WEALTY 4
of %,

1duosnue Joyiny 1duosnuep Joyiny 1duosnuen Joyiny

1duasnuen Joyiny

/ HHS Public Access

Author manuscript
j Nature. Author manuscript; available in PMC 2012 April 13.

Published in final edited form as:
Nature. ; 478(7368): 250-254. doi:10.1038/nature10434.

Peripheral education of the immune system by colonic
commensal microbiota

Stephanie K. Lathrop1:2, Seth M. Bloom3, Sindhuja M. Raol, Katherine Nutsch?l, Chan-
Wang Liol, Nicole Santacruz!, Daniel A. Peterson®, Thaddeus S. Stappenbeck?, and Chyi-
Song Hsiehl

1Department of Medicine, Division of Rheumatology, Washington University School of Medicine,
St. Louis, MO 63110, USA

3Department of Pathology and Immunology, Washington University School of Medicine, St. Louis,
MO 63110, USA

4Department of Food Science and Technology, University of Nebraska-Lincoln, Lincoln, NE
68583, USA

Summary

The instruction of the immune system to be tolerant of self, thereby preventing autoimmunity, is
facilitated by the education of T cells in a specialized organ, the thymus, where self-reactive cells
are either eliminated or differentiated into tolerogenic Foxp3* regulatory T(Treg) cellsl. However,
it is unknown whether T cells are also educated to be tolerant of foreign antigens, such as those
from commensal bacteria, in order to prevent immunopathology such as inflammatory bowel
disease?™4. Here, we show that encounter with commensal microbiota results in the peripheral
generation of Treg cells, rather than pathogenic effectors. We observed that colonic Treg cells
utilized T cell antigen receptors (TCRs)different from those used by Treg cells in other locations,
implying an important role for local antigens in shaping the colonic Treg cell population. Many of
the local antigens appeared to be derived from commensal bacteria based on the in vitro reactivity
of common colon Treg TCRs. Interestingly, these TCRs did not facilitate thymic Treg cell
development, implying that manycolonic Treg cells arise instead via antigen-driven peripheral
Treg cell development. Further analysis of two of these TCRs by the creation of retroviral bone
marrow chimeras and a TCR transgenic linerevealed that microbiota indigenous to our mouse
colony was required for the generation of colonic Treg cells from otherwise naive T cells. If T
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cells expressing these TCRs fail to undergo Treg cell development and instead become effector
cells, they have the potential to induce colitis, as evidenced by adoptive transfer studies. These
results suggest that the efficient peripheral generation of antigen-specific populations of Treg cells
in response to an individual’s microbiota provides important post-thymic education of the immune
system to foreign antigens, thereby providing tolerance to commensal microbiota.

Although Treg cells are required for maintaining gut tolerance®, commensal bacteria are not
necessary for colonic Treg cell generation® © (Supplementary Fig. 1). Moreover, Treg cells
from germ-free mice can protect against colitis’. On the other hand, extra-thymic generation
of Treg cells to foreign antigens has been demonstrated using TCR transgenic models of oral
tolerance® °. Peripheral Treg cell development is also increased in the gut® 10, potentially
related to the presence of specialized antigen presenting cells® 1113, Finally, Clostridiales
speciest4, and B. fragilis® via a protease-resistant capsular polysaccharide, can increase the
frequency or function of colonic Treg cells, but may do so via innate immune receptors’®.
Thus, it remains unclear whether the protective colonic Treg cell population is generated
against self-antigens or foreign antigens derived from the commensal bacteria found in each
individual.

