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Abstract

To study the impact of differing specific pathogen-free gut microbiomes (GMs) on a murine model
of inflammatory bowel disease, selected GMs were transferred using embryo transfer (ET), cross-
fostering (CF), and co-housing (CH). Prior work showed that the GM transfer method and the
microbial composition of donor and recipient GMs can influence microbial colonization and
disease phenotypes in dextran sodium sulfate-induced colitis. When a low richness GM was
transferred to a recipient with a high richness GM via CH, the donor GM failed to successfully
colonize, and a more severe disease phenotype resulted when compared to ET or CF, where
colonization was successful. By comparing CH and gastric gavage for fecal material transfer, we
isolated the microbial component of this effect and determined that differences in disease severity
and survival were associated with microbial factors rather than the transfer method itself. Mice
receiving a low richness GM via CH and gastric gavage exhibited greater disease severity and
higher expression of pro-inflammatory immune mediators compared to those receiving a high
richness GM. This study provides valuable insights into the role of GM composition and

colonization in disease modulation.

Key Words: Gut microbiota transfer, DSS-induced colitis, Microbiome colonization efficiency,

Inflammatory bowel disease (IBD), Fecal microbiota transfer (FMT)

Introduction

The gut microbiome (GM), the microorganisms that inhabit the gastrointestinal tract of humans
and animals, plays an important role in health and disease pathogenesis and severity>2. Common
diseases that may be influenced by features within the GM include inflammatory bowel disease

(IBD)3, colon cancer?, and autism® among others. In the case of IBD, changes in the GM
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characterized by reduced richness of symbiotic commensals (i.e., dysbiosis) may exacerbate
inflammation®. This dysbiosis induces further immune reactions and inflammation characterized
by the production of immune mediators, reactive oxygen species, and antimicrobial peptides when
pathobiont microbes breach the mucosa’®. While the GM plays an important role in both
physiology and pathophysiology of many diseases including IBD, studying the GM in humans can
be cumbersome and difficult due to varying backgrounds of individuals, unknown genetic
contribution to disease® and the correlative nature of human studies. To overcome these
challenges, animal models have been established to answer questions concerning how the
microbiome interacts with and influences the health of the host. Studies performed in gnotobiotic
and germ-free rodents have established the need for a healthy GM for proper biological
development and physiology of the host organism?®12, While animal models are essential to the
advancement of scientific knowledge, many studies utilizing rodents as models suffer from poor
reproducibility or translatability'®'4. Awareness of these issues has led the National Institutes of
Health to launch an initiative to improve the translatability and reproducibility in research to make

more investigators and their laboratories aware of the need to improve scientific rigor*®.

The composition of the GM has an impact on the disease state of the rodent host!®°. The rodents
provided to the research community by the largest suppliers are colonized by GMs that
significantly differ in alpha and beta-diversity?>?!. Furthermore, research performed in isogenic
mice where the experimental groups harbor these different supplier-origin GMs have shown that
the GM can influence disease severity independent of genetic contributions in a chronic dextran-
sodium sulfate (DSS) -induced murine model of IBD?2. Previous work in our lab has shown that
when co-housing is used to transfer a complex GM, colonization by the donated GM is less
successful and may result in severe DSS-induced disease and mortality. We sought to replicate
these findings in an acute model of DSS colitis and confirm that the effect on disease severity is

attributable to the GM and not an unexplained factor of the co-housing method. We leveraged the
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differences in GM alpha and beta diversity between a Jackson Laboratory-origin GM, and Envigo-
origin GM%, Specifically, we hypothesized that the transfer of donor microbiome to recipients
naturally during the post-partum period (i.e., via embryo transfer (ET) of recipient germplasm in
surrogate dams harboring the donor GM) or within the first 24 hours of life (i.e., via cross-foster
(CF) of recipient pups on surrogate dam donors) would result in more complete colonization of

the donor GM than co-housing for one month beginning at weaning.

We also hypothesized that attempts to transfer a comparably low-richness GM to recipients
harboring a high-richness GM via CH would result in particularly low transfer efficacy, and the
most severe disease when challenged with DSS at seven weeks of age. During the CH process,
donor and recipient mice were grouped together at weaning (21 days) in cages containing two
donors and two recipients, a procedure that could produce inadvertent effects on recipient mice
via psychosocial stressors or other unknown factors. To obviate any potential effects of physical
contact between the donor and recipient mice during the CH procedure, we included additional
treatments groups with the same timing and donor and recipient GMs, wherein the GM was
transferred via weekly gastric gavage and dirty bedding transfer. Recipient mice receiving the
reciprocal GM via ET, CF, CH, or gastric gavage and transfer of dirty donor bedding (GA) were
challenged with a single cycle of DSS, followed by assessment of disease severity via weight loss
and mortality, histological examination, colon length at necropsy, and production of inflammatory
mediators. Supporting a primary influence of poorly colonizing microbes rather than factors
associated with direct physical contact between donors and recipients, we hypothesized that mice
receiving a low-richness GM via GA and CH would have equivalent, severe DSS-induced disease
compared to all other groups. Conversely, if mice receiving the low-richness GM via CH
developed more severe disease than mice receiving the same GM via GA, it would indicate
differences in disease severity and survival are associated at least in part with physical contact

between recipients and donors.
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98

99 Methods

100 Ethics Statement

101  All activities and experiments described using animal models were performed in accordance with
102  the Guide for the Care and Use of Laboratory Animals, and the Institutional Animal Care and Use
103 Committee of the University of Missouri, an AAALAC-accredited institution, approved all animal

