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associated with neurodegenerative diseases

Alyssa C. Walker," Rohan Bhargava,’? Michael J. Bucher,' Yoan M. Argote,’ Amanda S. Brust,'*
and Daniel M. Czyz!4*

SUMMARY

There are no cures for neurodegenerative protein conformational diseases (PCDs), such as Alzheimer's
disease (AD), Parkinson'’s disease (PD), and Huntington’s disease (HD). Emerging evidence suggests the
gut microbiota plays a role in their pathogenesis, though the influences of specific bacteria on disease-
associated proteins remain elusive. Here, we reveal the effects of 229 human bacterial isolates on the ag-
gregation and toxicity of AB4 42, a-synuclein, and polyglutamine tracts in Caenorhabditis elegans express-
ing these culprit proteins. Our findings demonstrate that bacterial effects on host protein aggregation are
consistent across different culprit proteins, suggesting that microbes affect protein stability by modu-
lating host proteostasis rather than selectively targeting disease-associated proteins. Furthermore, we
found that feeding C. elegans proteoprotective Prevotella corporis activates the heat shock response,
revealing an unexpected discovery of a microbial influence on host proteostasis. Insight into how individ-
ual bacteria affect PCD proteins could open new strategies for prevention and treatment by altering the
abundance of microbes.

INTRODUCTION

Neurodegenerative protein conformational diseases (PCDs) are characterized by disturbances in proteostasis that result in the aggregation of
disease-associated proteins, ultimately leading to tissue death.! Alzheimer's disease (AD), Parkinson's disease (PD), Huntington’s disease
(HD), and amyotrophic lateral sclerosis (ALS) are among the most prevalent neurodegenerative diseases, with AD recognized by the World
Health Organization (WHO) as one of the leading causes of death worldwide.” However, despite the increasing prevalence of PCDs, their
complex etiologies continue to obscure potential therapeutic targets. The sporadic onset and variable severity of neurodegenerative dis-
eases, along with their idiopathic nature, suggest the role of a triggering factor in their onset and progression. Multiple factors have been
associated with the pathogenicity of PCDs, including an expanding body of evidence that suggests the involvement of microbes, but primarily
those within the human gut microbiota. The human gut microbiota is considered an “organ” due to its production of essential proteins and
metabolites, including vitamins, hormones, and neurotransmitters.>* Hence, dysbiosis of the gut microbiota has been linked to various ail-
ments, including neurodegenerative diseases.”

The complexity of the microbiome has made it challenging to determine the precise role of bacteria in the pathogenesis of neurodegen-
erative diseases. In addition, most of the evidence that associates bacteria with the occurrence of neurodegenerative diseases is based on
correlation.’ Interestingly, correlational evidence does not demonstrate any selectivity between different neurodegenerative diseases,
despite each disease featuring a unique, specific culprit protein species. For example, a lower abundance of Prevotella spp. has been
observed in patients with different PCDs, including PD and ALS.”~"® Due to this lack of specificity, we hypothesized that bacteria could be
affecting these diseases through the host proteostasis network—upstream of protein aggregate formation. This hypothesis is further sup-
ported by our previous study in which we identified gram-negative enteropathogens that significantly disrupt proteostasis across tissues
in Caenorhabditis elegans.'® The utility of C. elegans as a model to study host-microbe interaction is strengthened by its unique ability to
be colonized by a single bacterial strain. Such a feature simplifies the complexity of the microbiome, allowing us to study the effect of indi-
vidual species on host proteostasis.

Here, we characterized the effect of 229 unique bacterial isolates from the Human Microbiome Project on the aggregation of disease-associ-
ated proteins in C. elegans. We used transgenic nematodes expressing ABi_42, -synuclein, and polyglutamine (polyQ), proteins that adopt amy-
loidal conformation and are associated with AD, PD, and HD, respectively, in which their toxic aggregation culminates in neurodegeneration.
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Surprisingly, our results suggest that bacteria-mediated enhancement or suppression of host protein aggregation is not specific to any particular
culprit protein. Instead, our data demonstrate that bacteria broadly affect the aggregation of metastable proteins present within the host prote-
ome. Furthermore, we also observed that the proteostasis-modulating effects of intestinal bacteria reach distal tissues. Thus, our results indicate
that bacteria influence host proteostasis, ultimately affecting the ability of both proximal and distal tissues to buffer protein folding. To date, the
present study provides the most comprehensive characterization of the effect of individual constituents of the human microbiome on host proteo-
stasis. Our findings reveal the bacterial contribution to the stability of not only proteins associated with AD, PD, and HD, but also endogenous host
proteins, and may extrapolate to a broader range of metastable proteins implicated in various proteinopathies. Collectively, our results provide a
framework for the development of microbiome-based risk factor assessments and disease management strategies.

