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Abstract
Background

Increasing evidence suggests that dysbiosis of the gut microbiome plays a significant role in the onset
and pathogenesis of inflammatory bowel disease (IBD). Many of the pathogenic functions of these gut
bacteria involve community-wide coordination using various autoinducer molecules and associated
receptors, collectively known as quorum sensing (QS) systems. Disruption of these QS systems, a
process known as quorum quenching (QQ), has shown promise in sharply inhibiting these pathogenic
functions and has become a target of interest in microbiota-focused therapies. Here, we utilize SsoPox, a
QQ enzyme that degrades long-chain acyl-homoserine lactones (AHLs), an autoinducer-1 QS signal, to
examine the role QS plays in dextran-sulfate sodium (DSS)-induced colitis.

Results

Mice were given water supplemented with SsoPox at either Tmg/mL or 2mg/mL for 6 weeks, with DSS
supplementation during the latter 3 weeks. We found that male and female mice administered SsoPox at
2mg/ml had longer colons compared to their respective drinking water controls (ANOVA F = 10.218,
3.663, P=0.005, 0.072, respectively) while also exhibiting greater fecal concentrations of IgA (ANOVA F
=10.403, 4.374, P =0.005, 0.052, respectively). SsoPox treatment was also observed to significantly
increase the total transcript abundances of lactic acid-producing bacteria, including members of the
families Bifidobacteriaceae and Lactobacillaceae (Kruskal-Wallis K=6.361, 5.763, P=0.012, 0.016,
respectively).

Conclusions

These data suggest that SsoPox may cause community-level changes that promote activity of lactic-
acid-producing taxa and potentially increase lactic acid production, representing a possible mechanism
for the anti-inflammatory and anti-pathogenic effects of SsoPox supplementation reported here.

BACKGROUND

The intestinal microbiome is the most densely populated microbial community in the human body,
contributing to nutrition, immune system development, and protection against enteric pathogens [1-3].
Optimal functioning of this microbial community relies on maintaining balance and species diversity,
involving a complex interplay between the various taxa within the intestinal microbiome and their host
[4]. A disruption of this equilibrium, often referred to as dysbiosis, is known to play a role in many
diseases, including inflammatory bowel disease (IBD) and colorectal cancer (CRC) [5]. The onset of
microbial dysbiosis can be initiated by a number of external factors, including oral antibiotic use, lifestyle
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choices, or other disease processes, leading to an expansion of pathogenic bacteria within the gut
microbiome [6, 7].

Gut bacteria communicate with one another through a process known as quorum sensing (QS),
excreting autoinducer molecules that allow for community-wide functional coordination in a density-
dependent manner [8-11]. Gram-negative bacteria predominantly use acyl-homoserine lactones (AHLs)
as autoinducer-1 QS signaling molecules [12, 13]. Gram-positive bacteria use different QS systems and
do not produce AHLs of their own; however, they are also able to cleave AHLs via quorum quenching
(QQ) enzymes to disrupt their Gram-negative competition [12, 14, 15]. This results in a natural
homeostasis between competing QS and QQ systems, which is present in nearly all environments [16].
This balance has become a point of interest for microbiota-targeted therapeutics, as AHL serum
concentrations were found to be higher in Crohn’s disease (CD) patients compared to healthy controls,
regardless of whether they were experiencing active inflammation [17]. Longer-chain AHLs, in particular,
were found at higher concentrations in patients with actively inflamed CD than in both uninflamed CD
and healthy controls [17]. While other QQ enzymes degrade AHLs broadly, the lactonase SsoPox shows
preference for long-chain AHLs and has already been shown to sharply inhibit bacterial biofilm and
virulence factor production in several taxa in vitro [15, 18]. Clinically, recent research has begun to
demonstrate strong evidence that SsoPox may be useful in treating murine models of gut diseases: In
2025, Yang et al. demonstrated that a lactonase was capable of suppressing the pathogenicity of
enterotoxigenic bacterial infections [19], and our own research has demonstrated the ability of SsoPox to
impact the metastatic rate of CRC in an aggressive orthotopic murine model [20].

Our objective was to determine the effects of the AHL lactonase SsoPox on host-microbe interactions in
the context of dextran sulfate sodium (DSS)-induced colitis, a common model for studying IBD and
associated microbial dysbiosis [21, 22]. We hypothesized that the administration of SsoPox would
alleviate inflammation from DSS-induced colitis by preventing coordination of pathogenic processes.
Microbial composition was assessed using 16S rRNA amplicon sequencing of murine fecal pellets, and
inflammation was characterized by molecular assays for immunoglobulin A (IgA) and lipocalin 2 (Lcn2),
along with colon length, at the time of necropsy. RNAseq was performed on a subset of fecal samples
prior to the initiation of DSS to capture changes in transcript abundances associated with SsoPox.
Results of this study elucidate the effects of SsoPox on host-microbe interactions and provide
foundational information on the potential of SsoPox, and QQ enzymes more broadly, to become
microbiome-targeted precision therapeutics.

