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Abstract

Background—Enteral nutrient-deprivation, via total parenteral nutrition (TPN) administration
leads to local mucosal inflammatory responses, but the underlying mechanisms are unknown.

Methods—Wild-type (WT) and MyD88- mice underwent jugular vein cannulation. One group
received TPN without chow and controls received standard chow. After 7days, we harvested
intestinal mucosally-associated bacteria, and isolated small-bowel lamina propria (LP) cells.
Bacterial populations were analyzed using 454-pyrosequencing. LP cells were analyzed using
quantitative PCR and multi-color flow cytometry.

Results—WT, control mucosally-associated microbiota were Firmicutes-dominant while WT
TPN mice were Proteobacteria-domiant. Similar changes were observed in MyD88- mice with
TPN administration. Unifrac analysis showed divergent small bowel and colonic bacterial
communities in controls, merging towards similar microbiota (but distinct from controls) with
TPN. The percentage of LP T-regulatory cells significantly decreased with TPN in WT mice.
F4/80*CD11b*CD11cdu!-ned macrophage derived pro-inflammatory cytokines significantly
increased with TPN. These pro-inflammatory immunologic changes were significantly abrogated
in MyD88- TPN mice.

Conclusions—TPN administration is associated with significant expansion of Proteobacteria
within the intestinal microbiota and increased pro-inflammatory LP cytokines. MyD88 signaling
blockade abrogated this pro-inflammatory response.

Introduction

Parenteral nutrition (PN), or the removal of enteral nutrition, is commonly used as treatment
for many patients, ranging from short-term use in patients with gastrointestinal
dysfunction(1), to long-term use in patients with short bowel syndrome(2). While it is life-
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saving for many, PN use is associated with numerous complications ranging from an
increase in enteric-derived infections to a loss of immune reactivity(3, 4).

Previous studies from our laboratory and others have shown that in a mouse model of total
PN (TPN) there are a number of significant physical and immunologic changes in the
intestinal mucosa(5). Physically, there is atrophy of small bowel villi, an increase in
epithelial cell (EC) apoptosis, and a decrease in EC proliferation(6). Immunologically, there
is a pro-inflammatory state within the gastrointestinal tract, including increased mucosal and
intraepithelial lymphocyte-derived tumor necrosis factor-a (TNF-a), interferon-y (IFN-y),
and decreased interleukin (IL)-10(7, 8). However, the mechanisms driving these changes are
unknown. Such changes may have a profound impact on the host, including a loss of
epithelial barrier function (EBF)(8, 9) and increases in bacterial translocation(10). These
findings have been shown in mouse models and in humans(11) on PN.

Several studies(12, 13) have shown a critical role of cross-talk between the EC and lamina
propria (LP) compartments. Because of this, we hypothesized that immunologic changes
within the LP may be driving the mucosal pro-inflammatory response. A principal function
of LP cells is to detect and monitor changes in the intraluminal environment(14-16). A
robust body of literature shows the importance of the microbiota in the host's physiology(15,
17, 18). A major pathway through which these microbes interact with the host is via the toll-
like receptor (TLR) pathway. Many bacterial components are ligands of TLRs(19), and a
major downstream activation pathway for several TLRs is nuclear factor-xB (NFxB)
signaling via a myeloid differentiation primary response gene 88 (MyD88) dependent
pathway(20). NFxB activation is known to mediate the expression of several pro-
inflammatory cytokines including TNF-a.(20).

Despite sustaining the host organism with sufficient energy and nutrient needs, TPN puts the
intestinal microbiota in an abrupt state of nutrient withdrawal. The consequences to the
resident microbial community during this environmental change have not been addressed.
The intestinal microbiota is highly sensitive to local environmental changes, and the
composition of the population may be rapidly altered in response to such dramatic
changes(21). In this study, we show that administration of TPN led to profound shifts in the
small intestinal microbiota; moving from a gram-positive Firmicutes-dominant community
to a gram-negative Proteobacteria-dominated community. Since the intestinal microbiota
interact with the host via the TLR signaling pathway, we hypothesize that blocking the TLR
signaling pathway would abrogate the mucosal pro-inflammatory response seen with TPN
administration. In particular, we show increased macrophage TLR-4 signaling, a loss of LP
regulatory T-cells (Tyeg) and a pro-inflammatory cytokine response in the LP macrophages
in wild-type mice. In MyD88™- mice, we show a prevention of this loss of Treg cells, and an
abrogation of the TPN-associated mucosal pro-inflammatory response. These findings
suggest the key role of the TLR and MyD88 signaling pathway on the profound physiologic
intestinal changes associated with TPN administration.