RESULTS
Characterization of the human microbiome on host proteostasis

We obtained a comprehensive Human Microbiome Project collection of 229 unique bacterial isolates from Biodefense and Emerging Infec-
tions Research Resources Repository (BEI Resources) and assessed their effect on C. elegans proteostasis. The method used to conduct this
experiment is illustrated in Figure 1. The collection encompasses isolates from a range of diverse phyla and a variety of anatomical sites (Fig-
ure 2). In our previous study, we used aggregation-prone polyQ tracts as a sensor of the protein folding environment to demonstrate that
gram-negative pathogens disrupt host proteostasis.'® Among animals expressing intestine-, muscle-, and neuron-specific polyQ::YFP (yellow
fluorescent protein), we previously found that proteostasis in the intestine was most robustly affected by the colonizing bacteria.'® As such, we
performed our initial screen using the intestinal polyQ model (Figure 2). To eliminate the possibility that bacteria will affect C. elegans devel-
opment, worms were grown to adulthood prior to being transferred to the bacterial strains of interest. PolyQ aggregation was assessed by
fluorescent microscopy. To ensure the validity of our results, we also assessed polyQ aggregation by western blotting. Both quantitative
methods yielded similar results, validating our approach.

Bacteria from the isolate collection exhibited a differential effect on C. elegans proteostasis as indicated by increases and decreases in
polyQ aggregation compared to worms fed control Escherichia coli OP50 (Figure 2). Figure 2 summarizes the screen, revealing bacteria
that most robustly affected host proteostasis. Prevotella was the only genus that consistently resulted in low polyQ aggregation across all
229 strains tested (Figure 2). Conversely, significant host proteotoxicity was observed in nematodes that were fed Achromobacter xylosox-
idans and Arcobacter butzleri, as well as Citrobacter, Escherichia, Klebsiella, Pseudomonas, and Ralstonia spp. (Figure 2). A detailed list of
all bacterial strains and their effect on polyQ aggregation is summarized in Table S1. Intriguingly, our data align with previous research linking
the depletion or enrichment of these bacteria in patients with PCDs, which is further described in the discussion section of the present study.
To our knowledge, this is the first-ever comprehensive screen that assessed the effect of human bacterial isolates on host proteostasis.

Prevotella spp. mitigate the proteotoxic aggregation of diverse culprit proteins

Out of the 229 strains tested, the Prevotella genus had the highest number of members that suppressed polyQ aggregation. We further re-
tested 17 Prevotella spp. using the intestinal polyQ44 model. To increase the robustness of the response, we started feeding animals test
bacteria immediately after hatching. Although we observed an enhanced suppression of aggregation for most retested strains, there
were few isolates that did not significantly inhibit polyQ aggregation, likely due to the timing of feeding. Furthermore, as expected, feeding
worms test bacteria beginning at the L1 larval stage affected development (Figure 3A, "Aggregates”). Out of all strains, Prevotella buccae,
Prevotella oris, and Prevotella corporis significantly suppressed polyQ aggregation without causing any detectable developmental delay (Fig-
ure 3A, "Aggregates”). Therefore, we followed up with these three strains. Motility defects are associated with neurodegenerative PCDs. As
such, we assessed whether the three Prevotella spp. alleviate aggregate-dependent motility defects caused by culprit proteins expressed in
the intestine and distal tissues. We used our well-established and validated time-off-pick (TOP) assay that relies on C. elegans motility as a
readout of proteotoxicity.'®!” Consistent with their suppression of polyQ aggregation, all three strains alleviated aggregate-dependent
motility defects, with P. corporis having the strongest effect (Figure 3A, “Motility”). To determine whether the observed suppression is depen-
dent on polyQ, we used N2 wild-type worms and a model expressing a shorter polyQ tract, polyQ33. The results revealed no effect on the N2
worms and a less robust suppression of the motility defect for polyQ33, indicating that Prevotella suppressed proteotoxicity. Given that di-
etary restriction enhances proteostasis and suppresses polyQ aggregation,'® we assessed pharyngeal pumping to determine whether the
proteoprotective effect mediated by P. corporis could be the result of caloric restriction. Our results showed no significant difference in
pharyngeal pumping between worms fed E. coli OP50 and those fed P. corporis (Figure S1), indicating that the observed proteoprotection
is not caused by caloric restriction.

