TPCK), were 
used to measure Aβ(1–40) and Aβ(1–42) levels using 
enzyme-linked immunosorbent assay NOVEX® ELISA 
kits (Thermo Fisher Scientific Inc., Waltham, MA 
USA). Based on preliminary tests, samples were diluted 
at 1:5 with diluent buffer provided with the kit. Plates 
were read at 450 nm on a visible plate reader (Biotrak, 
Amersham). Assays were performed according to the 
manufacturer’s directions. 
 
Immunohistochemistry 
 
For immunohistochemistry, brains, intestines, 
mesenteric lymph-nodes, and spleens were collected, 

formalin fixed, paraffin embedded and 3 µm sections 
were prepared. Murine and human p62 expression 
levels were measured using two distinct anti-
p62/SQSTM1 antibodies from Cell Signaling 
Technology (Leiden, The Netherlands, dilution 1:100), 
the anti-rodent p62/SQSTM1 antibody, produced in 
rabbit against synthetic peptides corresponding to 
residues surrounding Gly-300 of mouse p62 protein, 
and the anti-human p62/SQSTM1 protein antibody, 
produced against synthetic peptides corresponding to 
residues surrounding Pro-220 of human p62 protein. 
Aβ(1-42) deposition was evidenced and scored using 
the anti-Aβ(1-42) antibody from Merck Millipore 
(Merck KGaA, Darmstadt, Germany). The anti-Aβ 
(6E10) antibody was purchased from BioLegend 
(BioLegend Way San Diego, CA, USA). For double-
labeling immunohistochemistry, slides were first 
incubated with the anti-Aβ(1-42) antibody and with the 
anti-murine p62/SQSTM1 antibody and then with the 
biotin-labeled goat anti-rabbit secondary antibody 
(1:200, Jackson ImmunoResearch, West Grove, PA). 
The binding of the antibody was detected with the Elite 
kit (Vector Laboratories) and the immunoreaction was 
developed using two different chromogens: violet (VIP, 
Vector, Burlingame UK) for mouse and human p62 
protein stain and brown (DAB, Vector) for anti-Aβ(1-
42) antibody. Tissues were counterstained with Mayer’s 
hematoxylin. For negative immunohistochemical 
controls, the primary antibodies were omitted. Lower-
power digitized images were acquired with a BX-60 
microscope (Olympus, Melville, NY) equipped with a 
DEI-470 digital camera (Optronics, Goleta, CA). The 
immunoreactivity in the tested areas was quantified at 
the indicated magnification and analyzed using 
ImageJ/Fiji 1.52p software (NIH, USA) [68] defining a 
region of interest (ROI) for the colors to be measured. 
The absence of primary antibody did not result in 
immunoreactivity. The pathologist was blinded to the 
group allocation. 
 
Western blot analysis 
 
Brain homogenates (20 μg of proteins) were loaded on 
12% SDS-PAGE and electroblotted onto polyvinylidene 
fluoride (PVDF) membranes. Membranes were 
activated with methanol and blocked with 5% BSA in 
freshly prepared TTBS (Tween 20 plus Tris-HCl and 
NaCl, pH 7.5). Antibodies were diluted in 2% BSA in 
TTBS. Proteins were detected with the enhanced 
chemiluminescence (ECL) system (Amersham 
Pharmacia Biotech, Milano, Italy). The anti-rodent 
p62/SQSTM1 antibody and the anti-human 
p62/SQSTM1 protein antibody were purchased from 
Cell Signaling Technology (Leiden, The Netherlands). 
The anti-Aβ(1-42) antibody was from Merck Millipore 
(Merck KGaA, Darmstadt, Germany). Recombinant 
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human p62/SQSTM1 protein was obtained from Abcam 
plc (Cambridge, UK). The anti-LC3 antibody was from 
Thermo Fisher Scientific (MA, USA). The intracellular 
levels of beclin-1, p27, p53, ubiquitin-conjugates, 3-
nitrotyrosine (3-NT), 4-hydroxy-2-nonenal (4-HNE), 8-
oxo-7,8-dihydro-2′-deoxyguanosine (8-oxodG) and 8-
oxoguanine DNA glycosylase-1 (OGG1) were 
determined using primary antibodies from Santa Cruz 
Biotechnology, in accordance to  
their related protocol/information sheet. Primary 
antibodies used to detect pro- and anti-inflammatory 
cytokines were from Abcam plc (Cambridge, UK). 
Membranes for western blotting analyses were 
purchased from Millipore (Milano, Italy). Molecular 
weight markers (6.5 to 205 kDa) were included in each 
gel. Glyceraldehydes-3-phosphate dehydrogenase 
(GAPDH) was used as a control to check equal protein 
loading [69]. Membranes were stripped using a 
stripping buffer containing 200 mM glycine, 0.1% SDS 
and 1% Tween 20. Immunoblot images were quantified 
using ImageJ 1.52p software (NIH, USA). 
 
