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Purprosk. Using the model of experimental autoimmune uveitis (EAU) induced by immu-
nization with a retinal antigen, two studies have reported contradictory results on disease
development following oral antibiotic treatment (ABX). We showed that long-term ABX
did not affect EAU, but another study showed that short-term ABX was protective. We
therefore studied the effects of ABX on EAU, gut microbiota, and host immune responses
as a function of treatment duration.

MetHODS. EAU-susceptible mice were treated orally with broad-spectrum antibiotics start-
ing at least 10 weeks (long-term) or 1 week (short-term) before immunization until termi-
nation of the experiment. Gut microbiota were characterized by 16S amplicon sequenc-
ing, and host gut immune elements were studied phenotypically and functionally.

Resurrs. Long-term ABX had no effect, whereas short-term ABX delayed EAU, as previ-
ously reported by us and others, respectively. Microbial sequencing revealed progressive
reduction of gut microbiota that showed some differences in the two ABX groups. Inter-
estingly, duration of ABX was associated with a gradual disappearance of the CD4" and
CD41CD8" subset of gut intraepithelial lymphocytes (IELs). This IEL subset is microbiota
dependent and is absent in germ-free mice. Relative abundance of Lactobacillus reuteri
correlated with the frequencies of CD4*CD8™ IELs. IELs suppressed antigen-specific acti-
vation of autoreactive T cells in culture.

ConcLusions. Gut microbiota may play dual roles in uveitis development: They promote
EAU development but also help maintain IEL populations that have regulatory function
against autoreactive T cells. We propose that the progressive loss of this population
during long-term ABX reverses the EAU-ameliorating effects of microbiota depletion.
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utoimmune uveitis in humans is an intraocular inflam-

matory disease believed to be driven by autoreactive T
cells that can disrupt the neuroretina and cause blindness.!2
Two animal models in susceptible B10.RIII mice have been
useful to study the disease: (1) the induced model elicited by
active immunization with peptide 161-180 of the interpho-
toreceptor retinoid binding protein (IRBP)? and (2) the spon-
taneous uveitis model in R161H mice made transgenic for a
CD4-restricted T-cell receptor (TCR) specific to this epitope,’
which allows the study of natural triggers that contribute to
uveitis. This model led to the conclusion that gut commen-
sals provide a signal in the intestine to activate the autore-
active T cells,*> based on data showing ameliorated disease
in R161H mice treated with a broad-spectrum antibiotic
cocktail (ABX) since before birth or reared under germ-
free conditions.” Together with data showing activation of
the clonotypic retina-specific T cells in the gut environment,
this suggested that gut microbiota provide a “mimic” antigen
that activates the autoreactive T cells for pathogenicity. In
contrast, wild-type (WT) littermates of these mice that were
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actively immunized for experimental autoimmune uveitis
(EAU) with the IRBP4;_150 peptide showed no reduction of
disease, suggesting that when the antigen was provided by
immunization there was no further role for gut microbiota
in modulating disease.’

However, a subsequent study by another group showed
that ABX started 1 week prior to the active immunization
of WT mice for EAU inhibited the disease, a finding that
appeared to be in conflict with our data.® One major differ-
ence between the two studies was the duration of ABX prior
to immunization. To reconcile these opposing observations,
we set out to study the differences in disease, microbiota,
and host immunological parameters between IRBP peptide—
immunized WT mice receiving long-term versus short-term
ABX.

We report that changes in both microbiota and gut
immune parameters are differentially affected by the dura-
tion of ABX and are associated with distinct effects on EAU
progression. ABX-induced changes in microbiota composi-
tion continue beyond the first week of treatment and corre-
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late with progressive depletion of T-cell subsets within the
intraepithelial lymphocyte (IEL) compartment that could be
functionally relevant to uveitis. Based on this correlation and
on the inhibitory function of IELs that we have observed in
vitro, we propose that the change in the IEL compartment
during long-term ABX results in loss of a regulatory mecha-
nism that counteracts the EAU-ameliorating effect of micro-
biota depletion.

METHODS
Mice

WT or Rag2~/"IRBP~~ R161H mice on the B10.RIII back-
ground were bred in-house and maintained under specific
pathogen-free (SPF) conditions and fed standard facility
chow ad libitum. The animal study protocol (NEI-688) was
approved by the Institutional Animal Care and Use Commit-
tee.

Induction and Evaluation of EAU

B10.RIII WT mice, both females and males, between the
ages of 10 and 15 weeks were immunized with 10 pg
IRBP 41150 peptide emulsified in complete Freund’s adju-
vant (CFA). Development of uveitis was monitored by fundo-
scopic observation of anesthetized mice via a binocular
microscope at the indicated days post-immunization. Scores
were assigned by a masked observer on a scale of 0 to 4,
taking into account the number, size, and appearance of
inflammatory lesions as described in detail elsewhere.?