Because Prevotella spp. are anaerobic and may not thrive well in the ambient conditions in which C. elegans are cultured, we investigated
whether dead bacteria retain their proteoprotective properties. To accomplish this, we fed worms paraformaldehyde (PFA)-killed bacteria
and found that P. corporis still significantly suppressed polyQ aggregation relative to E. coli OP50 control (Figure S2), suggesting that live
bacteria are not necessary to elicit protection.

To determine whether Prevotella also affects polyQ in distal tissues, we employed the neuronal and muscle models. Because worms ex-
pressing the neuronal polyQ do not exhibit quantifiable aggregates, we used the TOP assay as a proteotoxicity readout. Our results show that
of the three strains, only P. corporis showed significant suppression of the motility defect in worms expressing neuronal polyQ40 (Figure 3B).
Unexpectedly, P. buccae, P. oris, and P. corporis increased motility defects in worms expressing the neuronal empty vector control (polyQ0);
the reason for this is unknown, but importantly does not diminish the observed beneficial effects of Prevotella on neuronal polyQ. In a manner
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Figure 1. Schematic illustrating the method used to assess the effect of bacterial isolates on C. elegans proteostasis

Details can be found in STAR methods. In brief, anaerobic bacteria were cultured on TSA-blood plates using anaerobic gas packs or in liquid broth supplemented
with oxyrase for 2-7 days, while aerobic bacteria were cultured on TSA-blood plates or in liquid broth for one day. Cultured bacteria were transferred to
nematode growth media (NGM) plates and incubated overnight with (for anaerobic bacteria) or without (aerobic bacteria) anaerobic gas packs. Worms were
synchronized by the bleaching method and cultured on control E. coli OP50 until young adults (2 days), washed and transferred to NGM plates containing
anaerobically or aerobically grown test bacteria, and cultured for an additional three days. Intestinal polyQ aggregates were quantified by manual counting
and western blotting the insoluble fractions.

similar to the intestinal polyQ, we observed Prevotella-mediated suppression of aggregation and proteotoxicity in worms expressing muscle-
specific polyQ (Figure 3C).

The association between the low abundance of gut Prevotella and diverse neurodegenerative PCDs suggests that the bacterial influence
on these diseases is independent of the culprit protein species.”'* As such, we hypothesized that bacteria might affect protein aggregation
by modulating host proteostasis, and if this is the case, Prevotella spp. should enhance proteostasis in worms expressing various aggregation-
prone proteins. To test the effect of Prevotella on other disease-associated proteins, we chose three muscle-specific models: one expressing
AB1.42, and two expressing a-synuclein.'”?' These culprit proteins are associated with Alzheimer’s and Parkinson's diseases, respectively.
Additionally, these models exhibit age-dependent proteotoxicity, which is consistent with the age-dependent progression of neurodegen-
erative diseases.'””?* To investigate progressive proteotoxicity in the AB;_4, and a-synuclein models,'”" we assessed their motility be-
tween days three to five post-hatching (Figure S3). Nematodes expressing AB1.42 and a-synuclein had age-dependent motility defects
that were markedly greater than those of the controls (Figure S3). We examined the effect of P. buccae, P. oris, and P. corporis on proteotox-
icity associated with each of these three models. In a manner similar to the polyQ models, P. buccae, P. oris, and P. corporis reduced aggre-
gate-dependent toxicity compared to wild-type control (Figure 3A), particularly with P. corporis having the strongest effect (Figures 3D and
3E). Bacteria that strongly enhance or suppress host proteostasis induce notable differences in the aggregation of ABy_sp, which parallels the
extent of the motility defect (Figure S4). Both AB1.42 aggregation and the associated toxicity were suppressed by P. corporis and enhanced by
Pseudomonas aeruginosa (Figure S4), a bacterium that strongly disrupted host proteostasis in our previous studies.'®** Since all of our
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Figure 2. Heatmap summarizing the results of the screen that assessed the effect of human bacterial isolates on C. elegans intestinal polyQ aggregation
PolyQ aggregation was quantified by microscopy (Aggregates column) and western blotting (Western column). Each of the 229 rows represents a single bacterial
strain. Aggregation data are normalized to worms fed control E. coli OP50. The aggregation scale is color-coded from blue to red, where red indicates increasing
polyQ aggregation relative to control. The characteristics (Gram, phylum, and source) of each bacterial isolate are included in the last three columns.

transgenic worms express exogenous proteins, we wanted to determine whether Prevotella can also provide protection against the misfold-
ing of endogenous proteins. To accomplish this, we employed two strains that carry temperature-sensitive mutations in endogenous proteins:
myosin heavy chain (UNC-54) that misfolds and leads to paralysis at the restrictive temperature (25°C),”*?® and DYN-1, featuring a modified
GTPase domain that is highly expressed in motor neurons, resulting in loss of coordination at the restrictive temperature (25°C).”’ In agree-
ment with the proteoprotective effect against misfolding and aggregation of exogenous proteins, Prevotella suppressed the temperature-
dependent motility defect of both worm strains at the restrictive temperature, further supporting its proteoprotective role (Figure S5).
Collectively, our findings suggest the broader potential of Prevotella in mitigating the pathogenesis of neurodegenerative diseases.

