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The thymus generates cells of the T cell lineage that seed the
lymphatic and blood systems. Transcription factor regulatory
networks control the lineage programming and maturation of
thymic precursor cells. Whether extrathymic antigenic events, such
as the microbial colonization of the mucosal tract also shape the
thymic T cell repertoire is unclear. We show here that intestinal
microbes influence the thymic homeostasis of PLZF-expressing
cells in early life. Impaired thymic development of PLZF* innate
lymphocytes in germ-free (GF) neonatal mice is restored by coloni-
zation with a human commensal, Bacteroides fragilis, but not with a
polysaccharide A (PSA) deficient isogenic strain. Plasmacytoid den-
dritic cells influenced by microbes migrate from the colon to the
thymus in early life to regulate PLZF* cell homeostasis. Importantly,
perturbations in thymic PLZF* cells brought about by alterations in
early gut microbiota persist into adulthood and are associated with
increased susceptibility to experimental colitis. Our studies identify a
pathway of communication between intestinal microbes and thymic
lymphocytes in the neonatal period that can modulate host suscep-
tibility to immune-mediated diseases later in life.

early-life immunity | mucosal immunity | thymic lymphocyte development

M ammalian intestinal microbial communities harbor both an
enormous source of commensals as well as potential
pathogens. In the postnatal period, the immune cells must rapidly
discriminate enteric friend from foe. Lymphocytes of the T cell
lineage that participate in this mucosal process develop in the
thymus. Whether gut bacteria influence their development in early
life is not well understood. In humans, early-life fluctuations in
intestinal microbial communities have been well documented and
may be influenced by the mode of delivery, maternal and infant
diet, as well as the introduction of solid weaning foods (1-3).
Importantly, changes in microbial diversity introduced as a result
of antibiotic use, for example, may have negative long-term health
consequences including increased susceptibility to autoimmune
diseases and allergies (4, 5). Studies in GF mice that lack in-
digenous microbiota have greatly advanced the concept of the
microbial influence of the immune function, especially in early
life (6, 7). While the role of the microbiota in regulating mucosal
immune responses has been well studied, extraintestinal effects
of the gut bacteria on developing T cells in the thymus are less
understood.

Thymus specific progenitors undergo an ordered process of
differentiation to become conventional ap—or y8—T cell receptor
(TCR) expressing T cells (8). However, multiple unconventional
lineage choices are also available to progenitor cells that lead to
the development of innate-like T cells, such as Val4-Ja28 TCR
expressing invariant natural killer T (NKT) (iNKT) (9) cells and
innate lymphoid cells (ILCs) that do not express antigen specific
receptors but closely mirror T cells in their development and
function (10-12). ILCs and other innate-like T cells mediate
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crosstalk with the microbiota and provide immune protection
at mucosal sites (13).

The BTB-zinc finger protein PLZF (encoded by Zbth16) is a
signature transcription factor (TF) that is expressed by a common
multilineage progenitor that gives rise to ILC subsets (14) and is also
expressed in innate-like T cells (15) and iNKT cells (16). In this
paper, we investigated the influence of intestinal microbes on PLZF-
expressing cells in the thymus in early life. We report that intestinal
bacteria regulate the thymic distribution of thymic PLZF" cells and
identify a role for host Toll-like Receptor 2 (TLR2) and migratory
plasmacytoid dendritic cells (pDCs) in the process.

Results

Intestinal Commensal B. fragilis Promotes Early-Life Thymic PLZF* Cell
Development. Intestinal microbes regulate multiple aspects of the
immune function at mucosal and nonmucosal sites in early life
(17, 18). To determine whether they also impact thymic T cell de-
velopment, we evaluated the effect of monocolonization of GF mice
with the human commensal B. fragilis (GF-Bfrag) and a PSA de-
ficient isogenic mutant (GF-APSA) (19-21) (Fig. 1A4). B. fragilis and
its capsular polysaccharide, PSA, have potent immunomodulatory
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effects on several mucosal cell types including DCs, T cells, and
enterocytes (20-23). Monocolonization of GF mice with B. fragilis
restored thymic and splenic cellularity of d14 GF pups to levels
similar to conventionally housed Helicobacter and Pasteurella
pneumotropica free (HPPF) mice while APSA B. fragilis did not
(Fig. 1B and SI Appendix, Fig. S1B). No differences in the
distribution of major thymic and splenic cell subsets were noted
after intestinal microbial colonization (SI Appendix, Fig. S1 A
and B). However, there was a decrease in CD4"FOXP3™* cells
in the thymus but not in the spleen of GF-Bfrag pups compared
to GF pups (SI Appendix, Fig. S1 A and B).