104  use procedures (MU IACUC protocols 9587 and 36781).
105 Mice

106 C57BL/6J (B6J) and C57BL/6NHsD (B6N) mice were procured directly from The Jackson
107  Laboratory (Bar Harbor, ME) or Envigo (now Inotiv, Indianapolis, IN), respectively, and bred to
108 produce GM recipient mice. Embryo transfer, cross-fostering, and co-housing transfer methods
109  were performed as previously described?2. Colonies of mice were housed under barrier conditions
110  in microisolator cages with compressed pelleted paper bedding and nestlets, on ventilated racks
111 with ad libitum access to 5053 (LabDiet, St. Louis, MO) rodent chow and acidified, autoclaved
112  water. Mice were housed under a 12:12 light/dark cycle. Mice were determined to be free of
113  bacterial pathogens including Bordetella bronchiseptica, Filobacterium rodentium, Citrobacter
114  rodentium, Clostridium piliforme, Corynebacterium bovis, Corynebacterium Kkutscheri,
115  Helicobacter spp., Mycoplasma spp., Rodentibacter spp., Pneumocystis carinii, Salmonella spp.,
116  Streptobacillus moniliformis, Streptococcus pneumoniae; adventitious viruses including H1,
117 Hantaan, KRV, LCMV, MAD1, MHV, MNV, PVM, RCV/SDAV, REO3, RMV, RPV, RTV, and
118 Sendai viruses; intestinal protozoa including Spironucleus muris, Giardia muris, Entamoeba
119 muris, trichomonads, and other intestinal flagellates; intestinal helminths including pinworms and
120 tapeworms; and external parasites including all species of lice and mites, via quarterly sentinel

121 testing.
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122 CD-1 donor mice. All CD-1 mice that were used as donors were from two colonies in which the
123 founders were originally purchased from Charles River (Crl:CD1(ICR), Frederick, MD), and were
124  generated via rederivation to harbor either a high richness Envigo origin GM (GM™9"), or a low
125  richness Jackson Laboratory origin GM (GM"") as previously described?*. All donor mice were
126  reared at the authors’ institution and the two colonies have been maintained and continually
127  monitored for GM stability within our facility for over 35 generations. Additionally, a rotational
128  breeding scheme and routine introduction of CD-1 genetics via embryo transfer from CD-1 mice
129  purchased from Charles River allows for the maintenance of allelic heterozygosity within each
130 colony and ensures these colonies do not become genetically distinct from each other. Since CD-
131 1 mice that harbor a Jackson Laboratory origin GM were found to have a GM with low
132 phylogenetic richness and diversity, the GM of these mice was designated GM™", Similarly, since
133  CD-1 mice that harbored an Envigo origin GM were found to have a GM with high phylogenetic

134  richness and diversity relative to GM*", the GM of these mice was designated GM"9",

135  Embryo transfer. ET was performed at the authors’ institution as previously described?:. Briefly,
136 B6J and B6N mice were obtained directly from respective producers, bred, and embryos were
137 collected at the two-cell stage. Embryos were surgically transplanted into GM donor
138  pseudopregnant CD-1 surrogate dams. GM donor surrogate CD-1 mice were allowed to give birth
139  and rear the pups (Sup Fig S1A,B). Pups that were generated via ET were then bred together to
140 generate a second generation to simulate the breeding that is sometimes necessary to obtain
141 enough animals to power scientific experiments due to low animal yields from embryo transfer
142  procedures?®®. Numbers obtained from these breedings are as follows: GMM"ET (n = 12/sex),

143  GMMY™ET (n = 12/sex). Both male and female mice were included in the ET groups at a 1:1 ratio.

144  Cross-fostering. B6J and B6N mice, obtained directly from respective producers, were bred to
145  generate GM recipient mice. CD-1 dams were time-mated simultaneously with the B6J and B6N

146  dams to act as cross-foster surrogate dams. B6J and B6N pups were cross-fostered to a CD-1
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147  GM donor dam harboring high richness GM"9" or low richness GM"*", respectively, within 12
148  hours following birth (Sup Fig S1C,D). Numbers obtained from the cross-fostering procedure are
149  as follows: GMH9"CF (n = 12 males, 11 females), GM“*YCF (n = 12/sex). To limit the possibility of
150 cannibalism and help facilitate GM transfer, 2-3 CD-1 pups born to the surrogate dams remained

151  within the litters.

152  Co-housing. B6J and B6N mice, obtained directly from respective producers, were bred to
153  generate GM recipient mice. CD-1 dams were time-mated simultaneously with the B6J and B6N
154  dams to generate GM donor mice. At 21 days of age, recipient B6J and B6N mice were weaned
155  and co-housed with weanling CD-1 mice harboring GM™9" or GM™", respectively (Sup Fig S1E-
156  H). B6 mice were co-housed with age- and sex-matched CD-1 donors at a 1:1 ratio. Numbers
157  obtained from the co-housing procedure were as follows for the first experiment: GMMI"CH (n =
158  12/sex), GM"*"CH (n = 12/sex). For the second experiment. GM"9"CH (n = 7 males, 8 females),

159  GMY™CH (n = 8 males, 8 females).

160  Gastric gavage (GA). B6J and B6N mice, obtained directly from respective producers, were bred
161 to generate GM recipient mice. At weaning, mice were placed into cages with littermates of the
162  same sex. Following weaning, mice were exposed to the reciprocal GM by gastric gavage of 0.2
163  mL of fecal slurry once per week prepared from feces of age- and sex-matched CD-1 donor mice,
164  and transfer of dirty bedding from cages of age- and sex-matched CD-1 donor mice three times
165  per week up to seven weeks of age (Sup Fig S1l,J). The fecal slurry was prepared by collecting
166  a fecal sample from respective CD-1 donor mice. For each sample, 1 mL of 1X PBS was added
167 to a 2 mL microcentrifuge tube containing a 5 mm steel ball and an approximately 5 mm portion
168  of the donor fecal pellet . The fecal sample was homogenized in a Qiagen Tissuelyser 2.0 for 30
169 seconds at 30 Hz to create a fecal slurry. Following homogenization, all samples were pooled
170  within their respective GM by passing the individual slurry samples through a 70 pm nylon mesh