Proteotoxic bacteria enhance the aggregation and toxicity of PCD-associated proteins

To confirm the effect of the most robust proteotoxic strains identified in our original screen (Figure 2; Table S1), we assessed polyQ44 aggre-
gation in animals fed gram-negative aerobes (Figure 4A, "Aggregates”). We concentrated on these specific bacteria because they did not
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Figure 3. The effect of Prevotella spp. on proteins associated with neurodegenerative diseases

(A) The effect of Prevotella spp. on C. elegans intestinal polyQ aggregation (“Aggregates”) and the associated toxicity (“Motility”). Checkered bars represent
bacteria-associated developmental delay. The three strongest suppressors of polyQ aggregation that did not affect development were tested using
intestinal polyQ, (B) neuronal polyQ, (C) muscle polyQ, (D) muscle ABj4y, and (E) muscle a-synuclein. Data are represented as the average number of
aggregates or TOP (seconds) per worm obtained from at least two independent experiments for a total of 30-60 worms. Error bars represent standard error
of the mean (SEM). Statistical significance was calculated using one-way ANOVA followed by multiple comparison Dunnett’s post-hoc test (*p < 0.05,
**p < 0.01, **p < 0.001, ****p < 0.0001).

affect worm development, which is known to influence proteostasis.”® We found that Ralstonia sp., A. xylosoxidans, Pseudomonas sp., and
Klebsiella pneumoniae were the strongest inducers of polyQ aggregation (Figure 4A). As we have already demonstrated the proteotoxic po-
tential of P. aeruginosa in our previous work,'**" we focused on the three remaining species in follow-up experiments. To assess the proteo-
toxic effect of these bacteria, we employed the TOP assay to measure the motility of worms expressing aggregating polyQ44 and non-aggre-
gating polyQ33. While we detected a significant enhancement in the motility defect in animals expressing polyQ44, no significant changes
were observed in wild-type or animals expressing polyQ33 (Figure 4A). These results indicate that the impairment of motility induced by bac-
teria is contingent on polyQ aggregation rather than general bacterial pathogenicity. The aggregate-dependent motility defects were also
observed in worms expressing neuronal and muscle-specific polyQ; however, the phenotype was less robust and we did detect some
decrease in motility in control animals (Figures 4B and 4C). A. xylosoxidans also elevated muscle-specific polyQ aggregation (Figure 4C).
To test the microbial influence on other disease-associated proteins, we employed worms expressing muscle-specific AB1_42 and a-synuclein.
A. xylosoxidans induced proteotoxicity associated with both proteins (Figure 4D), and all three strains induced proteotoxicity associated with
a-synuclein (Figure 4E). To determine whether the observed proteotoxicity is attributed to increased bacterial colonization, we quantified in-
testinal bacteria. Our results revealed that K. pneumoniae, Ralstonia sp., and A. xylosoxidans colonized less than E. coli OP50 (Figure S6),
indicating that the proteotoxicity mediated by these strains is not explained by their colonization efficiencies. To delve deeper into the mech-
anism that underlies the bacterial proteotoxicity, we built upon our previous study that implicated secreted bacterial products in host pro-
teotoxicity,”* and exposed worms to spent culture supernatants from K. pneumoniae and A. xylosoxidans, two most robust inducers of polyQ
aggregation. Our results revealed that supernatants from these bacteria significantly increased polyQ aggregation, whereas supernatants
from P. corporis and E. coli OP50 had no effect (Figure S7). These results are intriguing as they suggest that the mechanism by which bacteria
disrupt protein stability may involve secreted factors that can induce protein aggregation in proximal and distal tissues. Additionally, we
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Figure 4. The effect of proteotoxic bacteria on proteins associated with neurodegenerative diseases

(A) The effect of gram-negative, aerobic bacteria on C. elegans intestinal polyQ aggregation (“Aggregates”) and the associated toxicity (“Motility”). Three robust
enhancers of polyQ aggregation were tested using intestinal polyQ, (B) neuronal polyQ, (C) muscle polyQ, (D) muscle AB1_4, and (E) muscle a-synuclein. Data are
represented as the average number of aggregates or TOP (seconds) per worm obtained from at least two independent experiments for a total of 30-60 worms.
Data in (A) (Aggregates) are normalized to worms fed the control E. coli OP50. Error bars represent SEM. Statistical significance was calculated using one-way
ANOVA followed by multiple comparison Dunnett's post-hoc test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).

demonstrate that bacteria can enhance the proteotoxicity of diverse disease-associated proteins, supporting their role in the pathogenesis of
neurodegenerative PCDs.