Antibiotic Treatment

WT BI10O.RIII mice were given a mixture of broad-
spectrum antibiotics (ampicillin, 1 g/L; metronidazole, 1 g/L;
neomycin, 1 g/L; vancomycin, 0.5 g/L°; and gentamicin, 0.4
g/L) in MediDrop Sucralose gel (ClearH,O, Westbrook, ME,
USA), to minimize settling of the antibiotic suspension, for 1
week (short-term) or at least 10 weeks (long-term) prior to
immunization for EAU. Antibiotic treatment was continued
throughout the experiment. Treatment groups were kept in
separate cages, and extra care was taken when handling the
groups so as not to transfer microbiota, such as by chang-
ing gloves, reagents, and materials between groups during
routine cage changing and fundoscopy monitoring.

Fecal DNA Extraction

Before and after the start of antibiotic treatment or EAU
induction, fecal pellets were collected from each mouse
and immediately frozen on dry ice and kept at —-80°C until
processing for bacterial DNA extraction in house or through
the National Cancer Institute Microbiome Core (see 16S
rRNA gene sequencing discussion below). For in-house DNA
extraction, fecal pellets were subjected to lysozyme (Sigma-
Aldrich, St. Louis, MO, USA), Invitrogen RNaseA (Thermo
Fisher Scientific, Waltham, MA, USA), Achromopeptidase
(Wako Biochemicals, Richmond, VA, USA), and proteinase
K (QIAGEN, Germantown, MD, USA) digestions, and DNAs
were extracted by the phenol:chloroform:isoamyl alcohol
phase separation method.’
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Calculation of 16S rRNA Gene Abundance

Quantitative polymerase chain reaction (qPCR) was
performed using UniF340 (5'-ACTCCTACGGGAAGGGCAGC
AGT-3) and UniR514 (5-ATTACCGCGGCTGCTGGC-3') pri-
mers, which are specific for the eubacteria 16S rRNA gene®
and used here for normalization; EUB1114-F (5-CGGCAAC
GAGCGCAACCC-3") and EUB1221-R (5'-CCATTGTAGCAC
GTGTGTAGCC-3"), which are specific for the eubacteria
16S rRNA gene’; Sg-Lreu-F (5-GAACGCAYTGGCCCAA-3))
and Sg-Lreu-R (5'-TCCATTGTGGCCGATCAGT-3"), which
are specific for Lactobacillus reuteri’; and ITS1Fungal_F
(5’-CTTGGTCATTTAGAGGAAGTAA-3) and ITS2_R (5-
GCTGCGTTCTTCATCGATGC-3'), which are specific for
internal transcribed spacer (ITS) genes for fungi, with
Fast SYBR Green Supermix (Applied Biosystems, Bedford,
MA, USA). Fecal DNA (2.5-5 ng) was amplified per qPCR
reaction. CT values were normalized to respective CT values
of control (untreated) mice (ACT = CTyy, — CTcontrol)- The
274¢T method was used to calculate a qPCR factor relative
to untreated controls (normalized to 1). Relative 16S rRNA
gene abundance was calculated as total pg DNA per gram
feces x qPCR factor.

16S rRNA Gene Sequencing and Analyses

In some experiments, fecal pellets were directly processed
at the National Cancer Institute Microbiome Core using the
MagAttract PowerMicrobiome DNA/RNA Kit (QIAGEN) on
liquid-handling robots (epMotion5075 and epMotion 5073;
Eppendorf, Enfield, CT, USA). Fecal DNAs were sequenced
on a MiSeq platform (Illumina, San Diego, CA, USA) targeting
the 16S V4 region (515F-806R). The 16S amplicon sequence
variants were inferred using DADA2 1.10,'° and microbial
diversity was analyzed and visualized with phyloseq 1.42.0!!
and other functions using R 4.2.2 (R Foundation for Statis-
tical Computing, Vienna, Austria). Part of the analysis was
also performed on the Nephele cloud platform.!? The raw
data generated for this study are available at National Center
for Biotechnology Information Sequence Read Archive (SRA
Accession: SRP450596).