While TCR transgenic lines to antigens derived from commensal bacteria have been
described18, the normal in vivo frequency of those TCRs in the Treg versus effector T cell
subsets is unknown. To study the TCRs normally found in the colonic Treg cell population,
we analyzed the colonic TCR repertoire. Due to the great diversity of the fully polyclonal
TCR repertoire, we and others have utilized genetically engineered mice with limited
polyclonal repertoires}’=19. The analysis of TCRa chain repertoires of colonic lamina
propria CD4* T cells from mice expressing a fixed transgenic TCRp chain revealed that
Foxp3* Treg cells utilize TCRs that are quite distinct from those of effector/memory
(CD44N and naive (CD44'°) Foxp3~ cells(Fig. 1a-b; Supplementary Fig. 2-3). This is
illustrated using the Morisita-Horn similarity index (Fig. 1a), in which values from 0 to 1
represent low to high similarity between two data sets, as well as by the analysis of the
relative frequencies of individual common TCRs in each T cell subset (Fig. 1b). Moreover,
the analysis of TCRa chains of cells pooled from the secondary lymphoid organs and colons
of additional mice showed that Treg TCR usage in the colon differed greatly from that in the
other organs(Fig. 1c-d; Supplementary Fig. 3). Like the Treg cell population, the effector/
memory T cell population expressed TCRs largely unique to the colon; however, these two
subsets showed very little overlap. Thus, consistent with our previous observations in other
peripheral locations20, these TCR repertoire data suggest that the colonic Treg cell
population is strongly shaped by the local antigenic milieu.

To assess whether the local antigens were bacterial in origin, we expressed colon Treg TCRs
(Supplementary Fig. 3) in a hybridoma cell line that contains a GFP reporter for NFAT
activation as a readout for TCR engagement?L. We initially screened these hybridomas
against autoclaved colonic contents(CC), and were surprised to find that many (5 of 8)
showed some degree of reactivity to preparations from conventionally-housed (conv.), but
not germ-free, mice (Fig. 2a, Supplementary Fig. 4a-b, Table 1). Importantly, colonic
contents from Jackson Labs-sourced (Jax) Ragl™~ mice were not recognized by 4 of these
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colonic Treg TCRs unless they were first co-housed with mice from our colony. In contrast
to the colonic Treg TCRs, none of the eight abundant colonic activated/memory (CD44M)
TCRs (Supplementary Fig. 5), nor four other TCRs tested (including B8 and TR52%) showed
any reactivity (not shown). Also, TCR recognition did not occur in the absence of dendritic
cells, and was blocked by antibodies against MHC class Il (not shown). Thus, these data
suggest that the antigens responsible for TCR activation are derived from microbes that can
be passed between co-housed mice.

We therefore attempted to identify bacteria recognized by these colonic Treg TCRs by
screening small pools of 2-3 heat-killed bacteria isolated in pure culture from the colonic
contents of mice in our colony (Fig. 2b, Supplementary Fig. 4c,6). Two colonic Treg TCRs
(CT6 and CT7) reacted to one or more pools. Testing of individual isolates from these pools
revealed that CT6 reacted with isolate ANCA18.1, identified by 16S ribosomal RNA gene
sequencing as a previously uncharacterized Clostridiales species. Notably, all three isolates
recognized by CT7, but none of 34 other sequenced isolates, were identified as
Parabacteroides distasonis (Fig. 2c, Supplementary Fig. 6). To assess whether CT7 broadly
recognize commensal species within the Bacteroideceae family, we screened it against an
additional panel of closely related mouse-derived commensal Parabacteroides and
Bacteroides species?2. CT7, but not CT2 or CT6, recognized only a subset of these bacterial
species, including a second isolate of P. distasonis (Fig. 2d). Importantly, isolates that did
not stimulate CT7 were recognized by another TCR hybridoma, DP1 (Supplementary Fig.
7a), indicating that these preparations contained antigens capable of TCR stimulation. The
almost mutually-exclusive specificity of CT7 and DP1 within the Bacteroideceae family
makes it unlikely that these TCRs recognize host self-antigens that are differentially induced
by these closely related bacteria?? (Supplementary Fig. 7b). The TCR-specific reactivity
patterns further suggest that TCR activation is not due to non-specific stimulation by generic
immunostimulatory bacterial components or superantigens. Rather, these TCRs likely
recognize distinct bacterial protein antigens, as predigestion of heat-killed P. distasonis with
proteinase K abrogated recognition by the CT7 hybridoma (Supplementary Fig. 7c), unlike
what has been reported for Treg cell induction by protease-insensitive capsular
polysaccharide from B. fragilisS. While proof of direct bacterial recognition will require the
identification of specific epitopes, these data strongly argue for recognition of a bacterial-
derived peptide by colonic Treg TCR CT7.