The human microbiota is composed of a diverse array of bacterial species that coexist and interact within a complex polymicrobial com-
munity. As such, we investigated the potential of a proteoprotective species to mitigate bacterial proteotoxicity by co-colonizing worms with
P. corporis and either K. pneumoniae or E. coli OP50. Our findings revealed that P. corporis suppressed the polyQ aggregation associated
with K. pneumoniae and E. coli OP50 (Figures 5A and 5B). We tested whether the same suppressive effect would result from co-colonizing
worms with K. pneumoniae and E. coli OP50 and found that the resulting aggregation profile was an integrative reflection of the individual
effects observed when each strain was introduced in isolation (Figure 5C). Collectively, these results indicate that, in addition to suppressing
proteotoxicity from intrinsic factors like aging and host-encoded metastable proteins, P. corporis also suppresses host proteotoxicity medi-
ated by extrinsic factors such as proteotoxic bacteria.

To investigate the mechanistic basis behind the ability of P. corporis to safeguard against host proteotoxicity, we explored its potential
to activate the heat shock response (HSR), a critical and evolutionary conserved cellular defense mechanism that responds to protein mis-
folding and proteotoxic stress. Using C. elegans expressing a transcriptional fluorescent reporter, hsp70p::GFP, we monitored HSR acti-
vation in worms fed P. corporis. While control E. coli OP50 and proteotoxic K. pneumoniae did not elicit any detectable response, we
found that P. corporis induced the reporter, indicating robust HSR activation (Figure 5D). This result highlights a potential mechanism
by which bacteria can alleviate proteotoxicity in the host by activating protective stress responses. To our knowledge, this is the first docu-
mentation of bacterial induction of a protective HSR in the host, which opens new opportunities for bacteria-mediated therapeutic stra-
tegies against PCDs.
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Figure 5. The effect of P. corporis on bacteria-induced polyQ aggregation and activation of the heat-shock response
(A-C) The effect of co-colonizing intestinal polyQ44 worms with (A) K. pneumoniae HM-751 and P. corporis HM-1294, (B) E. coli OP50 and P. corporis HM-12924,
(C) K. pneumoniae HM-751 and E. coli OP50. Data are represented as the average number of aggregates per intestinal polyQ44 worm obtained from three
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Figure 5. Continued

independent experiments for a total of 60 worms. Statistical significance was calculated using one-way analysis of variants (ANOVA) followed by multiple
comparison Dunnett's post-hoc test (****p < 0.0001).

(D) Nomarski and fluorescent (EGFP) images of transgenic worms expressing transcriptional fusion reporter hsp70p::GFP, fed E. coli OP50, P. corporis HM-1294,
K. pneumoniae HM-751, and as a positive control, heat-shocked worms fed E. coli OP50. Scale bar is 200 pm.

DISCUSSION

In the present study, we screened a comprehensive collection of 229 unique bacterial isolates from the Human Microbiome Project for their
ability to affect host proteostasis from within the intestinal milieu. Our follow-up experiments on the most robust beneficial and detrimental
bacteria confirmed their influence on proteostasis across host tissues, affecting the stability of proteins associated with Alzheimer's, Parkin-
son'’s, and Huntington’s diseases. The phylogenetic analysis revealed clustering of select proteotoxic and proteoprotective bacteria, indi-
cating that genetically related bacteria affect host proteostasis in a similar manner, but with a different magnitude (Figure S8). To our knowl-
edge, this is the first comprehensive characterization of bacteria from human microbiomes on host proteostasis. Surprisingly, our data
suggest that bacteria do not selectively target any specific host proteins associated with PCDs, but rather affect proteostasis in general, lead-
ing to the aggregation and proteotoxicity of any destabilized proteins present within the proteome, such as exogenous polyQ, AB1 .4, and
a-synuclein, tested in our experiments. While this is a generalized mechanism, there could be microbes that exclusively affect a specific
disease.