Materials and Methods

Animals

All experiments were done in accordance to guidelines set forth by the University of
Michigan's University Committee on the Use and Care of Animals. Experimental protocols
were approved by this committee (protocol #07703).

Wild-type (WT) male C57BL/6 mice were obtained from the Jackson Laboratory (Bar
Harbor, ME). MyD88 knockout (MyD887-) mice on a C57BL/6 background(13) were
obtained from Dr. Steven Kunkel at University of Michigan, and used with permission from
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Dr. Shizuo Akira. All were housed and bred in the same room within the University of
Michigan Unit for Laboratory Animal Medicine under specific pathogen free conditions.
MyD88"- mice used for experiments were genotyped using primers listed in Supplemental
Figure Sla. All mice were at least 2" generation before being used. All experiments were
performed with at least 4 mice in each group.

Mice were used between 10 and 14 weeks of age. WT or MyD887- mice underwent internal
jugular vein catheterization as previously described(6). Mice were recovered for 2 days after
cannulation with full access to chow and water, and 5mL per day of 0.9% normal saline
running through the catheter. On day 3, mice in the study group had their chow removed,
and started receiving a balanced PN solution as previously described(22) (composition of
solution shown in Supplemental Table S1). Control mice continued to have free access to
chow, and received normal saline through the catheter. All mice were housed in IVVC racks.
All mice were killed on day 7 by CO» asphyxiation.

Bacterial analysis (terminal restriction fragment length polymorphism, T-RFLP;
pyrosequencing)

From each mouse, 1cm segments of small intestine and colon were isolated using alcohol-
sterilized instruments. Isolation of mucosally-associated bacteria was performed as
previously described. (23) Segments were opened, adherent stool rinsed off in sterile media
consisting of RPMI 1640 with glutamine (Invitrogen, Carlsbad, CA) and 5% fetal bovine
serum (FBS) (Invitrogen), while preserving the mucosally-associated bacteria. This segment
was then snap-frozen in liquid nitrogen until analyzed. Bacterial DNA was extracted using
established methods(24). T-RFLP was then performed as previously described(25). Raw T-
RFLP chromatograms were analyzed using Peak Scanner (Applied Biosystems, Carlsbad,
CA) to call the fragment sizes and to build a list of peaks. This process was carried out for
every sample, after which all of the peak files were exported as one bulk file. Further
analysis was carried out using K9, an in-house designed program for T-RFLP data analysis
(freely available at http://www-personal.umich.edu/~jre/Microbiome_Core/K9.html).

The bacterial tag-encoded FLX-Titanium amplicon pyrosequencing method targeting the
V1-V3 variable regions of 16S rRNA was used to create amplicon libraries(26). V1-V3
primer sets corresponded to 27F (5’-GAGTTTGATCNTGGCTCAG-3’) and 519R (5’-
GTNTTACNGCGGCKGCTG-3’), along with appropriate sample nucleotide bar codes and
the Roche A&B primers. Pyrosequencing was performed following established
protocols(27) at Research and Testing Laboratories (Lubbock, TX).

Analysis of sequenced data was performed using Mothur, an open-source, community-
supported software for describing and comparing microbial communities(28), following the
example of Costello Stool Analysis with default software settings.

Isolation of IEC and LP cells

Small intestine underwent removal of Peyer's patches, remaining intestinal segments were
split longitudinally, and fecal matter washed out in RPMI 1640 with glutamine on ice. ECs
were isolated and purified as previously described(29, 30). The remaining intestinal
segments were incubated in a 1mM dithiothreital (Sigma-Aldrich, St. Louis, MO) + 1mM
ethylene diaminetetraacetic acid (Sigma) in phosphate buffered solution (PBS, Invitrogen) at
37°C, and stirred at 350 rpm to break off the remaining ECs. This supernatant was
discarded, and the remaining segments were incubated in a collagenase mixture (50mL
RPMI 1640 with glutamine, 5% FBS, 0.5mM CaCl,, 0.9mM MgCl,, 100-300 U/mL
collagenase Invitrogen) for 60 minutes at 37°C. The digested intestinal segments were
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filtered through a 40 micron filter (BD, San Jose, CA), then run on a 40%/66% Percoll
(Sigma) gradient. The cells at the 40% and 66% Percoll interface were washed with RPMI
+5% FBS and used for further analysis.