METHODS
Mice and Dextran Sulfate Sodium (DSS) Model

This study was approved by the University of Minnesota Institutional Animal Care and Use Committee,
protocol 2403-41874A. C57BL/6 mice were purchased at 35-41 days of age from Jackson Laboratory.
Male and female mice (n = 40) were each divided into two groups (n = 10/sex/group) and given drinking
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water supplemented with Tmg/mL of SsoPox enzyme (SsoPox) [23] or unamended drinking water (DW)
(Fig. 1). This experiment was conducted a second time with another order of mice (n = 40, 10/sex/group)
to explore the effects of dose, with mice from the second experiment receiving 2mg/mL SsoPox. Unless
otherwise stated, SsoPox-treated mice were compared to only the controls from their order to minimize
spurious differences due to batch effects. Mice were housed individually under conventional housing for
six weeks. Beginning at week 4, all drinking water was additionally supplemented with 1.5% wt/vol DSS
(Sigma-Aldrich, Burlington, MA, USA) for three more weeks to induce colitis [24, 25]. A DSS concentration
of 1.5% was chosen based on successful implementation of the DSS murine model while minimizing
mortality in our prior studies [26]. Throughout DSS treatment, all mice were monitored for evidence of
loose stools, weight loss, and the presence of blood in cages to ensure successful implementation of
the DSS model [25]. Successful implementation of the DSS model and the severity of resulting colitis
were measured using the Disease Activity Index for animal colitis as described in Kim et al., which
grades mice on a 0—4 scale for each of three categories: weight loss, stool consistency, and bleeding
[27]. We calculated an average DAI score across the final two weeks for each mouse, with a higher DAI
indicating more severe colitis. Fecal pellets were collected weekly and stored at -80°C for DNA
extraction, with pellets for RNA extraction stored in RNAlater. At the study endpoint or when moribund,
mice were euthanized with carbon dioxide and necropsies were performed. Aesthesia was not
necessary throughout the study due to the lack of surgical procedures.

Lactonase Preparation

SsoPox is a highly thermostable phosphotriesterase-like lactonase that has demonstrated protease
resistance, which is key to enabling this enzyme to remain active while passing through the digestive
tract [28, 29]. Here, we used the W263I variant SsoPox lactonase, referred to throughout this manuscript
as SsoPox, which is improved for activity [28]. SsoPox was overexpressed in Escherichia coli BL21 Star™
(DE3; Invitrogen, Carlsbad, CA, USA) containing the pGro7 plasmid (TakaRa Bio, San Jose, CA, USA). The
enzyme was produced using a 75 L fermentation system (New Brunswick Scientific, Edison, NJ, USA)
operated by the University of Minnesota BioResource Center and purified as previously described,
leveraging its high thermal stability [28, 30]. As reported earlier [31], The enzyme preparation was
assayed for quality and purity using SDS-PAGE (6—12%) and tested for activity against 5-thiobutyl-y-
butyrolactone (TBBL) substrate (synthesized by Enamine LTD, Kyiv, Ukraine) in an activity buffer (50-mM
HEPES pH 8.0, 150-mM NaCl, 0.2 -mM CoCl2) containing 0.5-mM TBBL and 1-mM Ellman'’s reagent [5,5™
dithiobis-(2-nitrobenzoic acid) or DTNB] as previously described [32], with a specific activity for TBBL of
the purified lyophilized SsoPox at 28,410 pmol/min/mg [31].

DNA Extraction and Sequencing

DNA was extracted from thawed mouse pellets (~ 100mg) using the DNeasy PowerSoil Pro kit (QIAGEN,
Hilden, Germany) on the QlAcube platform. The V4 region of the 16S rRNA gene was amplified using the
515F/806R primer set by the University of Minnesota Genomics Center (UMGC) [33]. Paired-end
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sequencing was done on the lllumina MiSeq platform (lllumina, Inc., San Diego, CA, USA) at a read length
of 301 nucleotides by UMGC [34]. Sequences were processed using mothur (ver. 1.41.1) and our
previously published pipeline [35]. Briefly, sequences were aligned against the SILVA database (ver.
138.1) [36] and clustered at 99% sequence similarity using the OptiClust algorithm [37]. Samples were
rarified to 5,000 sequence reads by random subsampling [38], and taxonomic classification was
performed against the Ribosomal Database Project (ver. 18) [39].

RNA Extraction and Sequencing

RNA was extracted from thawed pellets (~ 1700mg) from mice treated with SsoPox at 2mg/mL at
baseline and week 3. The RNeasy Mini kit (QIAGEN, Hilden, Germany) was used for extraction in
accordance with the manufacturer’'s recommendations on the QlAcube platform. RNA sequencing
(RNAseq) was done by UMGC on the Element AVITI (Element Biosciences, San Diego, USA) sequencer
using the lllumina Stranded Total RNA with RiboZero Plus kit (Illumina, Inc.). The resulting linear libraries
were sequenced directly on the AVITI using the Cloudbreak Freestyle sequencing kit, which enables
circularization of third-party libraries on the flow cell [40]. Sequence data were processed first through
kneaddata (ver. 0.7.4) to remove host contamination, with trimmomatic (ver. 0.39) to trim out low-quality
transcripts, trf (ver. 4.10.0rc2) to identify and locate tandem repeats, and bowtie2 (ver. 2.5.4) for read
alignment [41-44]. The remaining sequences were then processed with HUMANN3 (ver. 3.9) for
functional profiling and Kraken 2 and Bracken (ver. 2.1.3) for taxonomic classification and diversity [45,
46]. Functional annotation was performed using the UniRef90 database (ver. 2019.1), remapped to level-
4 Enzyme Commission categories and KEGG orthogroups; transcript abundances were normalized to
copies per million (cpm) for statistical analysis [47].