Numerous studies that employed genomic analyses of microbial compositions in affected patients revealed a connection between com-
parable gut dysbioses and diverse neurodegenerative PCDs.® These correlational studies from human subjects support our conclusion that
bacteria impact host protein stability by modulating host proteostasis. This mechanism is likely mediated by the interplay between host pro-
teostasis and immune responses to bacteria.?”°

Many of the studies aiming to identify neurodegenerative PCD etiology or treat the disease have concentrated on host-targeted thera-
peutics, primarily focused on targeting the aggregating proteins or the affected cell types. However, this approach has not been successful
in pre-clinical or clinical trials.*""*” Perhaps the focal point of the host-targeted approach occurs too late in the aggregation cascade given that
the changes in the gut microbiota can happen prior to any clinical manifestation.**** Indeed, individuals with neurodegenerative PCDs have
insufficient proteostatic capacity.”® While some studies have attempted to treat neurodegenerative PCDs by enhancing components of the
host proteostasis network, these have not been successful.?’ In support of our results indicating that bacteria affect host proteostasis, a shift
toward microbial-centered therapeutic approaches has shown more promise in lessening disease symptoms. For example, eradication of
Helicobacter pylori in AD patients was associated with improved disease presentation in a clinical trial and a population-based study.”**’
Interestingly, the beneficial effect of antibiotics on the progression of PCDs, when administered post-onset, is absent when antibiotics
were used prior to disease onset; notably, general antibiotic use has been associated with increased risk for PCDs as well as gut dysbiosis.***°
While H. pyloriis a good clinical example of microbial contribution to neurodegenerative diseases, we did not expect to detect proteotoxicity
associated with this bacterium in our C. elegans model due to a limitation of our approach that includes transferring and incubating bacteria
at sub-optimal temperature—a factor that facilitates H. pylori virulence.”” Additional reports suggest that H. pylori can indirectly affect the
composition of the human gut microbiota.”” Microbe-targeted therapeutic approaches hold promise and are further bolstered by a recent
study that demonstrated that gut microbiota and serum derived from AD patients accelerate disease symptoms and affect neurogenesis in
healthy rats and tissue culture, respectively.*?

In our screen (Figure 2), Prevotella stood out as the only genus devoid of any species that exhibit proteotoxicity toward the host. Further-
more, our findings indicate that Prevotella spp. have a broad and suppressive effect on host protein aggregation, regardless of the specific
disease-associated protein (Figure 3). Sequencing data suggest that a low abundance of Prevotella in the guts of patients with PCDs enhances
disease pathogenesis.””'" However, despite the fact that the Prevotella genus contains over 50 species, many studies report their results at the
genus level.** Our data indicate that various Prevotella species exhibit a differential effect on host proteostasis (Figure 3A). Such various ef-
fects of individual species could be explained by large variability in their genomes.”* The species, P. intermedia, P. nigrescense, and
P. melanigencia have been consistently associated with infection,”> ™ inflammation, "
mortality.>” Conversely, it has been shown that P. buccae and P. corporis, two strains of Prevotella that exhibited strong suppression of protein
aggregation and the associated toxicity in the present study, were found not to induce inflammation.” Instead, P. buccae and P. corporis
were shown to induce the expression of mucin-associated membrane proteins MUC3 and MUC4.>? Interestingly, induction of MUC3 expres-
sion by a probiotic cocktail prevented adherence of enteropathogenic E. coli.”* MUC4 has been shown to be essential for maintaining mucus
barrier function and intestinal homeostasis in mice, as its absence resulted in severe large intestinal bleeding and significant down-regulation
of antimicrobial peptides.”® Though preliminary, the evidence suggesting the protective role of Prevotella in maintaining intestinal integrity is
interesting, as intestinal integrity is often compromised in people with neurodegenerative PCDs.”® Damage to the intestinal epithelium can
lead to translocation of bacteria and bacterial products, resulting in systemic inflammation and the breakdown of the blood-brain barrier,
contributing to a variety of diseases, including PCDs.””"*® The translocation of bacterial products becomes even more relevant given our re-
sults showing the proteotoxic effect of secreted bacterial factors (Figure S7). The contrasting associations of different Prevotella species in
host health and disease highlight the importance of studying bacteria at the species level, as demonstrated in the present study, to unravel

and have also been linked to AD and associated

the precise roles of bacteria in disease pathogenesis. The Bacillus genus is another example that supports the need for species-level studies,
as this genus encompasses diverse species that exhibit opposing effects on the host; Bacillus anthracis is a controlled bioweapon,®” whereas
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Bacillus subtilisis a probiotic that has been shown to play a protective role against the aggregation of a-synuclein in C. elegans, partly through
its metabolites.®”