Of interest, the frequency and distribution of TF PLZF
expressing thymocytes changed with microbial reconstitution of
pups (Fig. 1 C-F). There were more PLZF* thymocytes in
GF-Bfrag pups compared to GF and GF-APSA pups (Fig. 1C).
Major PLZF-expressing thymic cell subsets identified by flow
cytometry were mCD1d-PBS57-tetramer*B-TCR* iNKT cells,
8-TCR-expressing y8 T cells, and B-TCR-expressing (CD1d-
PBS57"°®) innate-like af-T cells (SI Appendix, Fig. S24). While
microbial colonization did not affect the distribution of PLZF*
¥ T cells, the frequency of PLZF" iNKT cells in GF-Bfrag
pups was lower, and that of PLZF" innate-like of-T cells was
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Fig. 1.
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Intestinal commensal B. fragilis promotes early-life thymic PLZF* cell development. (A) Thymuses from 14 d old pups born of C57BL/6 conven-
tionally housed (HPPF) or GF breeders monocolonized with B. fragilis NCTC 9343 (GF-Bfrag) and APSA B. fragilis (GF-APSA) were analyzed by flow
cytometry. (B) Total thymic cellularity (HPPF n = 8; GF n = 7; GF-Bfrag n = 8; GF-APSA n = 8). (C, Left) Representative flow cytometry plots showing PLZF-
expressing cells, (Right) frequency (HPPF n = 8; GF n = 7; GF-Bfrag n = 8; GF-APSA n = 8), and total numbers of PLZF* cells (HPPF n = 8; GF n = 7; GF-Bfrag
n = 8; GF-APSA n = 8). Effect size: HPPF vs. GF: 1.86; GF vs. GF-Bfrag: —2.2; GF-Bfrag vs. GF-PSA: 2.02. (D) Pie graphs showing distribution of indicated PLZF-
expressing cell subsets. (E) Frequency of PLZF*mCD1d-PBS57-tetramer*p-TCR* iNKT cells, PLZF*5-TCR-expressing y5-T cells, and PLZF*B-TCR-expressing
(CD1d-PBS57"¢9) innate-like ap-T cells in the thymus (HPPF n = 8; GF n = 7; GF-Bfrag n = 8; GF-APSA n = 8). (F) Frequency of PLZF*NK1.1*CD122* NK cells,
Lin"®9PLZF*RORyt* cells, Lin"®9PLZF*RORyt"*9c-kit* cells, and Lin"*9PLZF*RORyt"*9c-kit"®? cells (Lin: §-TCR, -TCR, NK1.1, CD11¢, CD11b, Ter119, CD19, GR-
1, and CD8a) in the thymus (HPPF n = 8; GF n = 7; GF-Bfrag n = 8; GF-APSA n = 8). Data are from two independent experiments for each group. Bars are
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higher compared to GF and HPPF pups (Fig. 1 D and E and SI
Appendix, Fig. S34). A significant proportion of PLZF* thymo-
cytes did not express the 8- or B-TCR (SI Appendix, Fig. S24), and
a minor fraction of these were NK cells (NK1.1¥CD122%) cells (S1
Appendix, Fig. S2B). TCR"*NK1.1"**PLZF" cells did not express
lineage markers including CD11c, CD11b, Ter119, CD19, GR-1,
and CD8a (henceforth referred to as Lin"*®*PLZF" cells). A rare
subset of Lin"®PLZF* cells also expressed the TF RORyt (SI
Appendix, Fig. S2C) and were identified as IL7TRa"GATA3"c-
kit"8CD44™CD25™¢, potentially an TLC3 subset (SI Appendix,
Fig. S2C). The remainder of the Lin"*PLZF" (RORyt"®) cells
could be subdivided into c-kit* and c-kit"*® subsets (ST Appendix, Fig.
S2C). Lin"**PLZF*c-kit" cells were IL7Ra*GATA3*CD44"CD25",
while the Lin"*®PLZF*c-kit"*® cells appeared to be a heterogeneous

mix of cells that were IL7Ra*"GATA3*CD44""°CD25™# cells
(SI Appendix, Fig. S2C). The frequency and numbers of these
minor PLZF-expressing cell subsets was significantly increased in
the thymus of GF-Bfrag but not GF-APSA pups (Fig. 1 D and F
and SI Appendix, Fig. S3B). This thymic phenotype extended to
the spleen but not the colon of GF, GF-Bfrag, and GF-APSA mice
(SI Appendix, Fig. S4 A-D). Thus, in these proof-of-concept
studies, intestinal bacteria, and their components appeared to
impact thymic distribution of PLZF* innate and innate-like cells
in infant mice.