Reverse transcriptase polymerase chain reaction (PCR)

Ribonucleic acid (RNA) from isolated ECs and LP cells was extracted using Trizol reagent
(Life Technologies, Inc., MD) according to the manufacturer's directions. Extracted mRNA
was reversed transcribed into complementary DNA (cDNA) as previously described(31).

Quantitative real-time PCR

Real-time PCR was performed as previously described(30). Fold changes of target genes
were calculated using comparative quantification to B-actin. Primers used are listed in
Supplemental Figure S1b.

Immunofluorescence microscopy

Sections of small intestine were taken immediately after killing mice, and fixed in Zinc-
formalin as previously described(30). Tissue was then paraffin-embedded, and sectioned to
5um thickness. Immunofluorescence staining was performed as previously described(6).
p65-NFxB (Cell signaling Technology, Beverly, MA) primary antibody with Texas-Red
conjugated goat anti-rabbit secondary antibody (Santa Cruz Biotechnology, Santa Cruz, CA)
was used. Proliferating cell nuclear antigen (PCNA) staining was performed using PCNA
mAb (Cell Signaling) with FITC-conjugated goat anti-rabbit secondary antibody (Santa
Cruz). ProLong® Gold antifade reagent with 4’6-diamidino-2-phenylindole (DAPI)
(Invitrogen) was added, and slides visualized using a Nikon Ti-E fluorescence microscope.

Flow cytometry

Isolated cells were diluted to ~1-3x10° cells/mL in RPMI 1640 with glutamine, 5% FBS and
10mM HEPES (Invitrogen). GolgiPlug (BD) and GolgiStop (BD) were added according to
the manufacturer's instructions, and cells incubated in a 5% CO2 incubator at 37°C for 4-6
hours. Cells were not stimulated with phorbol 12-myristate 13-acetate (PMA) or ionomycin
to capture their /n-vivo state. After this, cells were washed with a wash buffer consisting of
PBS with 1% FBS and 0.1% NaNg3, then blocked with F¢ blocker (eBioscience, San Diego,
CA), stained using a selected cocktail from the antibodies listed in Supplemental Figure Sic,
and fixed overnight in Fixation/Permeablization buffer (eBioscience). After fixation/
permeablization, the cells were washed with FOXP3 staining buffer (eBioscience), and
intracellular markers were stained. An LSR-I1 (BD) was used to run the cells, and
FACSDiva 6.2 (BD) software was used to acquire the data. FlowJo 7.5 (Tree Star, Ashland
OR) was used for analysis. Appropriate isotype controls (also listed in Supplemental Figure
Slc) were used to set the positive and negative thresholds in gating for analysis.

Physiologic EBF studies

Transepithelial resistance (TER) across full-thickness mouse small intestinal samples was
performed using a modified Ussing chamber (Physiologic Instruments, San Diego, CA).
Small intestinal tissue was cut along the mesenteric border, and mounted in 0.3cm? tissue-
holders. The tissue was allowed to equilibrate in 37°C Krebs buffer as previously
described(9). Three consecutive tissue samples were measured for each mouse. TER was
analyzed using instrument-associated software Acquire & Analyze v2.3 (Physiologic
Instruments).
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Statistical Analysis

Results

All results are expressed as meantstandard deviation unless otherwise specified.
Comparison between two groups used the unpaired T-test, and comparison between three or
more groups used analysis of variance (ANOVA) with Tukey's posthoc test unless otherwise
specified.

Enteral nutrient deprivation with TPN leads to significant changes in the mucosally-
associated intestinal microbiota

T-RFLP analysis was performed first to examine if there were significant changes in the
small bowel and colonic mucosally-associated bacterial population. A dendrogram was
constructed from this data to analyze the relatedness, as measured by Bray-Curtis distances,
of small bowel and colon study groups (Figure 1A). We noted that control small bowel and
colon samples were more similar to each other than when they were compared with the same
portion of the bowel after TPN administration. Figure 1B shows a chromatogram where the
differences in the terminal restriction fragments of the mucosally-associated bacteria are
easily visualized. These data indicate that significant community shifts occur in the small
bowel and colon during TPN administration.