Tissue Harvesting and T-Cell Subset
Characterization by Flow Cytometry

At the time of sacrifice, peripheral tissues (submandibu-
lar lymph nodes, spleen, bone marrow, inguinal lymph
node, subcutaneous, and mesenteric adipose tissues) and
gut-associated lymphoid tissue (GALT), including mesen-
teric lymph nodes, Peyer’s patches (PP), small and large
intestine lamina propria (LP), and IELs, were collected
and processed for fluorescence-activated cell sorting (FACS)
analysis using the CytoFLEX LX (Beckman Coulter, Brea,
CA, USA). Fluorochrome-conjugated antibodies and viability
dyes used in this study were purchased from BD Biosciences
(Franklin Lakes, NJ, USA), BioLegend (San Diego, CA, USA),
eBioscience (San Diego, CA, USA), or Tonbo Biosciences
(San Diego, CA, USA). FlowJo 10.6.1 was used for the #-
distributed stochastic neighbor embedding (t-SNE) analyses.
Surface markers (clone) included CD3 (17A2 or 145-2C11),
CD4 (RM-4.5), TCRy § (GL3), CD8a (53-6.7), TCRB (H57-597),
CD90.2 (30-H12), Ghost UV450, and ViaKrome 808 (Beck-
man Coulter). Intracellular markers included granzyme A
(3G8.5) and granzyme B (GB11).
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IEL Suppression Assay

IRBP-specific naive CD4" T cells were harvested from spleen
and peripheral lymph nodes of Rag2~/ IRBP~/~ RI161H
mice and enriched for naive CD4" cells (EasySep Mouse
Naive CD4" T Cell Isolation Kit; Stem Cell Technologies,
Vancouver, BC, Canada). Cells were labeled with carboxyflu-
orescein succinimidyl ester (CFSE) in some experiments.
IELs and PP cells were harvested from small intestines of
B10.RIII WT mice and enriched for CD90.2" T cells (Easy-
Sep Mouse CD90.2 Positive Selection Kit IT; Stem Cell Tech-
nologies), and the CD90.2~ fraction was collected as a
source of antigen-presenting cells (APCs). Cell co-cultures
were set up in various combinations of cells and stimu-
lated with 100 ng/mL IRBP4;_150 incubated at 37°C for 1 to
4 days and stained for FACS analysis. Culture supernatant
was collected at 21 hours to measure IL-2 levels, follow-
ing the manufacturer’s protocol (R&D Systems, Minneapolis,
MN, USA).

Cell Sorting and NanoString Analyses

Cells from the inguinal and mesenteric lymph nodes,
small intestine LP, and IEL compartment were sorted for
CD4 and CD8 populations by the National Eye Institute
Flow Cytometry Core on FACSAria II and FACSAria Fusion
(BD Biosciences). RNA was isolated using the RNeasy Kit
(QIAGEN). Multiplex hybridization was performed using
the NanoString platform at the National Cancer Insti-
tute Center for Cancer Research Genomics Core. Expres-
sion of 770 genes was profiled using an nCounter panel
(NS_MM_CANCERIMM_C3400) and quantified with the
nCounter Digital Analyzer (NanoString Technologies, Seat-
tle, WA, USA). The data were normalized using nSolver 4.
The log2 normalized data were used for pre-ranked gene
set enrichment analysis (GSEA), against a custom annotated
gene set based on the nSolver Inmune Response Categories.
The processed and raw gene expression data generated in
this study are available at the National Center for Biotechnol-
ogy Information Gene Expression Omnibus (GSE236922).
Custom R scripts and BASH scripts were used to prepro-
cess the data and generate visualizations. All of the scripts
used for this research are documented in detail and are avail-
able at the National Eye Institute GitHub as open-source
resources (https://github.com/NIH-NEI/abx-eau).

Statistical Analyses

Statistical analysis was performed using Prism (GraphPad,
San Diego, CA, USA). Student’s t-tests for paired samples,
one-way ANOVA, and two-way ANOVA (with Tukey’s multi-
ple comparison test) were used to evaluate differences
between groups of variables. Where not specified, statistical
significance is indicated as follows: *P < 0.05, **P < 0.01,
#+P < 0.001, and ***P < 0.0001.

RESULTS

Short-Term But Not Long-Term Antibiotic
Treatment Delays Development of EAU Disease

B10.RIII WT mice were started on ABX for 1 week
for short-term treatment or at least 10 weeks for long-
term treatment before immunization with IRBP peptide
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Figure 1. Short-term, but not long-term, antibiotic treatment
delayed the development of EAU. WT B10.RIII mice were treated,
or not, with antibiotics for at least 10 weeks (long-term) or 1 week
(short-term) prior to immunization with 10 pg IRBP;_159 with CFA.
(A) Experimental scheme of ABX treatment and EAU induction.
(B) Disease was monitored weekly, and mean fundoscopy scores
were plotted by treatment groups; data for no treatment (n =
16), long-term ABX (nz = 25), and short-term ABX (n# = 18) were
combined from three separate experiments. *P < 0.05, **P < 0.01,
#4P < 0.001 relative to no treatment (black symbol) or long-term
ABX (red symbol) by Tukey’s multiple comparison test on indicated
time points. P values between treatment groups for the course of
EAU are shown in the graph. (C) Representative fundus pictures for
corresponding clinical scores.