The physiological relevance of our findings is supported by studies that focus on pathogenic bacteria and subsequently establish a
connection with PCDs. For example, the robust induction of proteotoxicity by K. pneumoniae in C. elegans models expressing different ag-
gregation-prone proteins (Figure 4) is in agreement with a previous study that identified an overabundance of K. pneumoniae in the gut mi-
crobiota of individuals with AD.®" Furthermore, a positive correlation has been demonstrated between the presence of K. pneumoniae in the
gut and elevated levels of the AD-associated biomarker, C-reactive protein, in blood samples of AD patients.®” Another study found an
elevated abundance of Ralstonia in mucosal samples from individuals with PD,*® which is another bacterium that was robustly proteotoxic
to our C. elegans models (Figure 4). Interestingly, this bacterium was also found to be more prevalent in individuals with autism,** which is
another disease that has been associated with the presence of misfolded proteins.®>® Autism has also been associated with both Achromo-
bacter and Pseudomonas genera.®”’® Both Achromobacter and Pseudomonas are linked to cystic fibrosis (CF), which is another PCD that
does not feature neurodegeneration;”'72 Achromobacter was reported to exacerbate the disease,”® and P. aeruginosa is a predominant
pathogenic species that colonizes the lungs of CF patients.”* A. xylosoxidans induced proteotoxicity in all our disease models (Figure 4),
and Pseudomonas notably increased polyQ aggregation (Figure 4A, "Aggregates”). Furthermore, we previously demonstrated that
P. aeruginosa exerts robust proteotoxic effects on C. elegans.'®** The presence of Pseudomonas, in conjunction with another bacterial
genus, was successfully used to differentiate individuals with AD from control subjects.”® Collectively, the aforementioned studies are in
agreement with our results and further support the wide-ranging impact of bacteria on protein-folding diseases. It is remarkable that the
abovementioned bacteria induce proteotoxicity consistently across our C. elegans models expressing distinct disease proteins. The conver-
gence of our results with existing literature linking these bacteria to PCDs strongly reinforces the notion that bacteria affect the host proteo-
stasis network, broadly affecting protein stability and, consequently, disease pathogenesis.

While our results support a wider-reaching impact of bacteria on the stability of host proteins, it is worth noting that bacteria can selectively
target components of the host proteostasis network. This notion is supported by our data showing that P. corporis acts as a potent protector
against host proteotoxicity (Figures 3, 5A, 5B, S4, and S5) and an activator of the HSR (Figure 5D). Reports demonstrating that activation of the
HSR leads to a reduction of protein aggregation support our findings,’® suggesting that activation of the HSR is a mechanism through which
P. corporis confers proteoprotection to the host. Another example of bacterial influence on host proteostasis is illustrated by P. aeruginosa,
which produces toxins that target the mitochondrial unfolded protein response (UPRMT),” a transcriptional pathway that ensures proper pro-
tein folding and clearance.”® As such, when the UPR™T is overwhelmed or disrupted, proteotoxicity can occur, leading to accelerated protein
aggregation.”? Qur previous work demonstrated that P. aeruginosa and E. coli can also disrupt host proteostasis through the production of
bacteria-derived protein aggregates.'®** Additionally, P. aeruginosa FapC amyloids were shown to cross-seed with ABq_4,.% Interestingly,
the fap operon is also present in the genomes of Burkholderiales, which include Ralstonia and Achromobacter.®"* The E. coli amyloid, curli,
enhanced the aggregation of a-synuclein in vivo.*> K. pneumoniae is also capable of producing amyloids,”" and was proteotoxic to all
C. elegans lines (Figure 4). The underlying mechanisms of the bacteria-induced proteotoxicity remain elusive; however, it is likely that meta-
stable proteins of bacterial origin sequester host chaperones. Such sequestration would diminish the capacity of the proteostasis network to
buffer the folding of endogenous proteins. A similar mechanism is supported by the organismal ability to buffer protein polymorphisms pre-
sent within the host proteome, which is hindered by the introduction of misfolded proteins.®

Another way bacteria can cause proteotoxicity in their host is through inflammation, which initiates a cascade where disrupted proteostasis
amplifies inflammation and perpetuates a continuous cycle.”® Bacteria have the capacity to stimulate the generation and release of reactive
oxygen and nitrogen species, which trigger inflammation and have the potential to disrupt host proteostasis.’ Moreover, the endotoxin hy-
pothesis of neurodegeneration postulates that endotoxin from the gut can breach the blood-brain barrier and trigger neuroinflammation and
neurodegeneration.?*®’ This process is thought to be initiated by bacterial dysbiosis, leading to an increase in gram-negative bacterial spe-
cies that contribute to systemic inflammation.