A significant limitation of T-RFLP analysis is the difficulty of identifying bacteria
taxonomically. To overcome these limitations, we employed 454-pyrosequencing of the V1-
V3 region of bacterial 16S rRNA. A total of 220,656 sequences were obtained from 4
groups of animals (minimum of n=5/group), for an average of 9,593 sequences per animal.
Sample sequencing coverage was estimated ranging from 91.4% to 99.7% (mean 97.3%),
indicating good, in-depth sampling of the microbial communities. Sequences were annotated
using the ribosomal database project classifier(32).

At the phylum level, the vast majority of the mucosally-associated bacteria in the small
bowel of the control mice were Firmicutes (Figure 2A). However, in the TPN group, the
dominant phyla were Proteobacteria and Bacteroidetes. To examine more specifically which
members of the Proteobacteria and Bacteroidetes phyla were expanded in TPN mice, we
examined genus level classification. While there were variations between individual mice, as
a group, TPN mice had more bacteria in genera Salmonella, Escherichia, Proteusand
Bacteroides (Figure 2 B i-iv). These genera are often associated with clinical infections,
potentially indicating the development of a pathological state within the intestinal microbial
community.

Classification-based approaches can be somewhat limited since many of the bacteria present
in the intestines are un-culturable. To circumvent this limitation we next analyzed the data
using Mothur(28), which bins the data into operational taxonomic units (OTUs) based on
percent sequence identity (a 3% sequence identity cutoff was used for these analyses).
Figure 2C depicts a principal coordinates analysis (PCoA) using the weighted Unifrac
distance metric. In controls, discrete clustering was seen in small bowel and colon
communities. However, after TPN, the communities look more similar. This indicates that
enteral nutrient deprivation results in a loss of diversity between the large and small
intestine.

TLR-signaling pathway is up-regulated in TPN mice

Given these significant shifts in the mucosally-associated bacteria, and the role of the LP in
luminal sensing, we hypothesized that there would be associated changes in LP-TLR
pathway signaling. As the greatest changes in epithelial barrier function and cytokine
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changes were seen previously in the small bowel, we focused the remainder of our analysis
to the small bowel.

At the mRNA level, the expression of TLR-2, TLR-4 and MyD88 were significantly up-
regulated in the LP of WT mice given TPN (Figure 3 A-C). When cell surface TLR-4
expression was examined on LP CD3* lymphocytes by flow cytometry, only minimal
amounts were identified (data not shown). Abundances of TLRs on small bowel epithelial
cells failed to show consistent changes between study groups (data not shown). However,
when the large cell population of the LP were examined, significant increases were noted in
the percentage of F4/80*CD11b*CD11cdu!""ed macrophages that expressed TLR-4 in WT
TPN mice (Table). CD11c dendritic cells (DCs) did not show significant differences in cell
surface TLR-4 expression (Supplemental Figure S2). These results suggest that the
predominant increase in TLR-4 signaling with TPN administration was in LP macrophages.

Pro-inflammatory cytokine signaling is up-regulated in TPN mice

Previous work from our laboratory, and others, have found increased levels of pro-
inflammatory cytokines in the mucosa and intraepithelial lymphocyte components of the
small bowel of mice receiving TPN(5). In the present work, LP mRNA expression levels of
TNF-a, IFN-y, IL-1B, IL-2, IL-6, IL-10, IL-17 and transforming growth factor-p1 (TGF-
B1) were examined. TNF-a and IFN-y mRNA levels increased significantly in WT TPN
mice compared to controls (Figure 3 D and E). IL-1pB, IL-2, and IL-6 also increased in WT
TPN mice (Figure 3 G, H and 1), while TGF-B1 levels decreased significantly with TPN
(Figure 3L). However, IL-10 and IL-17 mRNA levels did not significantly change (Figure 3
Jand K).

To further define the source of these pro-inflammatory signals, multi-color flow cytometry
with intracellular cytokine staining was performed. In TPN mice, there was minimal LP
lymphocyte TNF-a and IFN-y without exogenous PMA and ionomycin stimulation (data
not shown). However, even without such exogenous stimulation, there was a significant up-
regulation of intracellular TNF-a and IFN-y in the LP F4/80*CD11b*CD11cdull-neg
macrophages (Table), with little change in the CD11c" dendritic cells (Supplemental Figure
S2). This line of data also strongly suggests that the pro-inflammatory signals in our TPN
model are primarily derived from the LP F4/80*CD11b* CD11cdu!-"ed macrophages.