to elicit EAU (Fig. 1A). Short-term ABX partially inhib-
ited the development of EAU, whereas long-term ABX
had no effect on disease kinetics compared to untreated
controls (Figs. 1B, 1C), supporting the data in previous
reports from our lab and the Lin Lab>® showing differ-
ential effects on EAU development depending on differ-
ent durations of antibiotic treatment. However, disease
scores in the short-term ABX group eventually reached
those of the untreated or long-term ABX mice (Fig. 1B).
Thus, short-term ABX was able to reduce susceptibil-
ity to EAU, but the effect was transient. This trend was
consistently observed in three independent experiments.
Because of the transient nature of the protective effect,
we concentrated further efforts on examining the differ-
ences between long-term and short-term ABX, which might
explain the delay in the disease kinetics, during the first
2 weeks after immunization (weeks 2-3 of short-term
ABX).
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Ficure 2. Long-term versus short-term duration of ABX affected gut microbiome differently. WT B10.RIII mice were treated, or not, with
antibiotics for at least 10 weeks (long-term) or 1 week (short-term) prior to immunization with 10 ng IRBP4;_1g9 With CFA. Fecal pellets were
collected weekly over time from unimmunized and immunized mice, and qPCR on microbes and 16S rRNA gene sequencing were performed.
(A) The relative abundance of bacteria (16S rRNA gene, left) or fungi (ITS gene, right) is expressed as 2~2CT x DNA per gram feces. No
treatment, 7 = 3 or 4; short-term ABX, n = 5 or 6; and long-term ABX, n = 4, per time point. *P < 0.05 and **P < 0.01 relative to no treatment
(same as respective treatment colors) or between long-term ABX and short-term ABX (purple) on week -1. (B) Chaol alpha-diversity among
the groups over time. No treatment, 7 = 9 to 17; short-term ABX, n = 9 to 11; and long-term ABX, n = 8, per time point. ***P < 0.0001
relative to no treatment (same as respective treatment colors) by comparing median estimates across cohorts using the Kruskal-Wallis test
and Dunn’s post hoc tests for multiple comparisons. (C) Bray-Curtis beta-diversity from a representative two experiments. Time points 0, 1,
and 2 weeks relative to immunization are compiled. NMDS, non-metric multidimensional scaling. (D) Bar plots of taxonomy by phylum.

Short-Term and Long-Term ABX Mice Differ in
Gut Microbiota When Inductive Events of EAU
Take Place

We sought to correlate the changes in microbial composi-
tion and gut-related immune parameters with the disease
process. Fecal bacterial abundance determined by qPCR in
ABX-treated mice quickly declined after initiation of treat-
ment, such that 1 week after immunization (2 weeks after
the start of ABX for the short-term group and >10 weeks
ABX for the long-term group), fecal bacterial mass from both
ABX groups became comparable (Fig. 2A). Sequences repre-
senting fungi were inversely proportional to the level of gut
bacteria and were undetectable in feces of untreated mice
(Fig. 2A), indicating that fungi expand to fill niches made

available by depletion of bacteria due to ABX. A compar-
ison of microbial richness in individual samples (Chaol
index) among the short-term ABX, long-term ABX, and no
ABX groups at each time point supported the notion that
most of the decrease in abundance of microbial composi-
tion had taken place within the first week of ABX (Fig. 2B).
The Bray—-Curtis beta diversity analysis, comparing micro-
bial composition among the groups, revealed distinct clus-
tering among the no-treatment, short-term ABX, and long-
term ABX groups, with short-term ABX samples being more
dissimilar from each other, likely reflecting ongoing changes
in the bacterial composition (Fig. 2C). By visualizing the rela-
tive abundance of bacterial phyla over time, Bacteroidetes
and Firmicutes progressively decreased as Proteobacteria
and Tenericutes progressively increased; diversity reduced
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to only few dominant phyla, and the composition of short-
term ABX flora gradually became closer to that of long-
term ABX (Fig. 2D). Nevertheless, some differences in flora
composition were still detectable during the second week
of ABX, corresponding to the first week after immunization,
when inductive events of EAU were taking place (Fig. 2D).
During the second and third weeks after initiation of ABX,
the gut microbiota composition of the short-term ABX group
increasingly approached that of the long-term ABX group
(Figs. 2A, 2B), with an uptick in disease scores during the
third week of EAU (Fig. 1).