Sequencing data were deposited in the National Center for Biotechnology’s Sequence Read Archive
under BioProject accession number SRP529236.

Assays

Assays for the fecal concentrations of IgA and Lcn2 at endpoint were performed using ELISA assays
from Abcam (ab157717 and ab199083; Cambridge, UK). For both assays, 10mg of frozen stool was
suspended in 250pL sterile phosphate-buffered saline. Samples were homogenized by vortex at max
speed (3200 rpm) on a Vortex-Genie 2 (Scientific Industries, Bohemia, New York, USA) followed by
sonication at 40kHz with a 2.8L ultrasonic bath (Fisher Scientific, Hampton, New Hampshire, USA) for
ten minutes each. Samples were then centrifuged at 13,000 x g, and the supernatant for each sample
was transferred to a new sterile tube. For IgA, supernatants were diluted to 1:500 (vol/vol) in the kit-
provided diluent before the ELISA assay. For Lcn2, a 1:5 dilution (vol/vol) with the kit-provided diluent
was used. Both assays were performed following the manufacturer’s protocols and read on a Synergy 2
Multi-Mode Microplate Reader (BioTek Instruments, Vermont, USA) and read at an absorbance of
450nm.
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Statistics

Shannon and Chao1 indices for 16S rRNA amplicon data were calculated using mothur [48]. Beta
diversity was also evaluated in mothur using Bray-Curtis distances for analysis of similarity (ANOSIM)
[49]. Ordination was performed by principal coordinate analysis (PCoA). Differences in alpha diversity
and analyte concentrations were determined by ANOVA using Tukey's post-hoc test. Relative
abundances of taxa were compared with Kruskal-Wallis test, performed using XLSTAT ver.
2022.1.1.1243, Excel ver. 16.0 (Lumivero, Denver, CO, USA). Spearman correlations and redundancy
analyses were both also run in XLSTAT. Wald tests were performed with DESeq?2 (ver. 1.46.0) in R (ver.
4.4.2) [50]. All statistics were evaluated at a = 0.05 with a Bonferroni correction made for multiple
comparisons.

RESULTS

16S rRNA Sequencing Reveals Distinct Changes in Diversity and Composition
Tmg/mL Diversity and Composition

Minimal changes in diversity and taxonomic composition were observed among male and female mice
that received Tmg/ml of the lactonase SsoPox over the first three weeks. Alpha diversity between DW
controls and SsoPox-treated mice did not differ among baseline, week 3, or endpoint time points in
either sex (ANOVA F<3.611, P>0.075, Tables 1 & 2). Similarly, the beta diversity of both male and
female SsoPox-treated mice did not differ from their respective DW controls at baseline (ANOSIM R =
0.093,-0.005, P =0.090, 0.429, Fig. 2A). After three weeks of SsoPox treatment, the overall microbiome
composition of SsoPox-treated male mice showed significant separation from their controls (ANOSIM R
=0.257,P<0.001). This difference was not present among female mice (ANOSIM R =0.107, P =0.799).
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Table 1

Shannon index (mean + standard deviation).

Experiment Sex Timepoint DW SsoPox F P-value
Female Baseline 220+0.36 2.37%0.29 1.367 0.258
Tmg/mL Week 3 248+0.41 262+0.36 0.650 0.431
Endpoint 270+0.15 2.84%0.17 0.319 0.579
Male Baseline 2.84+045 257+0.62 1.267 0.275
Week 3 277+0.28 292+0.38 1.056 0.318
Endpoint 270+0.15 2.84+0.17 3.610 0.075
Female Baseline 3.17+0.39 237+0.25 29.694 <0.001
2mg/mL Week 3 284+044 260+0.33 2040 0.170
Endpoint 294+019 285+0.26 0.908 0.353
Male Baseline 2.54+0.20 2.72+0.39 1.700 0.210
Week 3 2.58+0.22 244+0.24 1.900 0.185
Endpoint 272+012 2.76+0.24 0.141 0.712
Table 2
Chao index (mean + standard deviation)
Experiment Sex Timepoint DW SsoPox F P-value
Female Baseline 208+22 202+36 0.188 0.670
Tmg/mL Week 3 226 + 28 202+32 0.848 0.369
Endpoint 180+ 47 18627 2.757 0.114
Male Baseline 204+ 20 219+30 1.667 0.213
Week 3 230+24 223+27 1.134 0.301
Endpoint 194 + 28 204+26 0.502 0.488
Female Baseline 23967 187+43 4.039 0.061
2mg/mL Week 3 237+ 36 228+50 0.848 0.369
Endpoint 270+ 46 224+74 2757 0.114
Male Baseline 197 £17 196+52 0.005 0.943
Week 3 194 + 56 186+31 1.134 0.301
Endpoint 233+163 196+36 0.502 0.488
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Similar to diversity, the baseline relative abundances of predominant taxa in the gut microbiomes of
male and female mice did not differ between mice assigned to the SsoPox and control groups (Kruskal-
Wallis K < 3.227, P> 0.072; Figs. 2B & 2C). However, after three weeks of SsoPox treatment, the relative
abundances of Paramuribaculum and Lactobacillus were lower, and the relative abundance of
Bifidobacterium was greater in SsoPox-treated male mice compared to DW controls (K =7.000, 4.806,
8.170, P =0.008, 0.028, 0.004; respectively, Supplemental Figures S1A-S1C). Similarly, among SsoPox-
treated male mice, the relative abundance of Lactobacillus dropped significantly between baseline and
week 3 (K =5.143, P = 0.023; Supplemental Figure S2A). The relative abundances of Bifidobacterium and
Muribaculaceae, which had not been detected at baseline, had also increased by week 3 (K =9.638,
4.677, P =0.002, 0.031, respectively; Supplemental Figures S2B-S2C). Among female mice at week 3,
the relative abundances of Turicibacter and Clostridium sensu stricto were lower in SsoPox-treated mice
compared to DW controls (K = 3.866, 4.123, P = 0.049, 0.042, respectively; Supplemental Figures S1E-
S1F). Similar to SsoPox-treated males, the relative abundance of Lactobacillus dropped from baseline to
week 3 in SsoPox-treated females (K = 6.223, P = 0.013; Supplemental Figure S2H).