LP Tyeq population significantly declines in WT TPN mice

As Treq cells are potent anti-inflammatory mediator3®, we hypothesized that a loss of the
Treg population may be observed in the pro-inflammatory state of the LP. Using flow
cytometric analysis, the percentage of FOXP3* cells within the CD3*/CD4* lymphocyte
population decreased significantly in WT TPN mice (Table). These findings were confirmed
at the mRNA level (Figure 3F). Here, we normalized the expression of FOXP3 to the alpha
chain of the T-cell receptor to account for differences in the total number of T-cells in the
LP between control mice and TPN mice.

MyD88”- mice baseline characteristics

To examine the role of TLR-signaling in our model, we proceeded to study the mucosal
immune response in MyD88- mice. This blocked multiple TLR pathways at once. At
baseline, the MyD88-~ mice had no gross physical differences versus WT mice. However,
baseline intestinal immune cell composition significantly differed. MyD887- CD4*
intraepithelial lymphocyte (IEL) percentage was extremely low (Figure 4A) versus WT
controls. However, LP CD4* and CD8* cell composition in MyD88~~ mice did not differ
significantly from the WT controls (Figure 4 B, C and D). Percentage of LP Tyeg was also
unchanged between the WT and MyD88~~ controls (Table).

J Immunol. Author manuscript; available in PMC 2014 June 15.
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TPN-associated Macrophage TLR-4 and pro-inflammatory cytokine expression abrogated
in MyD88”- mice

We first examined the effect of MyD88”~ mice on TLR abundance. We found that
expression levels of TLR-2 and 4 were similar between the WT control and MyD88"
control mice (Figure 3 B and C). However, with TPN, TLR-2 and TLR-4 mRNA expression
levels that rose in WT mice did not rise in MyD88~ mice (Figure 3 B and C). Interestingly,
the increases in TNF-a and IFN-y were also abrogated in the MyD887- TPN mice (Figure 3
D and E). The up-regulation of cytokines IL-1p, IL-2 and IL-6 observed in the WT mice
were also not seen in MyD88”~ mice. However, LP TGF-1 significantly decreased in
MyD88"- mice (Figure 3L).

At the cellular level, there was minimal TNF-a and IFN-vy in both the CD4* and CD8"*
population, similar to the WT animals (data not shown). However, the up-regulation of
intracellular TNF-a and IFN-v in the LP F4/80*CD11b* CD11cdu!-"ed macrophages seen in
WT TPN mice was not seen in MyD887- TPN mice (Table).

We next asked if this prevention of pro-inflammatory cytokine abundance might be due to
an expansion in the Proteobacteria population seen in WT TPN mice. Figure 2D shows
phylum level 454 pyrosequencing data (genus level details are seen in Supplemental Table
S2). While some differences occurred between WT and MyD88”~ mice, a similar trend of
loss of the Firmicutes population and a predominance of Proteobacteria was also seen in the
MyD88"- TPN mouse group. Interestingly, the loss of the MyD88 signaling pathway led to a
marked expansion in a much less common population of Verrucomicrobia. Inspection of this
population at the genus level showed this to be completely comprised of Akkermansia.

Epithelial barrier function and EC proliferation loss is significantly prevented in MyD88"/-

mice

As we have previously reported a loss of jejunal and ileal EBF in our TPN mouse model(8,
9, 33), we next examined if there were any physiologic effects of knocking out the MyD88
signaling pathway. We hypothesized that the failure of MyD88- mice to show an increase
in pro-inflammatory cytokines with TPN would prevent the loss of EBF. Baseline TER
measurements were similar between the WT control mice and MyD88~- control mice
(27.7+4.5 vs. 24.2+5.7 Q*cm?). WT TPN mice had a significant (P<0.001) drop in TER
(12.7+1.6 Q*cm?). However, TER for MyD88”- TPN mice was 19.5+3.8 Q*cm?2; while
significantly (P<0.05) lower than that in the WT control mice, it was also significantly
(P<0.05) higher than that of WT TPN mice (Figure 5A).