Oxyblot analysis 
 
Carbonyl groups in proteins were measured with the 
Oxyblot kit (Appligene-Oncor, Strasbourg, France). 
Briefly, brain homogenates (15 μg of total proteins) 
were incubated at room temperature with 2,4-
dinitrophenylhydrazine (DNPH) in order to form 2,4-
dinitrophenylhydrazone (DNP-hydrazone), according to 
the manufacturer data sheet. Then, the obtained 
products were separated by SDS-PAGE and 
electroblotted onto PVDF membranes. The detection 
step and data analysis were performed as described in 
the Western Blot Analysis section [70]. 
 
Proteasome activity assays 
 
Proteasome peptidase activities in brain homogenates 
(supernatant fraction) were determined using the 
synthetic fluorogenic peptides Suc-Leu-Leu-Val-Tyr-
AMC for ChT-L activity, Z-Leu-Ser-Thr-Arg-AMC for 
T-L activity, Z-Leu-Leu-Glu-AMC for PGPH activity, 
and Z-Gly-Pro-Ala-Phe-Gly-pAB for BrAAP activity 
[71]. The mixture contained the brain homogenate 
(15 μg total proteins), the appropriate substrate (5 μM 
final concentration) and 50 mM Tris–HCl pH 8.0, up to 
a final volume of 100 μL, and was incubated at 37 °C 
for 60 min. The 26S proteasome ChT-L activity was 
tested including 10 mM MgCl2, 1 mM dithiothreitol, 
and 2 mM ATP in the reaction mix. The fluorescence of 
the hydrolyzed 7-amino-4-methyl-coumarin (AMC) and 
4-aminobenzoic acid (pAB) (AMC, λexc = 365 nm, 
λem = 449 nm; pAB, λexc = 304 nm, λem = 664 nm) was 
detected on a SpectraMax Gemini XPS microplate 
reader. 

Cathepsin B and L activities 
 
Cathepsin B and L proteolytic activities were measured 
using the fluorogenic peptides Z-Arg-Arg-AMC and Z-
Phe-Arg-AFC, respectively, at a final concentration of 
5 μM [40]. The mixture for cathepsin B, containing 7 μg 
of brain homogenate, was pre-incubated in 100 mM 
phosphate buffer pH 6.0, 1 mM EDTA and 2 mM 
dithiothreitol for 5 min at 30 °C. Upon the addition of 
the substrate, the mixture was incubated for 15 min at 
30 °C. The mixture for cathepsin L, containing 7 μg of 
proteins, was incubated in 100 mM sodium acetate 
buffer pH 5.5, 1 mM EDTA and 2 mM dithiothreitol for 
5 min at 30 °C and, upon the addition of the substrate, 
the mixture was incubated for 15 min at 30 °C. The 
fluorescent signal released by the hydrolyzed 7-amino-
4-methyl-coumarin (AMC, λexc = 365 nm, λem = 449 nm) 
and 7-amino-4-trifluoromethylcoumarin (AFC, 
λexc = 397 nm, λem = 500 nm) was detected on a 
SpectraMax Gemini XPS microplate reader. 
 