Following completion of DSS administration at week 6, beta diversity of both male and female SsoPox-
treated mice differed from the beta diversity of DW controls, with female mice reaching statistical
significance (ANOSIM R=0.101, 0.147, P = 0.083, 0.042, respectively; Fig. 2A). Endpoint SsoPox-treated
male mice had a greater relative abundance of Muribaculaceae compared to controls (K=3.93, P =
0.048; Supplemental Figure S1D). At endpoint, SsoPox-treated male mice had a lower relative
abundance of Lachnospiraceae and greater relative abundances of Akkermansia, Clostridiales, and
Clostridium sensu stricto when compared to their pre-DSS microbiomes at week 3 (K=9.606, 13.166,
3.863,5.491, P=0.002, < 0.001, 0.049, 0.019, respectively; Supplemental Figure S2D-S2G). SsoPox-
treated female mice, at endpoint, had lower relative abundances of Lactobacillus and Clostridium sensu
stricto and a greater relative abundance of Akkermansia compared to their DW controls (K = 5.23, 4.17,
4.86, P=0.022,0.041, 0.027, respectively; Supplemental Figure S1G-S1l). Similar to male mice, SsoPox-
treated female mice had a lower relative abundance of Lachnospiraceae and greater relative
abundances of Akkermansia and Clostridium sensu stricto at endpoint when compared to their pre-DSS
microbiomes at week 3 (K=9.143,11.659, 7.189, P =0.002, 0.001, 0.007, respectively; Supplemental
Figure S2I-2K). Clostridiales trended towards a lower relative abundance in endpoint SsoPox-treated
female mice compared to their week 3 microbiomes, but this did not reach statistical significance (K =
3.571, P=0.059; Fig. 2C).

2mg/mL Diversity and Composition

No significant differences in alpha (Tables 1 & 2) or beta diversity were detected between DW controls
and 2mg/ml SsoPox-treated male mice at baseline, similar to observations at Tmg/mL (ANOSIM R =
-0.012, P =0.533; Fig. 3A). However, in female mice, Shannon indices differed between SsoPox-treated
mice and DW controls at baseline (ANOVA F =29.69, P < 0.001; Table 1), though Chao1 did not differ
(Table 2). In contrast to results observed at Tmg/ml and among males at 2mg/ml, the baseline beta
diversity of female mice assigned to the SsoPox group differed from that of the control group (ANOSIM
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R=0.475,P<0.001; Figs. 3A & 3C). At week 3 and endpoint, similar to the Tmg/mL experiment, neither
Shannon nor Chao1 indices showed significant differences between 2mg/mL SsoPox-treated mice and
their respective DW controls in either sex (ANOVA F < 2.758, P>0.114; Tables 1 & 2). In contrast to
Tmg/ml results, however, the gut microbiome compositions of both male and female 2mg/mL SsoPox-
treated mice did not differ from the compositions of their respective DW controls at week 3(ANOSIM R =
0.036,-0.010, P =0.250, 0.518, respectively; Fig. 3A).

At baseline, predominant taxa did not significantly differ in relative abundance between SsoPox-treated
males and controls (K < 3.527, P = 0.060; Figs. 3B & 3C). In contrast, among females, the baseline relative
abundances of Lachnospiraceae, Turicibacter, and Clostridiales were all lower, and the relative
abundance of Lactobacillus was greater in SsoPox-treated female mice (K =8.691, 5.356, 6.606, 9.606, P
=0.003, 0.021, 0.010, 0.002, respectively; Supplemental Figures S3A-3D). At week 3, unlike their
Tmg/mL counterparts but similar to the 2mg/ml baseline, no predominant taxa differed in relative
abundance between SsoPox-treated male mice and DW controls (K < 1.286, all P > 0.257; Fig. 3B).
However, among females, Ruminococcaceae was less abundant in the SsoPox group (K =4.806, P =
0.028; Supplemental Figure S3E). Among SsoPox-treated animals, the relative abundance of
Lachnospiraceae dropped from baseline to week 3 among males (K = 4.507, P = 0.034; Supplemental
Figure S4A), while the relative abundance of Muribaculaceae increased from baseline to week 3 (K =
6.611, P =0.010; Supplemental Figure S4E).