Host TLR2 Regulates Thymic PLZF* Cell Homeostasis in Early Life. B.
fragilis PSA appeared to play a role in the thymic response to
intestinal colonization in early life (Fig. 1). Various B. fragilis
components including PSA signal through TLR2 (20, 24-26).
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Fig. 2. Altered thymic PLZF* cell distribution in infant T/r2~"~ mice. (A) Thy

muses from 14 d old pups born of TIr2*'~ (HET) crosses were analyzed by flow

cytometry. (B) Total thymic cellularity (WT n = 2; HET n = 5; knockout [KO] n = 6). Data are from two experiments. (C, Left) Representative flow cytometry

plots showing PLZF-expressing cells and (Right) frequency and total numbers
graphs showing distribution of indicated PLZF-expressing cell subsets. (E) Freq

of PLZF* cells (WT n = 3; HET n = 9; KO n = 9). Effect size: Het vs. KO: 1.4. (D) Pie
uency of PLZF*fmCD1d-PBS57-tetramer*p-TCR* iNKT cells, PLZF*5-TCR-expressing

y8-T cells, and PLZF*B-TCR-expressing (CD1d-PBS57"%9) innate-like of-T cells in the thymus (WT n = 3; HET n = 9; KO n = 9). (F) Frequency of

PLZF*NK1.1*CD122* NK cells, Lin"9PLZF*RORyt™ cells, Lin"*9PLZF*RORyt"*%¢-|
CD11b, Ter119, CD19, GR-1, and CD8a) cells in the thymus (WT n = 3; HET n
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kit* cells, and Lin"®9PLZF*RORyt"9c-kit"® cells (Lin: 5-TCR, -TCR, NK1.1, CD11c,
=9; KO n =9). Data in C-F are from three experiments. Bars are mean + SEM.
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Therefore, to address the impact of early-life TLR2-mediated
microbial interactions on thymic PLZF" cell homeostasis, 14
d old Tlr27"~ pups were studied (Fig. 24). There were no sig-
nificant differences in thymic cellularity between Th27/~ and
littermate wild-type (WT) and Tlr2*'~ pups (Fig. 2B). Distribu-
tion of major thymic subsets as well as CD4"FOXP3™ cells was
also comparable (SI Appendix, Fig. S5A). However, similar to
GF-APSA mice, d14 Tir27'~ pups had fewer PLZF" in the thymus,
spleen, and colon compared to littermate controls (Ctrls) (Fig. 2C
and SI Appendix, Fig. ST A and C). The frequency of PLZF*
thymic iNKT cells, y8 T cells, and innate-like afp-T cells were
not significantly different (Fig. 2 D and E), but their numbers
were reduced in Tlr2~'~ pups (SI Appendix, Fig. S6A4). Minor
Lin"*®PLZF"* cell subsets including Lin"**PLZF*RORyt" and
Lin"*8PLZF*c-kit* were also decreased in d14 T/r2~/~ pups in
the thymus and spleen (Fig. 2 D and F and SI Appendix, Figs. S6B
and S7B). These results suggested that TLR2 signals might play a
role in conveying microbial information to developing thymic cells
in early life.

Cells from the Colon Migrate to the Thymus during the Neonatal
Period. Among the formal possibilities for enterothymic commu-
nication are soluble mediators that are disseminated systemically
or migratory cellular populations that convey microbial informa-
tion to the thymus. Intestine-resident migratory cells carry bacteria
and bacterial products to secondary lymphoid organs where they
influence immunity (27-29). To determine whether colon-resident
cells also migrate to the thymus, PRAM®™**¢ mice expressing the
photoconvertible Dendra protein were used (30, 31). Cells in the
colon of newborn mice were photoconverted from Dendra-green
(Dendra-g) to Dendra-red (Dendra-r) expression using a
custom-made fiber-optic probe as described before (Fig. 34)
(31). We showed previously that Dendra-r* cells were not de-
tected at extraintestinal sites immediately after photoconversion
(31). However, migratory Dendra-r* cells of colonic origin could
be detected in the thymus and spleen 3 to 4 h after photo-
conversion (Fig. 3B). While the identity of the majority of
Dendra-r™ CD45" cells remains unknown, a fraction was com-
posed of CD11c™SiglecH" pDCs and CD3" T cells (Fig. 3C).
We focused on pDCs as they have been shown previously to
traffic from the periphery to the thymus to regulate central tol-
erance (32). pDCs could be found in total colonic lymphocyte
preparations from neonatal d3, d5, and d7 mice (SI Appendix,
Fig. S84) as well as in the colonic lamina propria lymphocyte
(LPL) and intraepithelial lymphocyte (IEL) fractions of d13
C57BL/6 mice (SI Appendix, Fig. S8B). In both IEL and LPL
fractions, colonic pDCs expressed lower levels of MHC Class 11
compared to cDCs (CD11c" conventional DCs) (SI Appendix,
Fig. S8C). pDCs also expressed lower levels of the oE-integrin
CD103 but higher levels of CCR relative to cDCs (SI Appendix,
Fig. S8C). Thus, colonic pDCs represented a population that was
competent for thymus homing, migration, and potential antigen
presentation.