Maintaining a balanced microbiome is critical for human health and longevity. However, the microbial equilibrium can be disrupted by
many factors, including the overgrowth of pathogenic bacteria and antimicrobial use, leading to a state of gut dysbiosis. Notably, Prevotella
spp., which we demonstrated to have a proteoprotective effect (Figure 3), can be depleted by antimicrobial use.” Conversely, the proteotoxic
bacteria identified in our study, A. xylosoxidans, K. pneumoniae, and Ralstonia sp. (Figure 4), are resistant to many antibiotics.?#%*7" This
raises a new concern in the current era of increasing antimicrobial resistance, as poor antimicrobial stewardship might enrich not only for
multidrug-resistant bacteria, but also for multidrug-resistant bacteria that are proteotoxic and pose potential risk factors for neurodegener-
ative disease. The implications of antibiotic-induced gut dysbiosis on PCD pathogenesis become particularly intriguing when corroborated
with our data showing that P. corporis completely inhibited the proteotoxicity of K. pneumoniae (Figure 5A). However, P. corporis alone also
protected the host against proteotoxicity (Figure 3), suggesting that beneficial bacteria may serve an additional role by counteracting the
detrimental effects on host proteins induced by other bacterial species. While our data indicate the protection is likely due to P. corporis
enhancing the host's capacity to effectively manage bacteria-induced proteotoxicity through activation of the HSR (Figure 5D), it is possible
that the presence of P. corporis also directly hinders the detrimental potential of proteotoxic bacteria. Ongoing research is aimed at eluci-
dating the precise signals and mechanisms by which P. corporis exerts its protective effects.

The clinical relevance of our findings, which suggest a protective role of P. corporis against protein misfolding and aggregation by sup-
pressing bacteria-induced proteotoxicity and activation of the host HSR (Figure 5D), is bolstered by previous literature that links decreased
Prevotella abundance with exacerbated PCD.”™' This is further supported by studies that implicate the HSR as a promising therapeutic target
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for neurodegenerative disease. For example, several studies observed a reduction in AD risk with moderate to frequent sauna bathing, sug-
gesting that intermittent, temperature-induced activation of the HSR protects against proteotoxicity,”””* a mechanism that has been demon-
strated in C. elegans.” Intranasal administration of human chaperone HSP70 improved AD-like symptoms in two mouse models of AD.””
Treatment of ALS mice with arimoclomol, a drug that increases the levels of HSP70 by interacting with the HSR transcription factor, heat shock
factor-1 (HSF-1),” delayed disease progression.”” Additionally, a study demonstrated that the cytoprotective effect of the FDA-approved ALS
drug, riluzole, is dependent on its ability to increase cytosolic HSF-1.7 Collectively, the abovementioned research implicating activation of the
HSR as an intervention strategy for neurodegenerative diseases reinforces the clinical importance of our findings linking the ability of
P. corporis to suppress proteotoxicity and activate the HSR in its host. To our knowledge, this is the first-ever report of bacteria inducing a
protective stress response in the host. Such a finding bolsters the feasibility of a microbial management strategy to treat neurodegenerative
disease.

A comprehensive understanding of individual bacterial residents of the human microbiota in the pathogenesis of neurodegenerative
PCDs is crucial in developing effective interventions. Our study challenges the traditional approach of solely focusing on host-targeted ther-
apeutics for neurodegenerative PCDs. Instead, modulating the gut microbiota may offer an effective strategy for preventing and managing
these devastating diseases. Gut-targeted interventions will likely have to be implemented early in the disease or even prior to its onset. While
our results indicate that bacteria generally affect host proteostasis, ultimately influencing the stability of host proteins, further studies are
needed to decipher the role of proteoprotective and proteotoxic species in humans and devise approaches to control their levels.

Limitations of the study

Our study has several limitations that need to be acknowledged. First, using C. elegans as a model organism may not fully recapitulate the
complexity of human neurodegenerative diseases. A major limitation of our study is the temperature at which nematodes are cultured. While
worms grow at the optimal temperatures of 15°C-25°C, bacteria that colonize the human gut are exposed to human body temperature. As
such, itis possible that specific factors, either beneficial or detrimental, are not synthesized by bacteria at temperatures lower than 37°C. Our
single bacterial strain approach also has limitations in that it does not capture the complexity of the microbial interactions within the human
gut microbiota. Furthermore, our study addresses the short-term effect of bacterial colonization, but the long-term effects will have to be
explored using other models with longer lifespans. Despite these limitations, our approach and model are best suited to our specific research
objectives, and the results are supported by correlational studies observed in patients with neurodegenerative diseases.
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