Antibiotic Treatment Depletes CD4" and
CD41CDS8" Cells in the IEL Compartment in a
Time-Dependent Fashion

We examined the effects of ABX duration more broadly
on lymphoid cell populations in the gut and other periph-
eral tissues by flow cytometry with visualization in t-SNE
plots by treatment or population (Fig. 3A). ABX effects were
pronounced within the IEL compartment and small intes-
tine LP on CD4% and CD47CD8™" cells, which were depleted
in the long-term ABX mice but not in the short-term ABX
mice compared to the no-treatment group (Figs. 3A, 3B).
Numbers of CD8" IELs were not affected by ABX (data not
shown). CD4*CD8" IELs were progressively depleted over
time (Figs. 3B-3D), reminiscent of what has been reported
by others.?”!3 This appears to be a predominant effect on
IELs and not on lymphocytes from small intestine LP or
peripheral lymph nodes (Fig. 3C). To investigate the depen-
dence of IELs on microbiota in this model, we examined
the IEL compartment in germ-free B10.RIII mice. CD4" and
CD4"CD8" IEL frequency, but not CD8" IELs, were strongly
reduced in germ-free mice (Fig. 3E). These results support
the notion that progressive depletion of CD4-expressing IELs
by ABX could be secondary to the dependence of CD4*" and
CD4"CD8" IEL maintenance on the microbiota.

IELs Suppress Activation of IRBP-Specific T Cells
In Vitro

Some IELs have been reported to have immunoregulatory
function complementary to that of regulatory T cells (Tregs),
and some may even arise from FoxP3" Tregs.!* We there-
fore examined whether IELs could inhibit the activation of
antigen-specific T cells when they are co-cultured in vitro
(Fig. 4A). For this assay, we enriched naive IRBP-specific
CD4" T cells from Rag2~~IRBP~~ R161H mice as respon-
ders. CD90.2" cells were isolated from either the PP or IEL
compartment of WT mice as potential suppressors, and the
CD90.2™ fraction from PP cells was used as a source of
APCs. Upon stimulation with IRBP peptide in the presence
of CD90.2~ APCs from PP, antigen-specific CD4" T cells
expressed early activation markers CD69 and CD25 (Fig. 4B,
top plot). Inhibition of these markers was significant in the
presence of suppressors from the IELs but not from PP
(Fig. 4B, bottom vs. middle plots; Fig. 4C). This suppres-
sion occurred in a dose-dependent manner, with increas-
ing ratios of IEL suppressors to responders but not with PP
suppressors (Fig. 4D). Production of IL-2 in culture super-
natant was correlated with the activation of retina-specific T
cells. In co-cultures containing IEL suppressors, IL-2 levels
were lower compared to those co-cultured with PP cells
(Fig. 4E). Antigen-specific T-cell proliferation, assessed by
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CFSE dilutions at 4 days of co-culture, was inhibited in the
presence of increasing ratios of IEL as suppressors (Fig. 4F).
These results raise the possibility that IELs could exert a
suppressive role on antigen-specific T cells and/or on other
immune cells that pass through the gut on their way to the
eye.®

IELs Express Genes With Cytotoxic or Regulatory
Functions That Are Microbiota Dependent

To gain insight into the function of IELs in our model in vivo,
we examined gene expression profiles of IEL subpopula-
tions compared to CD4" or CD8" T cells from small intestine
LP, mesenteric lymph nodes, and peripheral lymph nodes
from unimmunized mice by NanoString. Hierarchical clus-
tering of the top 50 immune-related genes that were most
highly expressed in CD4"CD8" IELs revealed that many
of them were also expressed in CD4" or CD8"' IELs, but
CD4"CD8"' IELs were consistently the highest expressors.
Among these genes, Gzma and Gzmb (encoding granzymes
A and B, respectively), Cd244, Cd48, and Cd160 were promi-
nent in IELs, suggesting that the inhibitory function of these
cells could in part be attributed to cytotoxicity (Fig. 5A).
Genes associated with T-cell activation and signaling, such
as Cdo6, Fyn, Zap70, and Spn, were also highly expressed
in IELs (Fig. 5A). GSEA supported enrichment of pathways
associated with cytotoxicity as being positively regulated in
IEL populations compared to other intestinal or peripheral
compartments (Fig. 5B). Flow cytometry staining for intra-
cellular granzymes A and B confirmed protein expression of
granzymes by IELs (Fig. 5C). Importantly, on day 7 of EAU,
expression of granzymes in CD4" and CD4*CD8" IELs was
still well maintained in the short-term ABX mice and compa-
rable to that of the no-treatment mice. In contrast, granzyme
expression was lost after long-term ABX (Fig. 5C), closely
mimicking the situation in germ-free mice (Figs. 5D, 5E)
and indicating dependence on microbiota not only for phys-
ical IEL maintenance (in CD4" IELs) (Fig 3E) but also for
their functional maintenance (Fig SE). This included CD8"
IELs, whose numbers were maintained in germ-free mice
(Fig. 3E), but more than half lost granzyme expression
(Figs. 5D, 5E).