Following completion of DSS administration, the gut microbiome compositions of both 2mg/mL SsoPox-
treated male and female mice did not differ from those of DW controls (ANOSIM R = 0.082, 0.077, P =
0.103, 0.082, respectively, Fig. 3A), in contrast to observations at Tmg/ml. Moreover, no differences in
the relative abundance of predominant taxa were observed between SsoPox-treated males or females
and their respective DW controls (Figs. 3B & 3C). At endpoint, SsoPox-treated male mice had a lower
relative abundance of Lactobacillus and, like Tmg/mL SsoPox-treated males, greater relative abundances
of Akkermansia and Clostridiales when compared to their week 3 microbiomes (K =14.286, 11.063,
9.143, P =<0.001, 0.001, 0.002, respectively; Supplemental Figures S4B-S4D). Similarly, SsoPox-treated
female mice had a lower relative abundance of Lactobacillus and greater relative abundances of
Akkermansia and Clostridiales, as well as a greater relative abundance of Clostridium sensu stricto, when
compared to their pre-DSS microbiomes at week 3 (K =13.720, 9.606, 5.491, 8.757, P =< 0.001, 0.002,
0.019, 0.003, respectively; Supplemental Figures S4F-S4l), a pattern similar to what was seen in
Tmg/mL SsoPox-treated females.

Symptoms of Colitis were Exacerbated by the Lactonase SsoPox at Lower Dose (1mg/mL) and
Alleviated at Higher Dose (2mg/mL)

1mg/mL Endpoints and Correlations

SsoPox at Tmg/mL appeared to exacerbate symptoms of colitis in both sexes. At endpoint, both
SsoPox-treated male and female mice had similar fecal concentrations of IgA when compared to DW
controls (ANOVA: F =0.981, 0.849, P =0.335, 0.370, respectively; Table 3). Across all mice in the Tmg/mL
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experiment, no predominant taxa were correlated with fecal concentration of IgA. In contrast to IgA, both
SsoPox-treated males and females had greater fecal concentrations of Lcn2 compared to controls
(ANOVA F =5.093, 5.140, P = 0.043, 0.043, respectively; Table 3). Across all mice (SsoPox-treated + DW
controls) in the Tmg/mL experiment, Lactobacillus was the only taxon whose relative abundance was
negatively correlated with fecal Lcn2 concentration at endpoint (Spearman p =-0.417, P =0.023; Fig. 4A);
no positive correlations were observed.

Table 3

Endpoint concentrations (mean + standard deviation) of immunoglobulin-A (IgA) and lipocalin-2 (Lcn2),
as well as colon length and Disease Activity Index (DAI) for animal colitis.

Assay Experiment

IgA Tmg/mL

2mg/mL

Lcn2 Tmg/mL

2mg/mL

Colon Length

DAI Score

Sex

Female
Male
Female

Male

Female

Male

Female
Male

Tmg/mL

2mg/mL

Tmg/mL

2mg/mL

DW

7.06+1.68
7.17+1.13
7.90+3.77

10.88 +
6.26

227 +195

3600 +
5107

479 + 504
866 +935

Female

Male

Female
Male

Female

Male

Female

Male

SsoPox

7.73+1.46
7.75+1.46

21.79+19.55
31.01+18.72

13730
11627

28229
30424

175+136
598 + 640
71.0+£9.2

75.7+10.1

69.3+5.5
65.1+5.9
1.20+1.75

4.60+2.50

1.70+2.45

4.10+2.88

F

0.849
0.981
4.374
10.403

5.14

5.093

3.049
0.542

59.6 +
14.8

61.5%
15.7

74.3+6.2

P-
value

0.37

0.335
0.052
0.005

0.043

0.043

0.099
0.472
3.856

5.824

3.663
10.218
5.320

1.960

0.167

0.982

0.067

0.027

0.072
0.005
0.033

0.178

0.688

0.335

Page 11/27




SsoPox-treated male mice had shorter colons, and SsoPox-treated female mice trended towards shorter
colons, relative to controls, although this did not reach significance (ANOVA F = 5.824, 3.856, P =0.027,
0.067, respectively; Table 3). Conversely, SsoPox-treated female mice had a higher DAI score relative to
DW controls, and SsoPox-treated male mice trended towards a higher DAI score but did not reach
significance (ANOVA F = 5.320, 1.960, P = 0.033, 0.178, respectively; Table 3). Across all SsoPox-treated
mice, colon length was positively correlated with the endpoint relative abundance of Lachnospiraceae
(Spearman p = 0.500, P = 0.031; Fig. 4A). Colon length negatively correlated with fecal Lcn2
concentration (Spearman p =-0.557, P =0.002).