More than half of the tested colonic Treg TCRs recognized colonic contents and/or bacterial
isolates (Table 1). However, this may underestimate the true frequency of colonic Treg
TCRs which respond to bacterial antigens. A lack of reactivity in our screen cannot be
interpreted to mean that the TCR does not recognize bacteria, as the antigens may be rare in
unfractionated colonic contents, lost upon autoclaving, or derived from an organism that was
not isolated in our screen. Thus, the specificity of common colonic Treg TCRs appears to be
skewed towards recognition of bacterial antigens.

Although Treg cells may develop extra-thymically due to encounter with bacterial antigens,
it is also possible that these Treg cells are selected via self-antigen recognition in the
thymus, followed by expansion in the periphery due to cross-reactivity. To assess the ability
of these colonic Treg TCRs to facilitate thymic Treg cell selection, we tracked the
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development of immature Foxp39™ Rag1~~ thymocytes that were retrovirally transduced
with a colonic Treg TCR. Remarkably, none of the colonic Treg TCRs generated an
appreciable frequency of Foxp3™* thymocytes (Fig. 3a, Supplementary Fig. 8-9a), in contrast
with Treg TCRs normally found at other peripheral locations(R19, G25, and R111;
Supplementary Fig. 3). Note that G25 and R111 can be found at low frequency in the
colonic Treg cell subset, suggesting that the colon does contain some thymically-derived
Treg cells. The lack of Treg development in cells expressing colonic Treg TCRs cannot be
attributed to an overwhelmed thymic niche23: 24 (Supplementary Fig. 9b). Thus, these data
demonstrate that many common colonic Treg TCRs facilitate thymic Treg cell selection
poorly, if at all, implying that these TCRs instead mediate peripheral Treg cell development.

The retroviral transduction of thymocytes does not result in the emergence of sufficient
numbers of transduced T cells from the thymus to allow for their reliable detection in the
periphery. We therefore retrovirally transduced self-renewing bone marrow progenitors and
used them to create stable chimeras, selecting colonic Treg TCRs CT2 and CT6 based on
their in vitro reactivity to colonic contents (Fig. 2a). In these chimeras, we were surprised to
observe virtually no development of Foxp3 expression in CT2-or CT6-expressing cells (Fig.
3b, left; Supplementary Fig. 10). We reasoned that CT2 and CT6 may not recognize the
microbiota in these commercially-sourced host mice(Fig. 2a), and performed experiments in
which the chimeras were co-housed with mice from our colony. This resulted in the
induction of CT2-or CT6-expressing Treg cells preferentially localized in the colon(Fig. 3b,
right, Supplementary Fig. 11). In an observation paralleling that previously made in the
thymus23: 24, there also appears to be a saturable, antigen-specific Treg cell niche in the
periphery2® (Supplementary Fig. 11c).

Although these data strongly suggest that many colonic Treg cells are generated extra-
thymically upon bacterial antigen encounter, it remained possible that a rare population of
thymically-generated Treg cells below the limit of our detection expanded upon peripheral
antigen encounter2®, We therefore generated CT6 TCR transgenic mice (Supplementary Fig.
12), and adoptively transferred CD44!° Foxp3=CT6 T cells mixed with congenic polyclonal
CD4* “filler” T cells into T cell deficient Tcrb™~ hosts. Consistent with the bone marrow
chimera data, the transferred CT6 T cells expanded and induced expression of Foxp3 only if
the recipients were co-housed with mice from our colony (Fig. 3c, Supplementary Fig. 13).
Together with the observed lack of Treg cell development by thymocytes expressing colonic
Treg TCRs (Fig. 3a), these data suggest that a substantial proportion of the colonic Treg
population arises extra-thymically from antigen-specific interactions with the colonic
microbiota.