ELISA assay for ghrelin, leptin and GIP, GLP-1  
 
Plasma hormone concentrations were measured through 
ELISA using plasma treated with protease inhibitors 
(Pefabloc and TPCK). The Rat/mouse Ghrelin Active 
ELISA kit (Invitrogen) is a sandwich ELISA based on 
the capture of ghrelin molecules (active form) in the 
plasma by anti-ghrelin IgG and the immobilization of 
the resulting complex to the wells of a microtiter plate 
coated by a pre-titered amount of anchor antibodies. 
Leptin and glucose-dependent insulinotropic 
polypeptide (GIP) (Merck KGaA, Darmstadt, Germany) 
were determined using sandwich ELISA kit based on 
anti-leptin and anti-GIP monoclonal antibodies, 
respectively. Similarly, the quantitative determination 
of mouse glucagon like peptide-1 (GLP-1) was 
performed using a sandwich ELISA kit (CUSABIO, 
Houston, Texas). Plates were read on a visible plate 
reader (Biotrak, Amersham). Assays were performed 
following manufacturer’s indications.  
 
16S rRNA gene sequencing 
 
Bacterial DNA extraction from fecal samples was 
performed using a commercially available kit according 
to the manufacturer’s instructions and as described 
elsewhere [72]. Bacterial tag-encoded FLX-titanium 
amplicon pyrosequencing (bTEFAP) based on the V1–
V3 region (E. coli position 27–519) of the 16S rRNA 
gene was performed on fecal samples from mice 
(groups T0, C, LAB and p62-LAB) as described 
previously [73], with forward primer 515F 
(GTGCCAGCMGCCGCGGTAA) and reverse primer 
806RB (GGACTACNVGGGTWTCTAAT). Sequence 
data were uploaded into the NCBI GenBank database 
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under submission number SRP225114. Raw sequence 
data were screened, trimmed, deionized, filtered, and 
chimera depleted using a QIIME2 pipeline [74]. 
Sequence were demultiplexed and the Operational 
taxonomic units (OTUs) table was created using 
DADA2 [75]. OTUs were defined as sequences with at 
least 97% similarity using Greengenes v.13.8 database 
[76]. The OTU table was rarefied at 23,365 sequences/ 
sample for even depth of analysis. Phylogeny-based 
UniFrac distance metric analysis was used as a measure 
of beta (β)-diversity to investigate differences in 
microbial communities. For this, the analysis of 
similarity (ANOSIM) function in Primer6 was used on 
the UniFrac distance matrixes, both weighted and 
unweighted. Alpha (α) diversity was assessed as a 
measure of species richness and evenness in all 
samples. The Chao1, Shannon index and Observed 
Species data and plots were generated. Univariate 
statistics were performed on alpha-diversity data and on 
OTU tables with Kruskal-Wallis, using Graphpad Prism 
7. P-values were adjusted for multiple comparisons by 
the Benjamin and Hochberg FDR. Statistical 
significance was set at p<0.05. Post hoc Dunn's multiple 
comparison test was used to determine the group 
differences in bacterial taxa. 
 
PICRUSt (Phylogenetic Investigation of Communities 
by Reconstruction of Unobserved States) was used to 
predict functional gene content based on 16S rRNA 
gene data present in the Greengenes database and the 
KEGG database [77] using QIIME2. Linear 
discriminant analysis effect size (LEfSe) was used to 
elucidate bacterial taxa and genes that were associated 
with each treatment. LEfSe was calculated using 
Calypso, a web-based software package that allows 
mining and visualizing of microbiome-host interactions 
[78]. 
 
Statistical analyses 
 
Data are expressed as mean values ± S.D. Statistical 
analysis was performed with one way ANOVA, 
followed by the Bonferroni post hoc test using Sigma-
stat 3.1 software (SPSS, Chicago, IL, USA) and p<0.05 
was considered statistically significant. 
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SUPPLEMENTARY MATERIALS 
 
Supplementary Materials and Methods 
 
 
Administration of L. lactis MG1363 strain expressing 
the pExu:egfp vector. 8-weeks-old 3xTg-AD mice were 
administered with LAB containing the pExu:egfp 
plasmid by oral gavage (109 CFU dissolved in 100 µL 
of PBS). Animals (n=8 each group) were sacrificed 6, 
12, 24, 48, 72, 168 and 216 h after bacteria 
administration, tissues were immediately placed into 3 
M ammonium sulfate in 1 M potassium citrate buffer, 
rinsed several times, blotted dry, and oriented in 
cryomolds with OCT embedding compound (Tissue-
Tek Division, Miles Laboratories, Naperville, IL). 
Tissues were frozen by plunging the mold into nitrogen 

cooled isopentane. Frozen tissue blocks were stored at - 
70 °C until use. Four-micron frozen sections were cut in 
a cryostat (- 20 °C) and mounted at room temperature 
on acid-cleaned glass slides. Slides were immediately 
immersed for 5-10 mm in - 20° C acetone and then 
sections were washed in PBS and immediately mounted 
in PBS:glycerol (1:9), and allowed to dry at room 
temperature in a dark camera. The same sections were 
then used for direct immunofluorescence evaluation 
using a LEICA DM 2005 microscope and a Retiga 
2000R digital camera (QImaging, Surrey, BC, Canada). 
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Supplementary Figures 
 