171 filter into the same 50 mL conical tube. Numbers obtained for the gastric gavage groups in the
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172 second experiment were as follows: GM"9"GA (n = 6 males, 7 females), GM"°“GA (n = 7 males,

173 6 females).
174  Fecal sample collection

175  Antemortem fecal samples were collected by placing mice in a sterile autoclaved empty cage and
176  allowing them to defecate 2-3 fecal pellets which were promptly collected and stored at -80°C until
177  DNA extraction was performed. Feces were collected from pregnant GM donor CD-1 mice on day
178 18 of gestation to limit the incidence of cannibalism of the pups. GM recipient mouse fecal

179  samples were collected at three and seven weeks of age.
180 Dextran sodium sulfate administration

181 At seven weeks of age, all recipient mice were administered freshly reconstituted dextran sodium
182  sulfate (DSS) at a concentration of 2.5% in drinking water for seven days, followed by seven days
183  of DSS-free standard autoclaved drinking water. Mice were weighed daily during the seven days
184  of DSS administration and the following seven days after discontinuing DSS to monitor weight
185 loss, with exception of the GM"9"CF cohort where the first- and third-day’s weights during DSS
186  administration were inadvertently not recorded. At the end of the 14 days, mice were humanely
187  euthanized, and samples collected. Per the IACUC protocol humane endpoints, any mice that
188  lost greater than or equal to 20% of their pre-DSS administration weight, or were assessed by the

189 investigators to be moribund, were humanely euthanized and samples immediately collected.
190 Necropsy

191 At nine weeks of age, all DSS-treated mice were humanely euthanized by CO, asphyxiation,
192  followed by cervical dislocation according to the AVMA guidelines on humane euthanasia.
193  Immediately following euthanasia, the cecum and colon were removed, and colon lengths were
194 measured from the cecocolic junction to the rectum. The most distal fecal pellets within the colon

195  were collected and promptly stored at -80°C. For the first experiment, cecum and colons were
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196 flushed, placed into cassettes, and immersed in 10% neutral buffered formalin to fix for
197  histological slide preparation. For the second experiment, the colon was incised longitudinally and
198 flattened on card stock, serosal side down. Tissue was then bisected longitudinally and one half
199 of the full length was immersion fixed in formalin while the other half was placed in a 2 mL
200  microcentrifuge tube, flash frozen in liquid nitrogen, and promptly stored at -80°C until protein

201  extraction was performed for immune mediator analysis.
202  Microbiome analysis

203  DNA extraction. DNA from fecal samples was extracted using the QlAamp PowerFecal DNA kit
204  (Qiagen) per manufacturer instructions, with the exception that homogenization was performed in
205 a2 mL microcentrifuge tube containing a 5 mm steel ball and placed in a Qiagen Tissuelyser 2.0
206  at 30 Hz for 10 minutes. All other steps were performed per the manufacturer instructions. DNA
207  concentration was quantified using the Qubit® 2.0 Fluorometer with the Qubit dsDNA BR assay

208  (Invitrogen) following manufacturer’s protocol.

209  16S rRNA amplicon library preparation and sequencing. Extracted fecal DNA was processed at
210 the University of Missouri Genomics Technology Core Facility. Bacterial 16S rRNA amplicons
211  were constructed via amplification of the V4 region of the 16S rRNA gene using previously
212 developed universal primers (U515F/806R), flanked by Illumina standard adapter sequences?%?’.
213 Oligonucleotide sequences are available at proBase?®. Dual-indexed forward and reverse primers
214  were used in all reactions. PCR was performed in 50 pL reactions containing 100 ng
215  metagenomic DNA, primers (0.2 uM each), dNTPs (200 uM each), and Phusion high-fidelity DNA
216  polymerase (1U, Thermo Fisher). Amplification parameters were 98°CC ™" + [98°C(15sed) + 50°CE0
217 89+ 72°CE0sed] x 25 cycles + 72°CC7 ™M, Amplicon pools (5 pL/reaction) were combined,
218  thoroughly mixed, and then purified by addition of Axygen Axyprep MagPCR clean-up beads to
219  an equal volume of 50 pL of amplicons and incubated for 15 minutes at room temperature.

220  Products were washed multiple times with 80% ethanol and the dried pellet was resuspended in


https://doi.org/10.1101/2024.09.25.614792
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.09.25.614792; this version posted September 25, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

221  32.5 uL EB buffer (Qiagen), incubated for two minutes at room temperature, and then placed on
222 a magnetic stand for five minutes. The final amplicon pool was evaluated using the Advanced
223 Analytical Fragment Analyzer automated electrophoresis system, quantified using quant-iT HS
224  dsDNA reagent kits, and diluted according to lllumina’s standard protocol for sequencing on the
225  MiSeq instrument.

226  Bioinformatics. Primers were designed to match the 5' ends of the forward and reverse reads.
227  Cutadapt® (version 2.6) was used to remove the primer from the 5' end of the forward read. If
228  found, the reverse complement of the primer to the reverse read was then removed from the
229  forward read as were all bases downstream. Thus, a forward read could be trimmed at both ends
230 if the insert was shorter than the amplicon length. The same approach was used on the reverse
231  read, but with the primers in the opposite roles. Read pairs were rejected if one read or the other
232 did not match a 5' primer, and an error-rate of 0.1 was allowed. Two passes were made over each
233 read to ensure removal of the second primer. A minimal overlap of three bp with the 3' end of the
234  primer sequence was required for removal. The QIIME23° DADA23 plugin (version 1.10.0) was
235 used to denoise, de-replicate, and count ASVs (amplicon sequence variants), incorporating the
236  following parameters: 1) forward and reverse reads were truncated to 150 bases, 2) forward and
237  reverse reads with number of expected errors higher than 2.0 were discarded, and 3) Chimeras
238  were detected using the "consensus" method and removed.