Maintenance of CD4" and CD4tCD8* IEL
Compartments in ABX Mice Is Associated With
Levels of Firmicutes and Lactobacilli

Firmicutes and Bacteroidetes are dominant phyla in
untreated mice and show strong reduction within the first
week of ABX (Fig. 2D). Lactobacillus reuteri (L. reuteri)
has been associated with the induction and maintenance of
CD4"CDS8" IELs in the gut epithelium in another model.’
ABX efficiently depleted the genus Lactobacillus as deter-
mined by 16S rRNA sequencing (Fig. 6A), as well as L. reuteri
as determined by qPCR (Fig. 6B). Short-term ABX mice still
had approximately 10 times more L. reuteri compared to
long-term ABX at the 1-week time point and reached similar
levels after 1 more week (Fig. 6B). Thus, physical reduction
of CD4" and CD4"CD8" IELs appeared to lag 1 to 2 weeks
behind depletion of L. reuteri.

To examine the correlation between gut bacteria and
IEL subsets, we performed simple linear regression anal-
yses of relative abundance of fecal bacteria and frequen-
cies of CD4" and CD4"CD8" IELs. In support of published
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Ficure 3. CD4"CDS8™ T cells in the IEL compartment are modulated by antibiotic treatment. Experimental mice were treated and immunized
as previously described. Tissues from unimmunized and immunized groups were collected 7 days after immunization (2 weeks after short-
term ABX) and processed for FACS analysis. (A) A total of 15,000 live lymphocytes from each sample were concatenated by tissue, and t-SNE
analyses were done separately by tissue. The t-SNE plots of various tissues are shown by the experimental parameters: treatment (upper row)
and T-cell populations (lower row). Plots reflect three mice per group from one representative experiment of three. (B) Representative FACS
plots of CD4 and CDS profiles in IELs on day 7 of EAU among live lymphocytes. (C) Kinetic changes in CD4", CD4TCD8" (double-positive
[DP]), and CD8" proportions by antibiotic treatment in various tissues (#z = 3 or 4 unimmunized mice per time point). (D) Proportions of
CD4™ and CD47CD8™ (DP) IELs among live lymphocytes on day 7 of EAU. Data were combined from unimmunized mice and immunized
mice under the same ABX, as they displayed no differences. (E) Percentages of CD41, CD4TCD8" (DP), and CD8™" IELs in specific pathogen-
free (SPF) and germ-free (GF) mice. *P < 0.05, **P < 0.001, ***P < 0.0001.

results and our data (Figs. 3C-3E), total bacterial abun-
dance (eubacteria) showed a positive correlation with the
frequencies of CD4" and CD4"CDS8", but not CD8", IELs
(Fig. 60). Importantly, a positive association between the
frequency of CD4"CDS8" IELs and L. reuteri abundance was
observed, but such an association was not observed with the