 
 

Supplementary Figure 1. eGFP expression in 3xTg-AD mice orally administered with LAB (pExu:egfp). Detection of eGFP in the 
intestine (ileum (A) and duodenum (B) portions) and brain (C, D) of 3xTg-AD mice. Fluorescence in intestinal cells was detected 6 h after the 
treatment and fluorescence in the brain was evidenced from 48 h to 72 h after gavage. 
 

 
 

Supplementary Figure 2. Immunodetection of the m-p62 protein in mesenteric lymph nodes of 3xTg-AD mice. Mesenteric 
lymph nodes of p62-LAB treated 3xTg-AD mice (panel D) show a strong positivity of large groups of cells (morphologically related to mature 
macrophages, with some mononuclear cells). An anti-murine p62 antibody was used in the immunoassay (10×, Bar= 250µm) (*p<0.05 and 
**p<0.01 vs T0, #p<0.05 and ##p<0.01 vs C, §§p<0.05 vs LAB). 
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Supplementary Figure 3. Immunodetection of amyloid peptides in brain sections of 3xTg-AD mice using the anti-6E10 
antibody. Immunohistochemical analysis of brain sections (magnifications 2× and 10×) from T0, C, LAB and p62-LAB groups stained with the 
6E10 antibody, specific for Aβ(1–40) and Aβ(1–42) peptides and the amyloid precursor protein, and relative immunoreactivity (*p<0.05 and 
**p<0.01 vs T0, #p<0.05 and ##p<0.01 vs C, §p<0.05 vs LAB). 
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Supplementary Figure 4. Plasma concentrations of gut hormones in 3xTg-AD mice. ELISA tests were performed following the 
instructions of the manufacturer (see Materials and Methods for further details). Data points marked with an asterisk are statistically 
significant compared to untreated 8-weeks-old mice (T0, *p<0.05). 
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Supplementary Table 
 
Supplementary Table 1. KEGG pathways modified upon LAB and p62-LAB treatment. Only pathways with a p<0.05 
are shown. 

KEEG pathways Groups P-value 
catechol degradation to β-ketoadipate Control vs. p62-LAB 0.0129 
3-phenylpropanoate and 3-(3-hydroxyphenyl)propanoate degradation to 2-oxopent-4-
enoate 

Control vs. p62-LAB 0,0295 

3-phenylpropanoate and 3-(3-hydroxyphenyl)propanoate degradation to 2-oxopent-4-
enoate 

LAB vs. p62-LAB 0.0097 

3-phenylpropanoate degradation Control vs. p62-LAB 0.0332 
3-phenylpropanoate degradation LAB vs. p62-LAB 0.0097 
toluene degradation III (aerobic) (via p-cresol) Control vs. p62-LAB 0.0078 
catechol degradation III (ortho-cleavage pathway) Control vs. p62-LAB 0.0129 
aromatic compounds degradation via β-ketoadipate Control vs. p62-LAB 0.0129 
superpathway of salicylate degradation Control vs. p62-LAB 0.0129 
4-methylcatechol degradation (ortho cleavage) Control vs. p62-LAB 0.0129 
cinnamate and 3-hydroxycinnamate degradation to 2-oxopent-4-enoate Control vs. p62-LAB 0.0218 
cinnamate and 3-hydroxycinnamate degradation to 2-oxopent-4-enoate LAB vs. p62-LAB 0.0295 
3-phenylpropanoate and 3-(3-hydroxyphenyl)propanoate degradation Control vs. p62-LAB 0.0218 
3-phenylpropanoate and 3-(3-hydroxyphenyl)propanoate degradation LAB vs. p62-LAB 0.0295 

 