239 Tissue histological examination and scoring.

240 Cecum and colon were trimmed, embedded, and sectioned by the histology services of IDEXX
241  BioAnalytics (Columbia, MO). Histological examination was performed by two blinded laboratory
242 animal veterinarians experienced in reviewing Gl tissues (KG and TR). Slides were randomly
243  ordered so that reviewers were blinded to transfer method, transfer direction, and sex. Reviewers
244  assigned a lesion score based on the degree of inflammation and epithelial changes, and overall

245  percentage of the colonic lesions (Sup Table S1). Scores that differed by 1 between reviewers
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246  were averaged. When scores differed by greater than 1, reviewers re-examined slides together
247  and generated a consensus score. Only after agreement was reached on scores were reviewers

248  unblinded to treatment groups.

249  Protein extraction and immune mediator analysis

250  Colon tissue from six males and six females from each GM transfer group in the co-housing and
251 gavage groups were randomly selected for cytokine analysis. Protein was extracted from colon
252  tissue by adding 500 pL of 1X phosphate-buffered saline to each colon tissue sample. Samples
253  were then homogenized in a 2 mL microcentrifuge tube containing a 5 mm-diameter steel ball.
254  Mechanical homogenization was performed using a Qiagen Tissuelyser 2.0 at a frequency of 30
255  Hz for 5 minutes. Samples were then centrifuged at 9,000 x g for 9 minutes and supernatant
256  collected. Protein concentrations were quantified using the Qubit® 2.0 Fluorometer with the Qubit
257  protein BR assay (Invitrogen) following the manufacturer instructions. Protein samples were
258 analyzed at a concentration of 300-550 ug/mL using a ProcartaPlex™ Mouse Immune Monitoring
259  Panel 48-Plex kit (Invitrogen) according to manufacturer instructions. A standard curve was
260 generated using the standards provided and according to the manufacturer’s protocol. All samples
261  were run in duplicate. Data was acquired on a routinely validated and calibrated Luminex xMAP
262  INTELLIFLEX system. Samples for which the immune mediator concentrations were too low to
263  be detected were designated to have a concentration of zero due to the high sensitivity and

264  specificity of the assay.

265  Statistics

266  Two-way permutational analysis of variance (PERMANOVA) was used to test for significant main
267  effects in beta diversity of transfer method and donor/recipient. Three-way PERMANOVA was
268 used to test for significant main effects in beta diversity of transfer method, transfer direction, and
269  donor/recipient, followed by one-way PERMANOVA for donor/recipient group pairwise

270  comparisons. One-way and Two-way PERMANOVA analysis was performed using PAST 4.09
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271  software® and was based on Jaccard dissimilarities. Three-way PERMANOVA testing was based
272 on Jaccard dissimilarities using the adonis2 library from the vegan library®. Distances between
273  group centroids were determined using the usedist library®*. Comparisons in percent weight
274  change were performed by calculating area under the curve (AUC) for each mouse from days 6
275  to 14 of DSS treatment when marked weight loss occurred, and normalizing AUC to days survived
276  to account for animals that were removed from the study during DSS treatment due to reaching
277  humane endpoints. For percent weight loss data in experiment 1, a one-way analysis of variance
278 (ANOVA) was used to test for effect of transfer method within the GM™9" cohorts followed by
279  Tukey post hoc for pairwise comparisons. Due to lack of normality in the GM"" cohorts, a Kruskal-
280  Wallis ANOVA on Ranks was used to test for effect of transfer method followed by Dunn’s post
281  hoc for pairwise comparisons. A Student’s t-test was used to test for significant differences
282  between the percent weight loss of GMH9"CH and GM'""CH. Due to lack of sufficient animals
283  remaining in the GM"*YCH cohort (two animals remained following day 10), statistical analysis of
284  the cohort percent weight loss was only performed to day 10 of DSS treatment. For percent weight
285 loss data in experiment 2, a two-way ANOVA was used to test for main effects of transfer method
286  and transfer direction followed by Tukey post hoc for pairwise comparisons. For unifactorial
287  survival data, a survival LogRank analysis was used to test for significant effects. For multifactorial
288  survival data, a Cox proportional hazards test was used to test for significant main effects in
289  disease survivability including transfer method, transfer direction, and sex. Three-way ANOVA
290 was used to test for significant main effects of transfer method, transfer direction, and sex for
291  Chao-1 richness, weaning and week seven weights, colon lengths, histological lesion scores, and
292  cytokine/chemokine concentrations followed by Tukey’s post hoc analysis for pairwise
293  comparisons. Univariate data was first tested for normality using the Shapiro-Wilk method. All
294  univariate data analysis was performed using SigmaPlot 15.0 (Systat Software, Inc, San Jose,
295 CA). Due to lack of normality in the concentrations of MIP-2aq, IL-22, and IL-6 these data were

296 transformed prior to performing three-way ANOVA analysis. MIP-2a concentrations were


https://doi.org/10.1101/2024.09.25.614792
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.09.25.614792; this version posted September 25, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

297  normalized by square root transformation, and IL-22 and IL-6 concentrations were normalized by
298 logarithmic (log) transformation. Due to uniform lack of normality across immune mediator
299  concentrations, a Mann-Whitney U test was used to test for statistical differences in immune
300 mediator concentrations between GM"9" and GM'" treatment groups, as well as co-housing and
301 gavage treatment groups. All diversity and richness indices were calculated using PAST 4.09
302  software.