2mg/mL Endpoints and Correlations

In contrast to SsoPox at Tmg/mL, 2mg/mL alleviated colitis symptoms. SsoPox-treated male mice had
greater endpoint fecal IgA concentrations than controls, and female mice trended towards the same
(ANOVA F =10.403, 4.374, P = 0.005, 0.052, respectively; Table 3). Across all SsoPox-treated mice, the
fecal concentration of IgA was positively correlated with the endpoint relative abundances of
Akkermansia and Clostridiales (Spearman p = 0.650, 0.660, P = 0.002, 0.002, respectively; Fig. 4B), and
negatively correlated with the endpoint relative abundances of Turicibacter and Bifidobacterium
(Spearman p =-0.573,-0.475, P =0.009, 0.036, respectively; Fig. 4B). Both SsoPox-treated male and
female mice had similar endpoint fecal concentrations of Lcn2 compared to DW controls, with Len2
concentration even trending lower in SsoPox-treated females compared to female controls (ANOVA F =
0.542,3.049, P=0.472, 0.099, respectively; Table 3). Among all mice in the 2mg/mL experiment, no
predominant taxa correlated with fecal Lcn2 concentration (Fig. 4B).

At endpoint, SsoPox-treated male mice had longer colons than DW controls, and SsoPox-treated female
mice trended towards longer colons, though this did not reach significance (ANOVA F =10.218, 3.663, P
=0.005, 0.072, respectively; Table 3). The DAI scores of both male and female SsoPox-treated mice did
not differ from their DW controls (ANOVA F =0.982,0.167, P = 0.335, 0.688, respectively; Table 3). No
predominant taxa were associated with colon length in SsoPox-treated mice, though colon length was
positively correlated with fecal IgA concentration (Spearman p =0.337, P = 0.034; Fig. 4B).

Endpoint Correlations Across Experiments

Across all endpoint samples in both experiments, the fecal concentration of IgA was positively
correlated with the relative abundance of Muribaculaceae and negatively correlated with the relative
abundances of Turicibacter, Lactobacillus, and Clostridium sensu stricto (Spearman p = 0.365, -0.238,
-0.240,-0.269, P<0.001, 0.037, 0.036, 0.018, respectively; Fig. 4C). Fecal Lcn2 concentration was
positively correlated with the relative abundance of Muribaculaceae and negatively correlated with the
relative abundance of Lactobacillus (Spearman p = 0.276,-0.249, P =0.021, 0.038; Fig. 4C). Colon length
was positively correlated with the relative abundance of Bifidobacterium and negatively correlated with
fecal Lcn2 concentration (Spearman p =0.231,-0.312, P =0.045, 0.009, respectively; Fig. 4C).
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Baseline Gut Microbiome Compositions Did Not Impact
Colitis in Controls

Despite several differences in relative abundances among predominant taxa between the baseline of
both experiments (Supplemental Figure S5), the endpoint fecal concentrations of IgA and Lcn2 did not
differ between the Tmg/mL and 2mg/mL DW controls (ANOVA F =2.812, 0.186, P = 0.103, 0.700,
respectively; Table 3). Similarly, while DW controls in the Tmg/mL experiment trended towards slightly
longer colons than their 2mg/mL counterparts, this difference did not reach significance (ANOVA F =
4.009, P = 0.053; Table 3). For DSS severity, the DAI scores of both male and female DW controls did not
differ between experiments (ANOVA F =0.171,0.275, P = 0.684, 0.606, respectively; Table 3). These
results suggest that, despite batch differences in the microbiome, DSS colitis was successfully and
comparably induced in both Tmg/ml and 2mg/ml experiments.

SsoPox Triggers Increased Transcript Abundance of
Lactate-Utilizing Bacterial Families and Enzymes

RNAseq was performed at baseline and week 3 for fecal samples from SsoPox-treated mice in the
2mg/mL experiment to determine the effects of SsoPox on bacterial transcript abundances. In male
mice, the only predominant genus with greater total transcript abundances following three weeks of
SsoPox treatment was Bifidobacterium (Wald z = 4.383, P < 0.001; Fig. 5A). In female mice, no
predominant genera differed by transcript abundance before and after three weeks of SsoPox treatment.
When male and female samples were combined, both Bifidobacterium and Lactobacillus were found to
have increased in transcript abundance following SsoPox treatment (Wald z = 3.442, 2.190, P = 0.0004,
0.026, respectively; Figs. 5B-5C).

Analysis was then additionally performed at family level, with sexes combined to outline broader trends
within SsoPox-treated mice. Bifidobacteriaceae, Lactobacillaceae, Enterobacteriaceae, and
Enterococcaceae were found to have greater transcript abundances after SsoPox treatment (Wald z =
4.090, 2.423,7.585, 6.390, P < 0.001, respectively; Figs. 6A-6B). Butyricicoccaceae was the only
predominant family that was found to have lower transcript abundances after SsoPox treatment (Wald z
=-2.589, P =0.015; Figs. 6C-6D).