Another consequence of TPN is the loss of EC proliferation. Our laboratory has previously
shown that this is due to an imbalance of epidermal growth factor and TNF-a signaling(36).
With the prevention of TPN-associated TNF-a increase, we next examined if there would be
a preservation of EC proliferation in MyD88- mice. As shown by immunofluorescence
images (Figure 5 C to F), PCNA expression was maintained in the MyD887- TPN mice. The
percentage of PNCA* cells per crypt was maintained in the MyD88~ mice (Figure 5B), and
was not significantly different than WT controls.

Discussion

Our results show a strong association between TPN administration with deprivation of
enteral nutrition and profound changes in the intestinal microbiota. Furthermore, we also
demonstrated increases in LP TLR signaling and a loss of the Tyeq population, all of which
appear to contribute to a mucosal pro-inflammatory response. These results provide
important and novel insights into mechanisms of the local mucosal pro-inflammatory state
seen in mice given TPN, and may account for such changes in patients receiving TPN.

J Immunol. Author manuscript; available in PMC 2014 June 15.
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Previous work that evaluated mucosal changes in response to TPN showed inflammation at
the level of whole mucosal isolates, and the IEL population. Epithelial phenotype changes,
such as increased apoptosis and decreased proliferation, as well as loss of epithelial barrier
function have also been observed(8, 9). Changes in TLR expression at the whole intestinal
level have been described in a mouse TPN model(34). However, the immunologic response
within the LP had not been defined, nor was it clear what factors drove these pro-
inflammatory changes. Work by Dahan et al(12) showed that epithelial cell phenotype can
be markedly affected by LP cells; and this suggests that examining signaling changes in the
LP may provide mechanistic insight into known EC changes in our TPN model.

The root cause of the microbiota changes and subsequent inflammatory cascade is most
likely due to the lack of enteral nutrition than the TPN solution itself(35). Unfed mice will
almost uniformly die within 3 days, and do not describe a clinically relevant physiologic
condition. Our model offers a unique method to study the effects of subacute enteral nutrient
deprivation while providing sufficient calories for survival. One potential issue was that the
experiments were performed using regular rodent chow, and not with a rigorously controlled
semi-purified diet. Although we did not see any inconsistencies with the experiments over
the time we performed this work, it is possible that this could be a confounding variable that
could be addressed in subsequent work.

We hypothesized that deprivation of enteral nutrition reduced nutritional substrate available
to luminal bacteria, and promoted the survival of starvation resistant Proteobacteria(36, 37).
While the animal model and duration of deprivation of enteral nutrients is very different, a
Burmese python model of enteral nutrient deprivation and re-feeding showed significant
shifts from Bacteroidetes which were dominant in the fasting state, while Firmicutes
established themselves during a fed state(38). In addition to changes in enteral contents from
above, goblet cell numbers increase with the administration of TPN(39). This is especially
relevant because such EC phenotype changes affect the local environment for the
mucosally-associated bacteria, and mucosal glycan foraging ability is directly linked to
bacterial fitness within the human gut microbial community(40). These changes lead to
altered TLR signaling in antigen presenting cells in the LP, which are known to alter
lymphocyte phenotype(14, 16). In MyD88~~ mice, the TLR signaling changes caused by the
alteration in luminal bacterial microbiota is not sensed, which leaves the mucosal immune
response unchanged from the control state. It is important to note that the shift from a
Firmicutes-predominant microbiota in the MyD88~~ control mice to a Proteobacteria
predominant microbiota in the MyD88- TPN mice was also observed, indicating that
similar changes in bacterial signaling are also present in the MyD887- mice. While clearly
beyond the scope of the present work, we were struck by the marked increase in
Akkermansia in the MyD88- TPN mice. It is possible that the prevention of Proteobacteria
from signaling via TLRs and subsequent loss of pro-inflammatory signaling may have led to
a more favorable environment for this relatively rare strain of bacteria. A. muciniphila live
off of acidomucins, which have been reported to be increased with TPN administration in
other animals*!, Further work will need to be done to understand the complex inter-relation
between these microbial groups.