303
304 Results
305 Efficiency of GM transfer is determined by transfer method

306  We first sought to determine if we could replicate our previous findings?? in an acute DSS-colitis
307 disease model. To provide clarity regarding transfer terminology and nomenclature used in this
308 study, we have provided Sup Fig S1 as a schematic to assist the reader in following the
309 experimental groups and transfer procedures. To be clear, all GM donor CD-1 mice used in this
310  study were from outbred colonies where the founders were originally purchased from Charles
311  River, and given their respective microbiomes via ET?*. To assess GM transfer efficiency, transfer
312  recipients receiving the respective GM via ET were compared to the CD-1 ET dams (i.e., the GM
313  donors in this case). Similarly, CF recipients were compared directly to their CF surrogate dams.
314  For CH, recipients were compared to feces from the dams of the CD-1 co-housing donors as the
315 GMs of the CD-1 donors housed with the B6 recipients would be modulated by the recipient B6
316  microbiome via mutual coprophagia. We performed 16S rRNA amplicon sequencing analysis on
317  feces from the recipient mice of the ET, CF, and CH groups at seven weeks of age, and compared
318 these to the respective donor fecal microbiome. To assess transfer efficiency, unweighted beta
319  diversity between donors and recipients was first examined. Principal coordinate analysis (PCoA)
320 revealed little separation between recipient and donors in the GMM"ET, CF, and CH groups, with

321 the GM"9"CH group showing greater dissimilarity to their donors (Distance between centroids


https://doi.org/10.1101/2024.09.25.614792
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.09.25.614792; this version posted September 25, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

322  [CD] = 0.500) compared with the ET (CD = 0.409) and CF (CD = 0.283) groups (Figure 1a). In
323  contrast, the GM*"ET and CF groups showed similar composition to their donors (CD of 0.322
324  and 0.386, respectively), but the GM"*YCH group showed marked separation from their donors
325 (CD =0.623) (Figure 1b). When beta diversity of all six transfer groups was compared, a stark
326 difference in beta diversity between the recipient and donors within the GM*CH group and the
327 other transfer groups became apparent by the greater separation of the GM-**CH donors and
328 recipients (Sup Fig S2; Sup Table S3). When alpha-diversity was assessed, the GM"9" recipients
329 showed no statistically significant differences in GM richness between the donor and recipient
330 GMs in any transfer method (Figure 1c). The GM""ET and CF groups showed no significant
331 differences between donor and recipient mice, but a marked significant difference was observed
332  in the GM'""CH group with the recipient mice having a greater GM microbial richness compared
333  with the donors at seven weeks of age (Figure 1d) resulting in a pattern similar to what was

334  observed with beta diversity.
335 Disease phenotype determined by efficiency of GM transfer

336 Weight loss. While the GM"9" groups showed a small but significant difference in weight loss
337  between the CF and CH groups (Figure 2a), the GM" cohorts showed a dramatic significant
338  difference in their weight loss between the three groups with CH have the most severe weight
339 loss (Figure 2b). Of note, while pre-DSS body weights collected at weaning revealed significant
340 differences between transfer method groups in both GM™9" and GM“°" recipient mice (Sup Figure
341 S3A-B), those differences were normalized at seven weeks of age, the age when DSS
342  administration began, with no differences detected between groups (Sup Fig 3C-D). While CH
343  was clearly associated with more severe disease in GM“*YCH mice, GM"9"CH mice developed
344  similar disease to GMM"ET and GM"9"CF mice, suggesting that CH per se is not solely

345  responsible for the severe disease observed in GM"*YCH mice (Sup Fig S4A-B).
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346  Survival. To assess whether the method and efficiency of GM transfer can influence disease
347  phenotype, a DSS colitis model was employed in which DSS was administered in the drinking
348  water for one week, followed by one week of recovery with untreated water. Immediate outcomes
349 measures including weight loss and survival demonstrated profound differences in co-housed
350 groups. No significant differences in experimental survival among the GMM" groups were
351 observed with only two individuals, one in the ET group and one in the CH group, requiring
352  euthanasia due to disease severity (Figure 2c). However, the GM"*YCH group had a significant
353  number of individuals (91.6%) requiring euthanasia due to weight loss and disease severity

354  (Figure 2d).

355  Colon lengths and lesion scores. Following euthanasia, colon length measurements revealed a
356 difference between the GM""“CH group, GM""CF groups, and the four other groups (Figure 2e)
357  with GM"" CH having the greatest reduction in colon length. To determine if the shorter colon
358 lengths in GM"*YCH mice were due to being euthanized before the two-week endpoint, colons of
359  mice taken down early were compared to those who continued to the end of study. Interestingly,
360 no difference was detected in colon length of those mice that were euthanized early compared
361  with those of the mice who survived to the end of study (Sup Fig S5A). Histological examination
362  also showed the GM"“CH group had significantly greater disease with a majority of the lesions
363 characterized by severe colonic epithelial ulceration and erosion with marked immune cell
364 infiltration (Figure 2f), the most severe being in those mice that were euthanized early (Sup Fig

365 S5B).
366 Co-housing disease phenotype is a result of the transferred GM and transfer efficiency

367  With the interesting repeatable results obtained in the GM°"CH group, we next wanted to confirm
368 thatthese observations were a result of the GM-associated microbial factors and not other factors
369  associated with CH. To this end, a second experiment was performed where GM"9"CH and

370 GM""CH were compared to two groups in which the recipient mice were exposed to reciprocal
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371  GMs via gastric gavage (GA) and dirty bedding transfer. Following four weeks of GM transfer via
372  CHor GA, sequencing of the fecal DNA showed that the effect of transfer direction was significant,
373 but not method of transfer, as no differences in microbial composition or richness were found
374  between the CH and GA treatment groups in either transfer direction (Figure 3a-b). Similar to
375  previous experiments, transfer of a high richness GM to a recipient harboring a low richness GM
376  resulted in more efficient colonization than transfer of a low richness GM to a recipient harboring
377  a high richness GM (Sup Fig S6A-C). When transferring a high richness GM to a low richness
378 recipient by CH or GA, the recipients shared similar GM composition across these transfer
379  methods (Sup Fig S6A), and while richness was significantly different, the CH and GA groups
380 had agreater microbial richness than the donors at week seven (Sup Fig S6B). In contrast, GM-"
381 donors did not successfully transfer their GM composition or taxonomic richness to the B6N

382  recipients (Sup Fig S6A,C).