The notion that most colonic Treg cells are generated due to microbial interactions is at odds
with the observation that germ-free mice have normal Treg cell frequencies®
(Supplementary Fig. 1). However, we and othersl4 have observed that most colonic Treg
cells in conventionally housed, but not germ-free, mice are likely of peripheral origin, as
these cells express low levels of the transcription factor Helios (Fig. 3d, Supplementary Fig.
14), a putative marker for thymically-derived Treg cells26. Thus, we hypothesize that germ-
free conditions skew the colonic Treg TCR repertoire towards thymically-derived Treg
TCRs.
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The efficient differentiation of naive T cells into Treg, rather than effector, cells may be
important for generating colonic tolerance, as it has been observed that TCRs which
facilitate thymic Treg cell development can be pathogenic when expressed on effector T
cells”- 27, To address this possibility, we performed an initial analysis of colonic TCR
repertoires in mice expressing the fixed TCRp chain and undergoing spontaneous colitis due
to genetic deficiencies in IL-2, IL-10, or TGF receptor signaling (Supplementary Fig. 2a).
We observed that a number of colonic TCRs almost exclusively found in the Foxp3*
datasets in normal mice were found in the effector/memory data sets in the diseased animals
(Supplementary Fig. 15a). While these genetic manipulations may affect Treg cell
development or survival, the relatively high abundance of some of these TCRs in the
CD44Ni subset suggests that effector cells expressing these TCRs are expanding in the colitic
environment. To test for pathogenic potential of colonic Treg TCRs, we retrovirally
expressed CT2 and CT6 TCRs on peripheral, monospecific TCRap transgenic cells with
known specificity for a foreign antigen (human CLIP peptide). Adoptive transfer of these
cells, which were virtually all Foxp3~, into co-housed Rag1~~ hosts induced weight loss
and colitis (Fig. 4, Supplementary Fig. 15b-c). In contrast, cells expressing only the
transgenic TCR or a TCR from the naive T cell subset (B8) did not. The failure of these
retrovirally-transduced T cells to upregulate Foxp3 and become regulatory in this situation is
likely due to expansion in a lymphopenic environment, as well as in vitro T cell activation-a
requirement for retroviral transduction. Thus, these data illustrate the potential pathologic
consequences of T cell recognition of commensal bacterial antigens under conditions that
disfavor Treg development.

In summary, this analysis of common colonic Treg TCRs in a fixed TCRp repertoire
suggests a model (Supplementary Fig. 16) in which T cells expressing these TCRs exist as
naive T cells in the absence of antigen (Fig. 3b left; Supplementary Figs. 10-11). Encounter
with bacterial-derived foreign antigens in the colon appears to efficiently drive the
generation of Foxp3* Treg cells(Fig. 3b), as it typically does not result in substantial co-
development of CD44N cells of the same specificity(Fig. 1a-b). This diversion of naive T
cells with bacterial TCR specificity into the Treg cell lineage may be crucial for preventing
the generation of colitogenic effector cells(Fig. 4). Thus, these data support a model in
which an individual’s T cell population is not only instructed by classic self/non-self
discrimination mechanisms during thymic development, but is also educated in the
periphery to accommodate the variety of non-self antigens derived from the commensal
microbiota at mucosal sites.

Methods Summary

Mice

TCli TCRp Foxp39fP Tcrat/~; Foxp3!RES-GFP:1|-2~/=:1L.-10/~; and dnTGFpRII strains have
been described (see Online Methods). C57BL/6 Ragl™~ and CD45.1 mice were obtained
from Jackson Labs and NCI, respectively. Germ-free mice were generated in collaboration
with Dr. Jeff Gordon (Wash. U.). CT6 transgenic mice were generated as described?3,
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TCR repertoire analysis

Analyses of TRAV14 (Va2) TCR sequences from TCIif3 transgenic mice were performed as
described?0. Lamina propria cell suspensions from the entire colon were prepared as
described® and CD4* subsets sorted using a FACSAria(Becton Dickenson).