There was a small but significant decrease in pDCs in the
thymus of GF-APSA pups compared to GF-Bfrag (SI Appendir,
Fig. S9 A-C). Furthermore, thymic pDCs had distinct gene ex-
pression patterns based on their intestinal microbial colonization
state (Fig. 3 D-F). B. fragilis monocolonization induced the ex-
pression of ~80 unique genes in thymic pDCs including Lyz2
[encoding Lysozyme C-2; antimicrobial function (33)], Clec7a
[encoding C-type lectin domain family 7/Dectin-1; functions as a
pattern-recognition receptor (34)], and Psme3 [proteasome ac-
tivator subunit 3; functions in host bacterial defense pathways
(35)] (Fig. 3D). A pathway analysis further revealed induction of
genes involved in the inflammatory response and STATS sig-
naling pathways in thymic pDCs from GF-Bfrag pups (Fig. 3E).
Thymic pDCs from GF-APSA pups were distinct with significantly
fewer induced genes (~60) compared to pDCs from GF-Bfrag
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Fig. 3. pDCs from the colon migrate to the thymus in early life. (A) New-
born (d0-2) PhAM®*<*¢d mice were exposed to 405 nm light to photoconvert
Dendra-g protein to Dendra-r protein by intracolonic exposure. Dendra-r*
cells were identified by flow cytometry 3 to 4 h after photoconversion. (B)
Representative flow cytometry plots showing expression of Dendra-g and
Dendra-r fluorescences in the thymus and spleen. Frequency of Dendra-r*
cells is shown. (C) Expression of (Top) CD11c (x axis) and SiglecH (y axis) and
(Bottom) CD45 (x axis) and CD3e (y axis) on Dendra-r* cells in the spleen and
thymus of photoconverted pups. Frequency of CD11*SiglecH* pDCs,
CD11c*SiglecH™®d conventional DCs (¢cDCs), and CD45*CD3e™ T cells is shown.
Data in B and C are representative of a minimum of 10 independent ex-
periments. (D) Thymic pDCs from d14 GF and GF-Bfrag pups were analyzed
by RNA-sequencing (RNA-seq). Differentially expressed genes between thy-
mic pDCs from GF and GF-Bfrag mice were filtered to include only those
genes that were differentially expressed in a pDCAMGF vs. Bfrag) and
<DCA(GF. vs. Bfrag) (cDC: CD1 1) comparison to exclude genes that changed
in both pDCs and ¢DCs as a result of B. fragilis monocolonization. The heat
map shows expression of these 80 genes in GF and GF-Bfrag thymic pDCs. (E)
The heat map of differentially expressed genes between GF and GF-Bfrag
thymic pDCs contained in selected significant (false discovery rate < 0.1)
networks is shown. (F) Venn diagram showing distribution of genes and the
extent of dissimilarity between pDCs from GF-Bfrag and GF-APSA pups.
Numbers in superscripts indicate column number in S/ Appendix, Fig. S10,
listing genes in each subset.

mice (Fig. 3F and SI Appendix, Fig. S10). Thus, thymus-homing
pDCs appeared to be a cell population that was responsive to
intestinal microbes.