frequencies of CD4" IELs or CD8" IELs (Fig. 6C). A posi-
tive association was also observed between the frequency
of CD4"CD8" IELs and total bacteria and the Firmicutes
phylum, to which L. reuteri belongs, but not between the
frequency of CD4"CD8" IELs and the Bacteroidetes phylum
(Fig. 60). These results suggest that the abundance of L.
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Ficure 4. IELs suppressed activation and proliferation of IRBP-specific T cells in vitro. Responder cells from Rag2~ ~"IRBP~/~ R161H mice
were enriched for naive CD4" T cells. IELs and PP cells were isolated from B10.RIII-CD45.1 congenic mice and enriched for CD90.2*
cells (which served as potential suppressors); the CD90.2™ fraction served as APCs. Cell co-cultures (suppressor-to-responder ratio of 1:1)
were stimulated with 100 ng/mL IRBP;4;_;g for 18 to 21 hours, and cells were stained for FACS analysis. CD4 cells from Rag2™ ~"IRBP~/~
R161H mice were gated by singlets, time, live lymphocytes, CD45.2%, CD90.2", CD8™, and CD4%. (A) Experimental scheme of co-culture.
(B) Representative FACS plots of CD69 early activation marker expression on antigen-specific CD4 responders co-cultured with APCs and
respective CD90.2T IELs or PP suppressors. (C) Compiled results of five independent experiments. The line connects the data points from
the same experiment. *P < 0.05. (D) Dose-dependent suppression of CD69 expression by CD90.2*" IELs or PP suppressors on responder
CD4™ T cells (0.125:1, 0.25:1, 0.5:1, and 1:1 suppressor-to-responder ratios) under IRBP peptide stimulation. One representative experiment
of five is shown. (E) Dose-dependent inhibition of IL-2 production in the culture supernatant at 21 hours of co-culture. One representative
experiment of three is shown. P < 0.05 by paired #-test. (F) CFSE dilution at 87 hours of co-culture. One representative experiment of two
is shown.
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Ficure 5. IELs expressed high levels of granzymes A and B, dependent on microbiota. CD4", CD4TCD8a™ (DP), and CD8a"CD90™ cells
from peripheral lymph nodes (PLN) and mesenteric lymph nodes (MES), small intestine lamina propria (SI), and IEL compartments were
FACS sorted from naive B10.RIII mice, and their gene expression was analyzed by NanoString. (A) Heatmap clustering of the top 50 genes
generated by Morpheus. (B) GSEA of the pre-ranked transcriptome using custom annotated gene sets based on the nSolver immune response
categories. Positive gene set enrichments are shown as red dots (pos). Negative enrichments are shown as blue dots (neg). The size of the
dots represents the P value significance of the gene set enrichments. (C) Representative flow plots of granzyme-producing 1ELs on day 7
of EAU. (D) Representative flow plots of granzyme-producing IELs in SPF and GF mice from three independent experiments. (E) Counts of
granzyme A- and granzyme B—producing IELs from SPF and GF mice. **P < 0.01.

reuteri in the gut affects the development and maintenance
of CD4"CD8" cells within the IEL compartment.

Taken together, transient protection from EAU with short-
term ABX can be associated with the presence of micro-
bial taxa, possibly including L. reuteri, that can support the
maintenance of CD4*CD8" IELs in the intestine. When these
IELs are depleted by longer duration of ABX, the protective
effects by beneficial commensals are no longer maintained,
and the susceptibility to EAU of the short-term ABX mice
becomes equivalent to that of the long-term ABX mice. It is

therefore conceivable that commensal microbiota may play
a dual role in EAU development by promoting disease and
also by maintaining IELs that could have a regulatory func-
tion against autoreactive T cells.

Di1scussION

In this study, we reconcile seemingly contradictory reports
regarding protection from EAU by broad-spectrum antibi-
otic treatment in the same mouse strain (B10.RIID) immu-
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FiGure 6. CD47CD8" T cells in the IEL compartment were microbiota dependent. (A) Relative abundance of the Lactobacillus genus
extrapolated from 16S sequencing reads. Feces were collected at the time points of 0, 1, and 2 weeks of EAU (1, 2, and 3 weeks of ABX),
and the compiled results are shown. *P < 0.05, **P < 0.01 by ordinary one-way ANOVA. (B) Quantification of L. reuteri by qPCR from fecal
DNA (no treatment, n = 7; short-term ABX, 7 = 6; long-term ABX, n = 4). *P < 0.05 by two-way ANOVA relative to no treatment. (C) Linear
regression analysis of CD4", CD4TCD8" (DP), or CD8" IEL subsets and abundance of eubacteria, Bacteroidetes and Firmicutes phyla, or L.
reuteri. P values shown in the graphs indicate the significant linear relationships between IEL subsets and bacterial abundance (DP, greem;

CD4, red). No significance was found in the CD8' population.

nized for EAU with the same antigen (IRBP61_150).> ¢ Here,
we report that short-term ABX provided disease protection,
albeit temporary, whereas prolonged ABX did not reduce
disease. It is now recognized that gut microbiota can affect
autoimmune disease in distal sites by many and diverse
mechanisms, including antigenic, innate stimulatory, and
metabolic effects.*'® Our study demonstrates that, as short-
term ABX becomes long term with continued treatment,
dynamic and sequential changes occur in the microbiota and
gut immune cells in the intestine that have a prominent influ-
ence on IELs. The data are suggestive of a sequential loss of
two opposing influences during ABX: removal of disease-
stimulatory microbiota, resulting in protection, followed by
secondary depletion of regulatory IELs that were being
maintained by them and consequent reversal of the protec-
tive effect. A limitation of our data is that, although they
implicate IELs in the regulation or EAU by gut microbiota,
they do not prove causality and do not exclude additional
effects and interactions that play into the observed effects
on disease. Indeed, it is also possible that the subsequent

rise in fungal sequences, reflecting a transition toward ABX-
resistant gut microorganisms, could have contributed over
time to additional immune stimulation in the gut, compound-
ing the loss of protection as short-term ABX continued
and became long-term ABX. The effect on disease appears
to lag behind the gut environment changes, as would be
expected.