We found that in addition to the abrogation of the mucosal pro-inflammatory response, there
was also physiologic preservation of EBF in MyD88~ mice receiving TPN. This was not
unexpected, as we saw a similar preservation of barrier function in IFN-y”- mice(33),
suggesting that the decreased IFN-y levels in the MyD88”~ mice contributed to the
preservation of EBF. An additional physiologic effect we saw was the preservation of EC
proliferation. Data from our laboratory has shown that TNF-a receptor-1 and -2 double
knockout mice have retained EC proliferation after TPN administration(41), indicating that
reduced levels of TNF-a expression in the MyD88~- mice may be responsible for their
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preserved proliferative capacity. Whether the prevention of loss of EC proliferation in the
MyD88-/- mouse model is due to a single TLR pathway is, though beyond the scope of this
manuscript, a very important question. Hsu et al(42) have noted that TLR-4 was critical for
effective EC proliferation. Thus, further dissection of these TLRs will be an important line
of future investigation.

A major finding in our study is the preservation of the small intestinal Tyeg population in the
MyD88 /- mice receiving TPN. Atarashi et al(43) have shown that Clostridium strains
within the colon promote Tyeq accumulation, but not within the small intestine. It is known
that certain polysaccharide-A producing commensal organisms, such as B. fragilis, have the
ability to induce Tyegq differentiation in the normal gut via a TLR-2 dependent
mechanism(44). These findings would seem to argue that there would either be no change in
small intestinal LP Tyegs, or if anything increase Tyeg development in our TPN mice
(because of increase in TLR-2 levels and increase in the Bacteroides genera in our TPN
mice). However, it is unknown if the TPN-microbiota produces polysaccharide-A, and the
Treg changes may be driven more by the local TGF-f levels(43) (which were decreased in
the TPN model — Figure 3L) than by the existence or lack thereof of Clostridium spp.

Denning et al(45) have shown that LP CD11b*CD11cdu!""e9 macrophages along with TGF-
B1 can lead to Tyeq differentiation. Furthermore, these macrophages produce IL-10, which
results in macrophage anergy, or a loss in the pro-inflammatory response secondary to TLR
signaling(46). In our TPN model, the pro-inflammatory phenotype in the LP macrophages is
abated when the MyD88 signaling pathway is blocked. There are several possible
explanations for this seemingly contradictory finding. One is that the intestinal macrophages
in the TPN model may consist of newly recruited macrophages that still possess the ability
to respond in a pro-inflammatory manner. Another is that the decreased TGF-B1 levels with
TPN may be preventing maintenance of the anergic state, leading to intestinal macrophages
with an inflammatory phenotype.

Slack et al(47) have shown protection against increased intestinal permeability with dextran
sodium sulfate and NSAIDS in MyD88 and TRIF (Toll/interlukin-1 receptor-domain-
containing adapter-inducing interferon-g) double knockout mice. While their model knocks
out both Myd88 dependent and independent TLR-signaling, and has different injury
mechanisms, the protection of EBF in the knockouts is consistent with our results. A
limitation of our study is that it does not directly prove that the changes in the microbiota are
responsible for the increased TLR pathway signaling in the TPN mice. However, the near
complete loss of a pro-inflammatory response after deleting a major microbial signaling
pathway argues strongly for a mechanistic role for the microbiota with TPN administration.
Studies with gnotobiotic or single-strain colonized mice (such as in the Atarashi(43) and
Slack(47) stuidies), and/or bone marrow chimeras between WT and MyD88-/- mice would
be necessary to more conclusively prove this relationship, and to further clarify the role of
the LP versus the epithelium in the TPN model, but these are beyond the scope of this
manuscript.

In conclusion, enteral nutrient deprivation with TPN administration in mice leads to
profound changes in the mucosally-associated microbiota of the small bowel and colon.
These micobiota changes are associated with a significant up-regulation in TLR signaling in
the LP, and a subsequent increase in LP macrophage pro-inflammatory cytokine expression
as well as a loss of the Tyeq population. This pro-inflammatory response was abrogated upon
blockade of the MyD88 signaling pathway. These results suggest a critical role of the
intestinal microbiota and TLR signaling pathway in the development of a local
inflammatory response in response to deprivation of enteral nutrition. Future strategies to
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block this signaling pathway in patients receiving TPN, may well provide a beneficial effect
and reduce the increased rate of associated infections.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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A: Dendrogram representation of small bowel and colonic mucosally-associated bacteria
samples in wild type mice using T-RFLP and analysis of similarities (n=6 in each group).
Bray-Curtis distances shown by scale at the bottom. P=0.003 between control small bowel

and TPN small bowel, and P=0.005 between control colon and TPN colon. B:

Chromatogram representation of TRFLP analysis. Restriction fragment size on X-axis,

count on Y-axis.
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Figure 2.