Among functional genes, RNA transcripts involved in lactate formation and utilization were more
abundant following three weeks of SsoPox treatment, including phosphoenolpyruvate (PEP) protein
phosphotransferase, alpha glucan branching enzyme, lactate dehydrogenase, pyruvate kinase, and
formyl CoA transferase (Wald z = 1.426, 1.742,0.012, 0.807, 5.126, P = 0.036, 0.036, 0.037, 0.035, < 0.001,
respectively; Fig. 6E). Transcripts that encoded the cyclic lactone autoinducer peptide, the precursor to
the autoinducing peptide (AIP) used exclusively by Gram-positive bacteria, were also less abundant after
SsoPox treatment (Wald z =-0.002, P = 0.003; Fig. 6E). Multiple transcripts for bacterial replication or
repair had greater transcript abundances after SsoPox treatment, including AbrB family transcriptional
factor, cell wall-associated hydrolase fragment, and twenty ribosomal subunits (Wald z>0.02, P < 0.029).
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RNA transcript abundance for methylglyoxal synthase, repressor LexA, and methionine
adenosyltransferase, as well as transcript abundances of MraZ protein and S-adenosyl
methyltransferase, were lower after SsoPox treatment (Wald z =-2.571,-2.074,-0.979, -3.261, -3.440, P =
0.006,0.015, 0.035, < 0.001, <0.001, respectively; Figs. 6E-6F).

DISCUSSION

While the baseline gut microbial compositions of mice differed between the Tmg/mL and 2mg/mL
experiments, this was not surprising. The experiments were performed sequentially, and temporal shift
of gut microbiome composition within mice from a given vendor has been previously reported [51].
Nonetheless, the effects of DSS administration on fecal IgA concentration, Lcn2 concentration, colon
length, and DAI scores were consistent across the DW controls in both experiments. At endpoint, both
male and female mice treated with Tmg/ml SsoPox had increased severity of intestinal colitis [52, 53].
However, mice treated with 2mg/mL SsoPox had less severe colitis, as evidenced by longer colon
lengths and a smaller change in overall community composition compared to their respective controls.
This follows a similar trend seen in antimicrobials, where a subinhibitory concentration can, in some
situations, cause a pro-inflammatory or pro-pathogenic effect [54]. While the lactonase SsoPox (and QQ
generally) is non-bactericidal, this effect could be part of a general stress response [54], and this
experiment may provide some of the first evidence that sub-therapeutic doses of QQ enzymes may also
exhibit this pro-inflammatory effect. These findings are similar to our previously reported results, where
we noted dose-specific effects of SsoPox in a diet-induced obesity model [23]. Additionally, we have
previously shown that administration of Tmg/ml SsoPox reduced the metastatic rate of aggressive CRC
in male mice, indicating that Tmg/mL may be a sufficiently therapeutic dose for males in some
situations [20].

SsoPox administration among female mice had less impact on their microbiomes than that of males,
and this was also observed among markers of inflammation. SsoPox-treated female mice trended
towards shorter colons at Tmg/ml and greater fecal IgA concentrations, and towards longer colons at
2mg/ml, but did not reach significance, in contrast to males. This observed difference was also observed
in previous work, with SsoPox having a weaker effect in females in the diet-induced obesity model
mentioned earlier [23]. Interestingly, in the aggressive CRC model, female mice treated with SsoPox had
an increased metastatic rate of CRC, opposite to its effect in male mice [20]. While this was initially
reported as a sex-specific effect, the findings of the current study raise the intriguing possibility that
females receive a subtherapeutic dose of SsoPox at Tmg/ml, which may be related to the previously
reported pro-metastatic effect. At present, our data suggest that SsoPox at 2mg/ml may be a more
effective dose for delivering reproducible results across both sexes and further highlight the need to
better interrogate sex differences in quorum dynamics.

Our RNA-seq analysis revealed that three weeks of SsoPox treatment reduced transcript abundance of
the AIP precursor, a QS molecule used exclusively by Gram-positive bacteria, possibly signaling a
community-wide shift in cellular processes. At the same time, we also detected greater transcript
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abundances of PEP phosphotransferase and lactate dehydrogenase, the latter utilized by lactic-acid-
producing bacteria (LAB) and signaling an increase in lactic acid production [55]. Formyl CoA
transferase, which had greater transcript abundances in SsoPox-treated mice after three weeks and is
known to be primarily utilized by LAB for oxalate metabolism in the lower pH ranges within the gut [56],
provided further evidence of increased LAB activity. Common LAB include members of Lactobacillaceae
and Enterococcaceae, and many researchers now consider members of Bifidobacteriaceae to be
functionally similar to LAB (the larger group sometimes differentiated as LAB&B) [57-61]. All three lactic
acid-associated families showed increased transcript abundance after SsoPox treatment in the present
study. Additionally, Lactobacillus and Bifidobacterium, predominant members of LAB&B families, were
associated with markers of alleviated colitis following DSS administration. Enterobacteriaceae, the only
other predominant family observed to have higher transcript abundances after SsoPox treatment, has
also recently been shown to utilize lactic acid during DSS-induced colitis [62]. Notably, while these
LAB&B families showed significantly increased transcript abundances after three weeks of treatment
with 2mg/mL SsoPox, an increase in the relative abundance was not observed in the 16S rRNA data.
This may signal an important functional change in LAB&B, specifically, or a more general metabolic shift
throughout the colon, and further investigation is required to validate this hypothesis.