The protective effect of short-term ABX in our study was
more transient than what had been reported by Nakamura
et al. This can be attributed to differences in the conditions
between the two laboratories, such as food and other envi-
ronmental factors, that likely resulted in different gut flora
in our respective facilities. A case in point is the enhance-
ment of gut Tregs reported in the Nakamura et al’ study,
which we did not observe. Similarly, the kinetics and effec-
tiveness of IEL depletion following ABX could also differ,
contributing to the longer protection from EAU reported in
the Nakamura et al. study.

Our data highlight one possible scenario, that of
inhibitory IELs suppressing uveitogenic effector T cells. This
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raises the inevitable question regarding where and how
these cells communicate. Although in the immunization-
induced EAU model priming of pathogenic T cells occurs
mainly in the lymph nodes that drain the sites of immuniza-
tion, broad migration of lymphocytes to and from the gut
has been observed under homeostatic conditions.!” In eye
and brain autoimmunity, the migration of activated T cells
through peripheral tissues is thought to be required for func-
tional “licensing” of pathogenic T cells to cause pathology in
the target tissue.'®=2! Of note, uveitis-relevant immune cells
that were labeled by photoconversion in the gut were found
in eyes of C57BL/6 mice immunized for EAU, although the
precise lineage has not been established.! It is thus conceiv-
able that primed uveitogenic T cells migrating through the
gut may come into contact and be influenced by the gut envi-
ronment, including resident immune cells in the gut epithe-
lium.

CD4" and CD4"CD8" IELs in the small intestine differ-
entiate from intestinal CD4" T cells that migrate into the
epithelial cell layer and take on regulatory functions. Conver-
sion of FoxP3TCD4" T cells into CD4*CD8" IELs has
been reported to occur, as LP Tregs migrate to the intesti-
nal epithelium; downregulate expression of FoxP3, CD25,
and ThPOK; and become CD4"CD8" IELs in a microbiota-
dependent manner.'*?? This finding supports the possible
scenario that microbial antigens may control CD4" T cell
plasticity between FoxP3" Treg cells and regulatory IELs.*?
Nakamura et al.° reported expansions of gut CD4* Tregs
after ABX. Such FoxP3*CD4" Tregs in the gut were not
expanded in our study, which might be due to differences in
gut microbiota between our animal facilities. That said, we
cannot rule out the possibility that FoxP3" Tregs had been
induced but were converted to IEL-like cells.

IELs are microbiota dependent and are strongly reduced
or absent in germ-free mice (Fig. 3E).2* Recently, the pres-
ence of this population in SPF mice has been reported to be
associated with L. reuteri in C57BL/6 mice.® L. reuteri metab-
olizes dietary tryptophan into indole derivatives, which acti-
vate the aryl hydrocarbon receptor and promote differentia-
tion of CD4" and CD4TCD8™" IEL precursors. In agreement
with these findings, we detected an association between L.
reuteri abundance and the frequency of CD4tCD8" IELs,
as well as massive reduction in L. reuteri in mice on
prolonged ABX, which correlated with progressive deple-
tion of CD4"CD8" IELs. It is conceivable that L. reuteri—
dependent maintenance of IEL subsets and IEL regulation
of EAU expression may be among the several pathways
involved in reversal of the protective effect of microbiota
with continued ABX. Of note, although it was reported that
L. reuteri reduces the severity of experimental autoimmune
encephalomyelitis (EAE) by reducing Th1/Th17 cells,” tryp-
tophan metabolites of L. reuteri unexpectedly enhanced
EAE.?® The role of this bacterium in EAU and in autoim-
munity in general will require further investigation.?’

The data have implications on how we think of poten-
tially modulating autoimmune eye disease by manipulation
of gut microbiota, and they underline the importance of
taking into consideration the duration of antibiotic treat-
ment. The findings highlight the potential unintended conse-
quences of the extended use of antibiotics in clinical settings
for the immunomodulatory role of IELs in the microbiota-
driven gut-eye axis. More comprehensive approaches will
be needed to gain insights into the interaction of micro-
biome and its contribution to systemic and ocular immune
responses by integrating microbiome and metabolome stud-
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ies with those of the cellular and transcriptional signatures
of inflammation.'®2
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