Correlation between Thymic pDCs and PLZF* Lymphocytes. We next
determined the impact of the perturbation of pDCs on thymic
PLZF" cell homeostasis. The chemokine receptor CCR9 regu-
lates migration of pDCs to the intestine and thymus (32, 36).
Thymuses from d14 Ccr9~~ mice had decreased frequency of
pDCs (Fig. 44), and this correlated with a significant decrease in
the frequency of thymic PLZF" cells (Fig. 4B). However, de-
fective migration of bone marrow precursor cells as well as im-
proper positioning of double-negative cells within the thymus of
Ccr9™~ mice could potentially confound interpretation of these
results (9, 37, 38). In an alternate approach, infant mice were
administered intraperitoneal (i.p.) anti-BST2 antibody to reduce
pDC numbers (Fig. 4C). Similar to Ccr9™~ mice, there was a
significant decrease in the frequency of PLZF* cells when there
were fewer pDCs in the thymus (Fig. 4 D and E). However, in
both Ccr9™~ mice and anti-BST?2 treated mice, in addition to
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Fig. 4. Correlation between thymic pDCs and PLZF* cells in infant mice. (A and B) Analysis of d14 Ccr9™~ mice; pDC (CD11¢™SiglecH*), cDC (CD11cMSiglecH™9).
(A) Frequency of pDCs and cDCs in the thymuses of d14 Ccr9~'~ and WT mice (WT n = 15; KO n = 8). Data are from two independent experiments. (B)
Frequency of PLZF* cells in the thymuses of d14 Ccr9~~ and WT mice (WT n = 16; KO n = 17). Data are from three independent experiments. Effect size: WT vs.
Ccr97'~: 2.44. (C-E) anti-BST2 treatment. (C) C57/BL6 pups were treated with saline control (Ctrl) or anti-BST2 antibodies at d8 and 10 after birth. (D) Frequency
of pDCs and ¢DCs in the thymuses of d14 Ctrl and a-BST2 treated mice (Ctrl n = 6; a-BST2 n = 9). (E) Frequency of PLZF* cells in the thymuses of d14 Ctrl and
a-BST2 treated mice (Ctrl n = 6; a-BST2 n = 9). Effect size: Ctrl vs. a-BST2: 1.45. Data in D and E are from two independent experiments. F-K Diphtheria toxin
(DT) treatment of infant BDCA2-DTRTg mice. (F) BDCA2-DTR Tg* and Tg"? pups were given intracolonic injections of DT at d8-11 after birth. (G) Frequency of
pDCs and ¢DCs in the colon and spleen of DT-treated 14 d old Tg"*9 and Tg* mice (Tg"*? n = 6; Tg* n = 8). (H) Frequency of pDCs and ¢DCs in the thymuses of
DT-treated d14 Tg"*9 and Tg* mice (Tg"*9 n = 6; Tg* n = 8). (/) Frequency of PLZF* cells in the thymuses of DT-treated d14 Tg"*? and Tg* mice (Tg"*9 n =6; Tg*
n = 8). Effect size: Tg"®9 vs. Tg*: 2.07. (J) Pie graphs showing distribution of indicated PLZF-expressing cell subsets. (K) Frequency of Lin"*9PLZF*RORyt* cells,
Lin"*9PLZF*RORyt"®9c-kit* cells, and Lin"®9PLZF*RORyt"*9c-kit"®? cells (Lin: 8-TCR, B-TCR, NK1.1, CD11¢c, CD11b, Ter119, CD19, GR-1, and CD8a) cells in the
thymus (Tg"®9 n = 6-7; Tg* n = 8). (L-N) Adoptive transfer of WT pDCs into TIr2~~ pups. (L) Thymic pDCs were isolated from d12-14 C57BL/6 pups and i.p.
injected into d5-7 TIr2™'~ pups. (M) Frequency of pDCs and cDCs in the thymuses of d12-14 TLR2 WT/Het, TIr2~~, and TIr2~"~ + pDC"T mice (WT/Het n = 13,
TIr2™"~ n =6, and TIr2™"~ + pDC"T n = 11). (N) Frequency of PLZF* cells in the thymuses of d12-14 TLR2 WT/Het, TIr2™"~, and TIr2™"~ + pDC"T mice (WT/Het n =

13, TIr2”~ n = 6, and TIr2”~ + pDC"T n = 11). Data are representative of two independent experiments. Bars are mean + SEM.

decreased pDCs frequency, we also observed a decrease in cDCs
in the thymus (Fig. 4 A and D). To circumvent this issue and to
target pDCs specifically in the colon, DT was administered by
intracolonic injection to neonatal BDCA2-DTR-Tg mice (Fig.
4F) (39). DT administration markedly reduced pDC frequency in
the colon but not in the spleen (Fig. 4G). Of interest, there was a
small but significant decrease in the frequency of pDCs in the
thymus upon DT administration (Fig. 4H). Most thymic pDCs
are derived from the circulation (32, 40), and it is possible that
pDCs transiting through the colon to the thymus might repre-
sent only a minor thymic pDC subset. However, they appeared to
be an important population as the frequency of total thymic
PLZF" cells significantly decreased in colonic pDC-reduced
pups (Fig. 41). While most PLZF-expressing subsets were pre-
sent at a similar frequency, all minor Lin"**PLZF* cell subsets
were decreased in DT-treated mice (Fig. 4 J and K). Infant
TIr2~'~ mice have lower thymic PLZF* numbers (Fig. 2C), and
we determined if the transfer of magnetic activated cell sorting
(MACS) purified thymic pDCs from WT B6 mice (pDCV?)
might restore their thymic homeostasis (Fig. 4L). Indeed, a
small increase in thymic pDC upon adoptive transfer was ac-
companied by a significant increase in the frequency of PLZF*
cells in 7lr2~"~ mice (Fig. 4 M and N). Thus, in multiple models
of pDC manipulation, our experiments identified a correlation
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between these cells and thymic PLZF-expressing innate lympho-
cytes in early life.