383  We next administered DSS to the four treatment groups with a single one-week pulse followed by
384  a week of recovery. A significant difference was observed between the mice receiving GM™" or
385  GMH9" with transfer of a low richness GM to recipients harboring GM™9" resulting in greater
386  weightloss (Figure 3c) and higher mortality (Figure 3d). However, these marked weight loss and
387  survival differences were not observed between the CH and GA groups within either transfer
388 direction. Similarly, analysis of colon lengths collected at necropsy showed a significant difference
389  between GM"" and GMH"9" recipients, while transfer method had no effect within either GM
390 (Figure 3e). Colon tissue was also collected for histological examination, which revealed a similar
391 pattern where mice receiving GM™" had significantly greater lesion severity than mice receiving

392  GMM9" regardless of transfer method (Figure 3f).

393  Transfer of GM-°"to mice harboring GMH9" results in increased immune mediators within

394 diseased colons
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395 Lastly, local immune responses were assessed using bead-based immunoassay quantification of
396 45 cytokines, chemokines, and other immune mediators. When concentrations were compared
397 based on the GM being transferred, nine inflammatory mediators were significantly elevated in
398  mice receiving GM™" (Figure 4a; Sup Table S4). Alternatively, comparison based on transfer
399 method failed to detect a difference in any of the immune mediator concentrations (Figure 4b;
400 Sup Table S5), suggesting that the transfer efficiency, not transfer method, is driving the immune
401 response. Affected cytokines and chemokines included the chemokine MIP-2a (Figure 4c)
402 involved in recruitment of innate immune cells in acute phase immune responses, 1L-22 (Figure
403  4d) which promotes epithelial proliferation and regeneration in response to injury, and the pro-
404  inflammatory cytokine IL-6 (Figure 4e). Immune mediator group concentration means and

405  standard deviations are provided in Sup Table S6.
406
407 Discussion

408 In this study, we have leveraged an acute model of DSS colitis to elucidate the impact of gut
409  microbiota (GM) composition, richness and efficiency of transfer methods on disease phenotypes.
410 The results presented here confirm previous results that embryo transfer and cross-fostering
411  share similarly high transfer efficiency regardless of GM composition??. In contrast, co-housing at
412  weaningis less effective, suggesting that GM transfer early in life facilitates microbial colonization.
413  Furthermore, the relationship of the recipient and donor microbiome during co-housing
414  determines transfer efficiency. Differences between groups in disease severity suggest that the
415  efficiency of transfer influences the severity of weight loss, mortality, reduction in colon length,
416  and histological lesion severity, corroborating previous results using a chronic DSS colitis model?2.
417  The addition of groups receiving GM transfer via gavage and dirty bedding provides further
418  evidence that the severity of colitis is negatively associated with the efficacy of GM colonization

419  following transfer.
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420 During the colonic epithelial barrier disruption induced by DSS, the presence of non-colonizing
421  microbes is associated with a more robust immune response than bacteria against which the host
422  has presumably been tolerized due to successful colonization and immune recognition. Immune
423  tolerance develops early in life when the host is first introduced to microbes. This first introduction
424  allows the immune system to develop a tolerance through development of Th2 response and
425  expansion of RORgt" T helper lymphocytes and dendritic cells within the gut early in life®. These
426  RORgt*" cell populations quickly decline soon after birth®, and may explain the mild disease
427  severity in the ET and CF groups regardless of GM composition. The relatively mild disease
428  observed in the GM"9"CH and GM"9"GA groups suggests that tolerance is induced in adolescent

429  recipient mice, assuming there is successful colonization of the transferred GM.

430 Collectively, these findings suggest that administration of DSS and subsequent induction of
431  epithelial barrier defects can be used experimentally to assess colonization and immune
432  recognition of microbial exposures. Molecular methods may show evidence of microbial
433  exposures in the fecal DNA regardless of patent colonization. DSS-induced colitis provides a
434  disease phenotype driven by the immune response to the GM, including prior recognition of

435  antigens within the gut lumen.

436  The use of FMT to treat diseases including Crohn’s disease, ulcerative colitis, and Clostridioides
437  difficile infection has been widely reported®”3°. The use of a stool sample from a healthy donor to
438  restore a dysbiotic gut microbial community has shown great promise as a treatment. However,
439  there are instances in which FMT has been ineffective or even exacerbated IBD in patients*®42,
440  Similarly, probiotics may be used to treat or prevent dysbiosis in IBD patients. The response to
441  probiotics can also be variable and clinical trials show that probiotics can exacerbate IBD
442  symptoms*®. The present data may provide a partial explanation for these adverse outcomes

443  following FMT or probiotic administration in IBD patients. In the context of disease-associated
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444  epithelial damage, recognition of foreign antigens against which the host has not developed

445  tolerance may exacerbate disease.

446  Our study is not without its limitations. For the first experiment in this study, it was not possible to
447  truly determine the extent to which the co-housing donors transferred their microbiomes, as
448  weaning samples from the donors do not represent a fully developed GM of an adult and the
449  seven-week samples were collected after co-housing changed the donor microbiome by transfer
450  of microbes from the recipient mouse GM. However, as it has been shown that the dam will
451  efficiently transfer her GM to her pups soon after birth, the GM harbored by the dam of the CH
452  donor mice will be a sufficient representation of the donor GM. For the immunoassay, we only
453  measured 45 immune mediators, while we recognize that there are many more that can influence
454  disease severity. That said, well-characterized immune mediators were included in the assay,
455  both pro-inflammatory and anti-inflammatory. We also recognize that in performing weekly gastric
456  gavage, we introduced momentary acute stress by handling the mice. However, the goal of the

457  weekly gavage transfer was to eliminate physical contact and effects of social interaction.