An increase in LAB activity could be a potential mechanism for the observed anti-inflammatory and anti-
pathogenic effects of SsoPox administration, as supplementation with LAB, lactic acid, or their common
fermentation product, butyrate, are all known to reduce gut inflammation and boost intestinal wall
integrity [63, 64]. This upregulation of LAB&B activity and lactic acid production can have downstream
effects that shift the entire microbiome towards an anti-colitic state, with several LAB metabolites known
to have anti-inflammatory properties [65, 66]. SsoPox, which causes this upregulation of lactic acid
production, is also supported by a recent study in the oral microbiome, which demonstrated for the first
time that SsoPox supplementation increased sucrose fermentation to lactate [67].

The current study has important limitations. Chief among them is the fact that this study did not
measure lactic acid concentration; future studies will preserve blood and tissue for this purpose.
Additionally, this study represents the latest in a growing body of work indicating that the QQ lactonase
SsoPox may have a weaker effect in females, and future research should examine the interaction
between sex and quorum dynamics. There is emerging research on the interactions between the gut
microbiome and sex hormones, termed the “microgenderome”, but the complex interplay remains poorly
understood, and there is a paucity of research to explain the sex-based differences in quorum dynamics
observed in this experiment [68]. Finally, this study’s design allowed us to explore the effects of SsoPox
throughout the first three weeks and its ability to prevent colitis in the final three weeks. We did not,
however, examine the ability of SsoPox to reverse active colitis. A future study wherein colitis is induced
prior to SsoPox treatment will be needed to explore the preclinical potential of QQ treatment.

CONCLUSIONS
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This experiment explored the effects of SsoPox treatment on DSS-induced colitis at two different doses.
Mice treated with SsoPox at Tmg/mL demonstrated an increased severity in several markers of colitis,
while mice treated with SsoPox at 2mg/mL demonstrated an alleviation of colitis markers. Mice treated
with SsoPox at 2mg/mL also showed changes in the abundance of transcripts related to LAB&B
metabolic function, as measured by RNA sequencing, without an associated increase in LAB&B
abundance as determined by 16S rRNA sequencing, suggesting a likely functional metabolic change
within the microbiome. This demonstrates a potential mechanism by which SsoPox exerts its anti-
inflammatory and anti-pathogenic effects, and future studies should closely examine the role of SsoPox
supplementation in lactic acid and butyrate production.
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Figure 1

The experimental design consisted of male and female mice divided into two groups and given either
drinking water supplemented with SsoPox at a concentration of Tmg/mL or an un-supplemented
drinking water control (DW) for a total of 40 mice (n = 10/group/sex). This experiment was then repeated
to explore the effects of dose, with SsoPox at 2mg/mL, resulting in a total of eight treatment groups (n =
10/group).
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Figure 2

(A) Principal coordinate analysis (PCoA) of the beta diversity from fecal pellets of the initial experiment
where SsoPox was administered at Tmg/mL. (B)(C) The gut microbiome compositions of male (B) and
female (C) fecal samples in the Tmg/mL experiment at baseline, week 3 (WK3), and endpoint (END).
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Figure 3

(A) Principal coordinate analysis (PCoA) of the beta diversity from fecal pellets of the second experiment
where SsoPox was administered at 2mg/mL. (B) (C) The gut microbiome compositions of male (B) and
female (C) fecal samples in the 2mg/mL experiment at baseline, week 3 (WK3), and endpoint (END).
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Redundancy analysis (RDA) was performed on endpoint samples. (A) RDA of endpoint samples from the
Tmg/mL experiment. The relative abundance of Clostridium XVIII was positively correlated with fecal
Lcn2 concentration and negatively correlated with colon length. (B) RDA of endpoint samples from the
2mg/mL experiment. The fecal concentration of IgA positively correlated with the relative abundances of
Akkermansia and Clostridiales and colon length. (C) RDA of all endpoints from both experiments. Colon
length was positively correlated with the relative abundance of Bifidobacteriumand negatively correlated
with fecal Lcn2 concentration. The relative abundance of Lactobacillus was negatively correlated with
fecal concentrations of both IgA and Lcn2.
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Figure 5

Box and whisker plots of predominant bacterial genera which had significantly higher transcript
abundances after three weeks of treatment with SsoPox at 2mg/mL. (A) The transcript abundance of
Bifidobacterium increased in SsoPox-treated male mice. (B & C) The transcript abundances of
Bifidobacterium and Lactobacillusincreased in all SsoPox-treated mice. No bacterial genera had a
significant increase in transcript abundance in SsoPox-treated female mice.
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Figure 6

(A & B) Box and whisker plots of Bifidobacteriaceae, Lactobacillaceae, Enterobacteriaceae, and
Enterococcaceae, predominant bacterial families which had significantly greater transcript abundance
after three weeks of treatment with SsoPox at 2mg/mL. (C) A box and whisker plot of the only
predominant bacterial family which had significantly lower transcript abundance after three weeks of
treatment with SsoPox at 2mg/mL. (D & E) Volcano plot of enzyme and KEGG ortholog transcripts in all
2mg/mL samples, respectively. Samples with significantly higher transcript abundance after three weeks
are highlighted in green, those with significantly lower transcript abundance are highlighted in red.
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