Antibiotics Treatment in Early Life Impacts PLZF" Cell Distribution in
Adulthood. Experiments so far suggested that an early-life
enterothymic circuit conveyed microbial information to influence
the distribution of PLZF" innate lymphocytes. Whether these
early-life events persisted into adulthood or modulated disease
susceptibility remained to be determined. We first analyzed 6 to 7
wk old littermate Th2"~ and Tlr2~'~ mice and noted that similar to
infant 727~ pups, adult Tlr27/~ mice also had significantly lower
PLZF™ cell frequency in the thymus and spleen (SI Appendix, Fig.
S11). Next, C57BL/6 breeders were treated with broad-spectrum
antibiotics, and pups born of these microbiota-altered parents
were either analyzed at 14 d after birth or weaned at 21 d and
conventionally housed without antibiotics until analysis at 48-55
d of age (Fig. 54). This strategy resulted in markedly reduced
microbial diversity in d14 pups compared to Ctrls that persisted
into adulthood after cessation of antibiotics at weaning (SI Ap-
pendix, Fig. S12 A and B). Thymic cellularity and distribution of
major thymic subsets were unchanged in infant and adult antibiotics-
treated mice (SI Appendix, Fig. S13 A and B). However, similar to
GF pups (Fig. 1B), the frequency and numbers of PLZF* cells
were lower in antibiotic-treated d14 pups, and, importantly, this
deficit persisted into adulthood (Fig. 5B). We also noted fewer
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Early-life antibiotics treatment impacts later-life thymic PLZF* cell distribution. (A) C57BL/6 breeders were given antibiotics (vancomycin, neomycin,

and ampicillin) in drinking water at the time of mating. Pups born of these “altered microbiota” breeders were analyzed at 14 d of age (Inf-Ctrl and Inf-Abx)
or weaned at 21 d and housed in conventional isolators without antibiotics and analyzed at age 48-55 d (Ad-Ctrl and Ad-Abx). (B, Left) Representative flow
cytometry plots showing PLZF-expressing cells and (Right) frequency (Inf-Ctrl n = 10; Inf-Abx n = 13; Ad-Ctrl n = 9; Ad-Abx n = 6) and total numbers of PLZF*
cells (Inf-Ctrl n = 10; Inf-Abx n = 13; Ad-Ctrl n = 9; Ad-Abx n = 6). Effect size: Inf-Ctrl vs. Inf-Abx: 1.90 and Ad-Ctrl vs. Ad-Abx: 2.82. (C) Pie graphs showing
distribution of indicated PLZF-expressing cell subsets. (D) Conventionally housed adult (d48-55) C57BL/6 mice were given antibiotics (vancomycin, neomycin,
and ampicillin) in drinking water for 2 wk. (E, Left) Representative flow cytometry plots showing PLZF-expressing cells, (Right) frequency (Ctrl n =7; Abx n = 6),

and total numbers of PLZF* cells (Ctrl n = 7; Abx n = 6). (F) Pie graphs showing

distribution of indicated PLZF-expressing cell subsets in adult mice treated with

antibiotics. Data are representative of two independent experiments. Bars are mean + SEM.

PLZF* cells in the spleen and colon of infant and adult mice
that were treated with antibiotics in early life (SI Appendix, Fig.
S14). The distribution of PLZF" cell subsets changed signifi-
cantly from infancy to adulthood, and early-life antibiotic treat-
ment appeared to primarily impact the frequency and numbers of
minor Lin"*PLZF" cell subsets (Fig. 5C and SI Appendix, Fig.
S13 C and D). Importantly, antibiotic treatment in adulthood
alone did not impact the homeostasis of thymic PLZF" cells,
suggesting that microbial regulation of these innate and innate-
like immune subsets might occur specifically in an early-life pe-
riod (Fig. 5 D-F).

Perturbation of Early-Life Microbial-Thymic PLZF Axis Impacts
Susceptibility to Dextran Sulfate Sodium Colitis in Later Life. Early-
life antibiotic use is associated with increased susceptibility to
autoimmune diseases, such as celiac disease and inflammatory
bowel disease in later life. In our studies, early-life antibiotics
decreased the frequency of PLZF-expressing immune cells, a
deficiency that persisted into adulthood (Fig. 5 A-C). To de-
termine the consequences of this impaired immune development,
we challenged adult mice treated with antibiotics in early life with
dextran sulfate sodium (DSS) (Abx-DSS) (Fig. 64). Flow
cytometry analysis revealed fewer thymic PLZF* cells in Abx-
DSS mice (Fig. 6B). Compared to Ctrl-DSS mice, antibiotics-
treated mice lost significantly more weight upon the DSS
challenge (Fig. 6C). Colon shortening at day 7 of treatment in
Abx-DSS mice was accompanied by increased production of IL-6
compared to Ctrl-DSS mice (Fig. 6 D and E). To determine if
the increased susceptibility to DSS colitis was mediated by al-
tered homeostasis and/or the function of PLZF" cells, we per-
formed adoptive transfer of sorted PLZF" cells from the thymus
and spleen of TLR2WT PLZF“""® reporter mice (referred to as

Ennamorati et al.