458

459 Conclusion

460 In summary, our findings indicate that colonization efficiency following GM transfer is determined
461 by the relationship between donor and recipient GM, and that poor transfer efficiency is
462  associated with more severe disease. Moreover, these data provide further evidence that
463 methods used to manipulate the GM must be considered in the context of study reproducibility

464  when results between similar studies are not in agreement.

465
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596

597 Figure Legends

598 Figure 1. Characterization and comparison of the six transfer groups to determine efficiency of
599  GM transfer. Principal coordinate analysis comparing the three transfer methods of the (a) GM"idh
600 and the (b) GM™" group’s beta diversity to their donors. X and Y axes labeled with percent of
601 variation contributed by Principal coordinate 1 (PCol) and PCo2, respectively. Two-way
602 PERMANOVA for main effects of transfer method and recipient/donor (Sup Table S2), followed
603 by a one-way PERMANOVA to test pairwise comparisons between donor and recipient (Sup
604 Table S3). Comparison of donor and recipient GM at seven weeks of age for the (¢) GM"9" and
605 (d) GM" cohorts. Bars represent mean chao-1 richness +/- SD. Two-way ANOVA for main

606  effects of transfer method and sex. ns - not significant, **** p<0.0001.

607  Figure 2. Comparison DSS-colitis disease phenotype differences of the six transfer groups. (a)
608  Comparison of the DSS-induced weight loss between the GM"9" cohort transfer methods. One-
609 way ANOVA for effect of transfer method (p = 0.013, F = 4.5). Tukey post hoc for pairwise
610 comparisons. (b) Comparison of the DSS-induced weight loss between the GM™" cohort transfer
611  methods. Kruskal-Wallis ANOVA on ranks for effect of transfer method (p <0.0001, F = 51.4).
612  Dunn’s post hoc for pairwise comparisons. Each data point in panels (a) and (b) represents
613  transfer method mean percent weight change +/- SEM. DSS-induced disease survivability of the
614  (c) GMM9" cohorts and the (d) GM™" cohorts. Cox proportional hazards for main effects of transfer
615 method and sex. (e) Colon lengths for each cohort following DSS administration and (f) DSS-

616  induced lesion scores for each cohort. Groups that differ in letter designation are statistically
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617  significant from each other, while groups that share the same letter designation are not statistically
618  significant from each other. Three Way ANOVA for main effects of transfer method, transfer

619  direction, and sex. ns - not signification, **** p<0.0001.

620 Figure 3. Comparison of co-housing and gavage GM transfer efficiency and DSS-induced DSS
621  phenotype in each transfer direction. (a) PCoA comparing the GM beta diversity of the CH and
622  GA cohorts in each transfer direction. X and Y axes labeled with percent of variation contributed
623 by PCol and PCo2, respectively. Two-way PERMANOVA for main effects of transfer method and
624  transfer direction. (b) Chao-1 richness of each co-housing and gavage cohorts. Three-way
625 ANOVA for main effects of transfer method, transfer direction, and sex. (¢c) DSS-induced weight
626 loss comparison of the co-housing and gavage cohorts. Each point represents group mean
627  percent weight change +/- SEM. Two-way ANOVA for main effects of transfer method and transfer
628 direction. (d) DSS-induced disease survivability of the co-housing and gavage cohorts. Cox
629  proportional hazards for main effects of transfer method, transfer direction, and sex. (e) Colon
630 lengths and (f) histological lesion scores caused by DSS-induced colitis. Three-way ANOVA for

631  main effects of transfer method, transfer direction, and sex. **p<0.01, **p<0.001, ****p<0.0001.

632  Figure 4. Immune mediator concentrations from the co-housing and gavage cohorts’ colons
633 following DSS-induced colitis. Volcano plots comparing the cytokine and chemokine
634  concentrations between (a) GM"9" and GM'** cohorts, and (b) gavage and co-housing cohorts.
635 Immune mediator concentration comparison of the co-housing and gavage cohorts for (c)
636  macrophage inflammatory protein 2-alpha (MIP-2a), (d) interlukin 22 (IL-22), and (e) interlukin 6
637  (IL-6). Bars represent mean immune mediator concentrations +/- SD. Three-way ANOVA for main

638 effects of transfer method, transfer direction, and sex. *p<0.05, **p<0.01, ***p<0.001.
639

640 Supplemental Figure Legends
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641  Sup Fig S1. Schematic of the generation of each GM transfer cohort used in the study. (a) 2-cell
642  stage embryos were collected from B6J mice and implanted into pseudopregnant CD-1 mice
643  harboring GM"9". (b) 2-cell stage embryos were collected from B6N mice and implanted into
644  pseudopregnant CD-1 mice harboring GM™". (c) Pups of less than 24-hours were cross-fostered
645  from B6J dams onto a CD-1 dam harboring GM™9", (d) Pups of less than 24-hours were cross-
646  fostered from B6N dams onto a CD-1 dam harboring GM™", (e) B6J mice were weaned into cages
647  with weaned CD-1 donor mice harboring GMH9" so that the CD-1 donors would transfer their
648  GMHM9" via coprophagia to the B6J mice. (f) B6N mice were weaned into cages with weaned CD-
649 1 donors harboring GM" so that the CD-1 mice would transfer their GM-*" via coprophagia to
650 the B6N mice. (g) Similar to experiment 1, B6J mice were weaned into cages with weaned CD-1
651  donor mice harboring GM"9" so that the CD-1 donors would transfer their GM"9" via coprophagia
652  tothe B6J mice. (h) Similar to experiment 1, B6N mice were weaned into cages with weaned CD-
653 1 donors mice harboring GM'" so that the CD-1 donors would transfer their GMX" via
654  coprophagia to the B6N mice. (i) B6J mice were gastric gavaged with fecal material from GM"ian
655  donors beginning at weaning and exposed to GM"9" via dirty bedding transfer from cages housing
656 the GM"9" CD-1 GM donors to allow GM transfer via coprophagia. (j) B6N mice were gastric
657 gavaged with fecal material from GM"" donors beginning at weaning and exposed to GM™" via
658  dirty bedding transfer from cages housing the GM'" CD-1 GM donors to allow GM transfer via
659  coprophagia. For clarity, the white CD-1 mice in the schematic are the GM donors, and the