Hybridoma assays

Hybridoma cells expressing GFP under an NFAT promoter?! were retrovirally transduced
with TCli TCRB-IRES-mCD4 and an individual TCRa chain. Hybridomas were cultured
with flt3-ligand elicited dendritic cells with the indicated antigen preparations and analyzed
by flow cytometry after 1.5 days.

Antigen preparations

Whole colonic contents and food pellets were diluted with PBS, vortexed, homogenized,
filtered, and autoclaved for 15 minutes. Colonic bacterial isolation was performed as
described?? (see Supplementary Fig. 6).

In vivo developmental assays

Retroviral transduction and intrathymic transfer of Ragl™~~ thymocytes was performed as
described in online Methods. Analysis of CD4 SP thymocytes was done ~2.5 weeks later.
Retroviral bone marrow chimeras were created as described?3. Some recipients were co-
housed with mice from our colony 2 weeks after bone marrow reconstitution, for a period of
1 week.

In vivo peripheral T cell assays

Retroviral transduction of peripheral TCli-ap Foxp39P Ragl~~ T cells was performed as
described?’ and cells were intravenously transferred into co-housed Ragl~/~ hosts. 5x10*
sorted CD4*CD44!° Foxp3™ cells from CT6 transgenic mice were co-transferred with 5x10°
CD45.1*CDA4* “filler” cells into Tcrb™~ mice. Recovered cells were analyzed by flow
cytometry 5 weeks later.

Statistics

The Wilcoxon rank sum test is used unless otherwise indicated.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Thecolonic Treg TCR repertoireisunique
(a) TCR usage between colonic T cell subsets. A total of 2,892 TRAV14 TCRa sequences

from colonic naive, memory, and Treg cells of five individual mice were compared
(Supplementary Fig. 2). Each symbol represents a Morisita-Horn similarity comparison
between two different T cell subsets within each mouse (top), or a comparison of the same T
cell subset between different mice (bottom). Bars represent mean + S.E.M. (b) Analysis of
individual TCRs. The relative distribution within all T cell subsets is shown for the 20 most
common individual TCRs in each colonic T cell subset. For example, a TCR with equal
percentage in the Foxp3* and CD44Mi subset would be shown as a half-green/half-orange
bar. This analysis uses the pooled data set, which includes sequences from individual mice
as well as 9,680 sequences from Expt. 1-3, each consisting of cells from 3-5 mice
(Supplementary Fig. 2). Note that 1 TCR is found in both Foxp3* (#15) and CD44Mi (#3)
plots, and 1 in both CD44!° (#5) and CD44N (#12) plots; all others appear in only one plot.
(c) Anatomic distribution of colonic TCRs. Morisita-Horn indices comparing the colon data
to other locations(closed symbols), or between each of the other locations (open symbols),
are shown. Abbreviations: mes, mesenteric; cerv, cervical. (d) Analysis of individual TCRs.
The 20 most prevalent colon TCRs for each subset in the pooled data set are shown, and
their presence at other locations represented in a manner analogous to (b).
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Pooled bacterial isolates or colon contents