PLZFYT) into adult Th2~~ mice (Fig. 6F). Tr2~~ mice have
previously been shown to be susceptible to DSS colitis (41). In
our experiments, we showed that infant 7/r2~'~ mice have fewer
thymic PLZF™ cells, a deficiency that persisted into adulthood
(Fig. 2 and SI Appendix, Fig. S11). Transfer of PLZF™T cells
increased the frequency of total thymic PLZF" cells in Tlr27/~
mice (Fig. 6G). Importantly, we noted moderated disease se-
verity and reduced colonic inflammation in 7/27~ mice that had
received PLZFWT cells (Fig. 6 H-J). Thus, our studies suggest
that early-life microbial perturbation impacted PLZF™" cell subset
homeostasis and increased susceptibility to DSS induced colitis in
later life.

Discussion

The results presented here reveal a novel communication be-
tween intestinal microbes and developing cells in the thymus.
The sterile intestine of a newborn receives its first microbial in-
oculum during and shortly after naissance. Local mucosal im-
mune responses to intestinal bacteria are expected and have been
widely reported (42), but gut-distal effects are also being recog-
nized (43, 44). In our studies, commensal microbes influenced
the distribution of thymic PLZF" innate-like cells during the
postnatal period. Migratory pDCs that traffic from the colon to
the thymus during the postnatal period are one potential medi-
ator of this effect. Missing bacterial species or bacterial products
may perturb this regulatory circuit, reducing thymic PLZF* cells
and exacerbating intestinal inflammation in later life.

Intestinal microbes protect the host from inflammatory insults
at mucosal sites as shown by the heightened susceptibility of
adult mice treated with antibiotics to DSS induced experimental
colitis (41). However, it has been reported that young-adult mice
treated with antibiotics but, subsequently, allowed to recover for
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Fig. 6. Early-life antibiotics and PLZF* cells influence susceptibility to DSS.
(A) C57BL/6 breeders were given antibiotics (vancomycin, neomycin, and
ampicillin) in drinking water at the time of mating. Pups born of these al-
tered microbiota breeders were weaned at 21 d and housed in conventional
isolators without antibiotics. Adult (d38-45 d old) mice were administered
DSS in drinking water and analyzed 7 d later. Ctrl-DSS: Mice that received no
antibiotics in early life and were challenged with DSS. Abx-DSS: Mice that
received antibiotics in early life and were challenged with DSS. (B) Frequency
of PLZF* cells in the thymus (Ctrl-DSS n = 7; Abx-DSS n = 8). Effect size: Ctrl-
DSS vs. Abx-DSS: 2.56. (C) Percentage of body weight change in animals.
(Ctrl-DSS n = 7; Abx-DSS n = 8; Day 6: P = 0.0344; Day 7: P=0.0006). (D) Colon
length at day 7 post-DSS treatment (Ctrl-DSS n = 7; Abx-DSS n = 8). (E) IL-6
ELISA on supernatants of colon sections cultured overnight at 37 °C (Ctrl-DSS
n = 4; Abx-DSS n = 4). (F) PLZF-expressing cells were sorted from adult
PLZFSFP<e reporter mice and i.v. injected into adult T/r2~'~ mice. Mice were
then administered DSS in drinking water and analyzed 7 d later. WT/Het:
TIr2** and TIr2*'~ mice that were challenged with DSS. TIr2~~: TIr2™'~ mice
that were challenged with DSS. Tir2~"~ + PLZF"™: TIr2~"~ mice that received
WT PLZF* cells and were challenged with DSS. (G) Frequency of PLZF* cells in
the thymus (WT/Het n = 8; TIr2™'~ n = 7; TIr2”"~+ PLZF"T n = 7). Effect size:
TIr2™= vs. TIr2”~+ PLZFWT: 1.76. (H) Percentage of body weight change in
animals. (WT/Het n = 8; TIr2”~ n = 7; TIr2”"+ PLZFVT n = 7; Day 5 (KO vs.
KO + PLZF): P=0.0039, Day 6: P = 0.0453, Day 7: P = 0.0353). (/) Colon length
at day 7 post-DSS treatment (WT/Het n=8; TIr2~"n=7; TIr27~+ PLZF¥ " n =
7). (J) IL-6 ELISA on supernatants of colon sections cultured overnight at
37 °C(WT/Het n = 8; TIr2™~ n = 7; TIr2”"~+ PLZFVT n = 7). Data are from two
independent experiments. Bars are mean + SEM.