A: Phylum level analysis after RDP classification of pyrosequenced ileal mucosa-associated
bacteria samples. Most common phyla are shown in the graph. There were significantly
fewer Firmicutes (2.5+1.9% vs. 93.1+6.2%, P<0.0001), more Proteobacteria (76.2+0.2% vs.
2.6+5.6% P<0.001), more Verrucomicrobia (2.0+1.7% vs. 0.02+0.05%, P<0.01) and more
Bacteroidetes (17.9+17.7% vs. 0.2+0.4%, P<0.05) in TPN samples compared to control
samples.

Sequence counts of Sa/monella (Bi) Escherichia (Bii) Proteus (Biii) and Bacteroides (Biv)
genera after genus-level classification of mucosally-associated bacteria samples. While the
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overall Proteobacteria dominance is apparent, there is variability between individual mice
(n=6).

C: Weighted Unifrac principal coordinates analysis of control and TPN small bowel and
colon samples. Axis-1 (X) and axis-2 (Y) account for 29.4% and 19.1% of overall
differences, respectively.

D: Percentages of Firmicutes, Proteobacteria, Bacteroidetes, Verrucomicrobia and all other
phyla in the small bowel of control and TPN mice (both WT and MyD88" strains). There is
a marked shift from a Firmicutes-dominant flora in control mice to a Proteobacteria
dominant flora in TPN mice in both the WT and MyD88~~ mice. Note also an expansion of
Verrucomicrobia in the WT mice, and an even larger expansion of this population in
MyD88"~ mice (n=4).
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Figure 3.

Quantitative real time PCR on LP cell mRNA (A. MyD88, B. TLR-2, C. TLR-4, D. TNF-a,
E. IFN-y, F. FOXP3, G. IL-1pB, H. IL-2, I. IL-6, J. IL-10, K. IL-17, L. TGF-B1) normalized
to B-actin except for panel F where FOXP3 mRNA was normalized to the stable portion of
the a-chain of the T-cell receptor to account for the fewer number of LP T-cells in the TPN
mice (data not shown). ~P<0.05, tP<0.05 compared to MyD88”~ TPN, *P<0.05 compared to
all other samples, #P<0.05 compared to WT control, $P<0.05 compared to both control
samples. N=6 for WT mice, n=5 for MyD88"~ mice.
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Panels A and B show small bowel CD4* and CD8" intraepithelial lymphocyte (IEL)
percentages in WT and MyD88~ control and TPN mice. Panels C and D show small bowel
CD4* and CD8" lamina propria lymphocyte (LPL) percentages in WT and MyD887~ control
and TPN mice. MyD88~ mice as well as WT TPN mice had a lower percentage of CD4*
IELs compared to WT control mice, however there were no statistically significant
differences between the percentages of other cell populations between study groups.
*P<0.05 compared to WT control. N=6 for WT mice, n=5 for MyD88~ mice.
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Figure5.

A: TER measured by Ussing chamber, Y-axis units are Ohm*cm2. *P<0.05 between
indicated samples. B: Epithelial cell proliferation measured as percentage of PCNA* cells
per crypt. #P<0.05 compared to all other samples. C-F: Representative immunofluorescent
images of crypt PCNA staining (C. WT Control, D. WT TPN, E. MyD88- Control, F.
MyD88~ TPN). Green-PCNA, blue-DAPI. N=6 for WT mice, n=4 for MyD88~ mice.
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Table
Flow cytometric analysis of LP cells
FOXP3 | TLR-4 IFN-y | TNF-a
WT control 134430 | 27¢33 | 2.8+1.9 | 3.1+15
* * * *
WTTPN 6.3t32 | 11.6+1.3 | 6.8#39 | 6.9+1.1
MyD88" control | 11.6+3.5 | 4.1£2.9 2.7£1.2 2.9+15
MyD88" TPN | 12.8¢37 | 2110 | 26216 | 3.7425

Results shown as mean+SD.
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FOXP3 column represents the percentage of FOXP3™ cells within CD4™ T-cells by flow cytometry. TLR-4, IFN-y, TNF-a columns represent

percentages of F4/80*CD11b*CD11cdull-neg macrophages expressing each of those proteins.

*
p<0.05 compared to all other groups by ANOVA
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