Figure 2. In vitro reactivity of colonic Treg TCRsto colonic contents and bacterial isolates
(a) Reactivity to colonic contents. Colonic Treg TCR -expressing NFAT-GFP hybridoma

cells were cultured with FIt3L-induced dendritic cells in the presence of autoclaved food
homogenate, or autoclaved colonic contents (CC) isolated from Rag1™~ mice from Jackson
Labs (Jax Rag1~"), Jax Ragl™~ mice co-housed with mice from our colony(Co-housed
Rag17"), germ-free mice, and conventionally housed (Conv.) mice in our colony.(b)
Reactivity to bacterial pools. Cultures of heat-killed commensal bacteria isolated from our
colony (Supplementary Fig. 6) were pooled (denoted by culture conditions and a letter) and
screened for their ability to stimulate colonic Treg TCR expressing hybridomas. For (a,b),
see Supplementary Fig. 4 for additional TCRs. (c)Reactivity to individual isolates.
Hybridomas showing reactivity against a pool of bacterial isolates were re-screened against
the individual constituents (numbered). Data shown in (a-c) are the mean fold change in
%GFP™* over the no antigen control £ S.E.M. from 2—4 experiments. (d) Specificity of
colonic Treg TCRs. A panel of heat-killed Parabacteroides and Bacteroides spp.
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(Supplementary Fig. 7) was tested against CT2, CT6, and CT7-expressing hybridomas. Data
shown are the mean + S.E.M. from 3 experiments.
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Figure 3. Colonic Treg TCRsfacilitate thymic Treg cell development poorly, if at all
() Assessment of thymic Treg cell development from TCRaf transduced Ragl ™~

thymocytes. The gating strategy (left), and summary of 2—4 experiments per TCR (right) is
shown. See Supplementary Fig. 3 for additional TCR information, and Supplementary Fig.
8-9 for plots and analysis of clonal frequencies. Comparison of colon versus other Treg
TCRs revealed p-values < 0.01. (b) Mixed retroviral bone marrow chimeras. The percentage
of Foxp3™ cells in the CT2 or CT6 expressing CD45.2* CD4* population is shown in hosts
with (right) or without (left) co-housing with mice from our colony. See Supplementary
Figs. 10-11 for additional analyses. (c) Peripheral conversion of CT6 TCR transgenic cells.
Naive CD45.2 CT6 cells and CD45.1 CD4™ filler cells were adoptively transferred into
Terb™~ hosts for 5 weeks. The percentage (left) of Foxp3* CT6 cells
(Va2*VR6TCD45.2*CD45.1-CD4*) are shown. The number of CT6 cells (right) was
determined by flow cytometry of the entire colonic lamina propria. Data are from 3
experiments; bars represent mean + S.E.M. See Supplementary Fig. 13 for flow cytometric
plots. (d) Helios expression in Treg cells. Representative intracellular Helios staining in
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CD4* Foxp3* cells from conventionally-housed and germ-free Foxp39P mice is shown, and
summarized in Supplementary Fig. 14. For all plots in this Figure, each symbol represents
data from an individual host.

Nature. Author manuscript; available in PMC 2012 April 13.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Lathrop et al. Page 14

d. —4-(CT2 =9=B8 b.
== e NONE
110 - cTe
=
% 100
(]
2
2 9 -
£
2
2 80
o
N
70 . . : .

0 10 20 30 40
time (d)

Figure 4. Pathogenic potential of colonic Treg TCRs
(a) Adoptive transfer of peripheral T cells transduced with CT2 or CT6 into co-housed

Rag1™~ hosts. Non-transduced (none) or naive TCR (B8) transduced T cells were used as
controls. Each line represents an individual recipient. One representative experiment is
shown (summary in Supplementary Fig. 15b). (b) A representative H&E section of the
descending colon is shown at 4x magnification 7-10 weeks after T cell transfer.
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Table 1

Summary of in vitro screening of colonic Treg TCRs

Colon Treg TCR | Reactivity

Nameand CDR3 a.a. seq. | Conv. CC | transferred by co-housing | Bacterial Isolate

CT1 AASWASGYNKLT Yes Yes

CT2 AASAIWNTGYQNFY Yes Yes

CT4 AASEYSALGRLH

CT6 AASGYSALGRLH Yes Yes Clostridiales sp. ACNA18.1
CT7 AASATGDNRIF Parabacteroides distasonis
CT8 AASLTGGYKVV

CT9 AASADNRAGNKLT Yes Yes

G57 AASELYQGGRALI Yes
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