660  recipient mice are the black B6 mice to the right of the CD-1 donors.

661  Sup Fig S2. PCoA comparing the six treatment groups’ GM beta diversity to the beta diversity of
662  the donors. X and Y axes labeled with percent of variation contributed by Principal coordinate 1
663 (PCol) and PCo2, respectively. Three-way PERMANOVA for main effects of transfer method,
664  transfer direction, and donor/recipient (Sup Table S2), followed by a one-way PERMANOVA to

665  test pairwise comparisons between donor and recipient (Sup Table S3).
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666 Sup Fig S3. Weaning and week seven weights of the six ET, CF, and CH cohorts. Weaning
667  weights collected from the three (a) GM™9" cohorts and the three (b) GM"°" cohorts. Weights
668 collected at seven weeks of age prior to DSS administration of the three (c) GM"9" cohorts and
669  the three (d) GM"" cohorts. Two-way ANOVA for main effects of transfer direction and sex.

670  *p<0.05, ***p<0.0001.

671  Sup Fig S4. Comparison of the GM"9"CH and GM""CH weight loss and disease survivability
672  phenotypes. (a) DSS-induced weight loss comparison of the two co-housing cohorts. Each data
673  point represents group mean percent weight change +/- SEM. Students t-test. (b) DSS-induced

674  disease survivability of each co-housing cohort. Survival LogRank. ****p<0.0001.

675 Sup Fig S5. Colon length is not determined by day of DSS-induced colitis treatment at which
676 animals needed to be euthanized, but histological lesion score is dependent on day of DSS
677  treatment in the GM""CH cohort. (a) Comparison of the day that animals need to be euthanized
678  due to weight loss (denoted by color), and the length of colons measured at time of necropsy. (b)
679  Comparison of the day that animals need to be euthanized due to weight loss (denoted by color),

680 and histological lesion score of the colons.

681 Sup Fig S6. The pattern of transferring the GM at time of weaning leading to a decreased
682 efficiency of transfer is repeatable. (a) Principal coordinates analysis comparing the GM"9" and
683 GMY"CH and GA groups to their donor GMs. X and Y axes labeled with percent of variation
684  contributed by PCol and PCo2, respectively. Two-way PERMANOVA for main effects of transfer
685 method and group (Sup Table S7), followed by a one-way PERMANOVA to test pairwise
686  comparisons between respective donors and recipients (Sup Table S8). Chao-1 richness of the
687  (b) GMM9" CH and GA cohorts to the GM™9" donors, and the (c) GM"** CH and GA cohorts to the
688  GM“"donors. Two-way ANOVA for main effects of transfer method and donor/recipient. ns - not
689  significant, * p<0.05, ** p<0.01, **** p<0.0001. For the Sup Fig S6 figures, we chose to use the

690 GA donors from both transfer directions to represent the GM the recipients should have received
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691 (Both CH and GA) as the CH donors’ GM was modified by the recipients’ GM during co-housing
692  and is therefore not a proper representation of the GM alpha- and beta-diversity we wanted the
693  recipients to receive. The GA CD-1 donors were housed separate of their recipients and were not
694  exposed to the GMs of the B6J or B6N mice, and thus were a better representation of what the
695  recipients’ GM should look like if GM transfer was successful. For statistical purposes, the main
696  effect of group in the two-way ANOVA consisted of the donor group compared with the CH and
697  GA recipients pooled as one group within transfer direction. We used a one-way PERMANOVA
698 for individual pairwise comparisons of the beta diversity between the GA donors and CH and GA
699 recipients, and one-way ANOVA to compare richness of the GA donors to the CH and GA

700  recipients.

701

702  Supplemental Table Legends

703  Sup Table S1. Histological lesion scoring criteria used to assign lesion score to DSS treated

704  colons.

705  Sup Table S2. Results of three-way PERMANOVA comparing beta-diversity of ET, CF, and CH
706  groups and the donors, with main effects including transfer method, transfer direction, and

707  donor/recipient.

708  Sup Table S3. Results of one-way PERMANOVA pairwise comparisons of the six ET, CF, and
709  CH recipients and their respective donors. Jaccard dissimilarity distances were measured from

710 recipient group centroid to the centroid of the respective donor group.

711 Sup Table S4. Immune mediatory group averages and results of Mann-Whitney U Test between

712 GMMigh and GM™" cohorts for immune mediator concentrations.
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713  Sup Table S5. Immune mediator group averages and results of Mann-Whitney U Test between

714  co-housing and gavage cohorts for immune mediator concentrations analyzed.

715  Sup Table S6. Cohort means and standard deviations for all immune mediators analyzed.

716  Sup Table S7. Results of the two-way PERMANOVA comparing beta-diversity of CH and GA
717  cohorts to their respective donors, with main effects including transfer method and

718  donor/recipient.

719 Sup Table S8. Results of one-way PERMANOVA pairwise comparisons of the CH and GA

720  cohorts beta diversity with their respective donors.
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