6 wk are protected from DSS colitis via a mechanism that appeared
independent of the adaptive immune system (45). In our experi-
ments, we noted that adult mice treated with antibiotics in infancy
were more susceptible to DSS colitis (Fig. 6 A-E), suggesting the
existence of an early-life time window when thresholds of immune
reactivity are set. Indeed, antibiotics treatment in later life had no
impact on thymic PLZF* cell homeostasis (Fig. 5 D-F). We further
showed that adoptive transfer of WT PLZF* cells could reduce
severity of colitis in 72”7~ mice (Fig. 6 F-J). It remains to be de-
termined which subset of PLZF-expressing cells mediates the pro-
tective effect observed in our studies. iNKT cells have previously
been shown to protect mice from experimental colitis (46, 47).
ILC2s (CD25*ckit*IL33R*) also expand in DSS colitis and are
considered to have a tissue-protective function in the intestinal tract
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(48). ILC2s may arise in the thymus from T committed precursor
cells (49, 50), and one possibility is that microbes regulate their
development and functional imprinting in early life. Indeed, an al-
tered thymic homeostasis of PLZF*c-kit* cells was observed in GF
monocolonization experiments as well as in 727~ mice (Figs. 1F
and 2F). Furthermore, disruption of enterothymic communication
by deletion of pDCs in the colon in BDCA2-DTR mice also re-
duced thymic PLZF*ckit* cells (Fig. 4K), indicating that this cell
subset may be particularly responsive to intestinal microbial colo-
nization state in early life.

We identified pDCs as a key component of the enterothymic
communication axis. Using in vivo photolabeling experiments,
we could detect colonic Dendra-r* pDCs in the thymus in early
life (Fig. 3C). Furthermore, using the BDCA2-DTRtg model of
depleting colonic pDCs, we could demonstrate a small but sig-
nificant decrease in thymic pDC frequency upon DT adminis-
tration (Fig. 4H). Flow cytometric analysis of colonic pDCs
confirmed their expression of CCR9 (S Appendix, Fig. S8), a
receptor that has previously been shown to facilitate their mi-
gration from secondary lymphoid organs to the thymus (32).
However, CCRY also regulates cellular migration to the intestine
itself and raises the issue of how CCR9* pDCs might exit the
colon to reach the thymus. Thus, while it appears that pDCs are
competent to migrate from the colon to the thymus, the precise
mechanism remains undetermined. pDCs are also notoriously
poor at antigen presentation (51) and express low levels of MHC
Class II (SI Appendix, Fig. S8). It is unlikely that pDCs transport
microbial antigens to the thymus to regulate the development of
immune cells. Instead, pDCs may respond to microbial molecules
with changes in phenotype or gene expression that influence thy-
mic PLZF" cells (Fig. 3 D-F). Other gut related mechanisms,
including soluble mediators, might operate in conjunction with
migratory pDCs to regulate thymic innate PLZF* cell distribution.
In Dendra photoconversion experiments, the identity of the ma-
jority of cells that migrated from the colon to the thymus in early
life is yet unknown. It is also a formal possibility that PLZF* cells
themselves may recirculate from the colon to the thymus. In hu-
mans, PLZF-expressing cells were enriched in fetal tissue espe-
cially the intestine where they contribute to both the protective
and the pathologic arms of the early-life immune system (52).
Thus, PLZF* immune cells appear poised to regulate early-life
immunity, and our studies offer a glimpse toward how their ho-
meostasis may be regulated by intestinal microbes.

Recent studies have also highlighted the contribution of ma-
ternal microbes in guiding intestinal immune cell homeostasis in
their offspring during gestation (17). In our studies, we did not
distinguish gestational effects of maternal microbiota from post-
natal acquisition of maternal microbiota by offspring on thymic
development. Whether transplacental transfer of microbial anti-
gens plays a role in offspring thymic cell development remains an
open question. The present studies highlight a communication
between the neonatal intestine and immune cells in the thymus
that show developmental plasticity in response to microbial con-
stitution. The gut is likely by far the largest contributor of novel
antigens presented to the neonatal immune system. A graded and
apposite response to this antigenic load is undoubtedly required to
promote healthy immune system maturation. A deeper under-
standing of the mechanisms that control thymic-gut interactions in
early life may lead to a better appreciation of the mechanisms by
which intestinal flora sustain healthy immunity and influence the
development of autoimmune disorders.

Materials and Methods

Animals and Care. Mouse studies were conducted under protocols approved
by the Institutional Animal Care and Use Committee of Massachusetts
General Hospital (MGH). C57BL/6J mice (Stock No. 000664) were purchased
from the Jackson Laboratory and housed in HPPF facilities. TIr2~"~ mice
(Stock No. 004650) were purchased from the Jackson Laboratory and bred
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as heterozygotes. Ccr9~'~ mice (Stock No. 027041), BDCA2-DTR Tg™ mice
(Stock No. 01476), and PLZFSFP"® (Stock No. 024529) mice were also pur-
chased from the Jackson Laboratory. For most experiments, entire litters
of 14 d old mice were analyzed, and animals of both sexes were used as
available.

GF Animal Studies. GF animal experiments were performed at the Gnotobi-
otics, Microbiology and Metagenomics Core of the Harvard Digestive Diseases
Center of the Brigham and Women'’s Hospital, Boston. B. fragilis NCTC 9343
and B. fragilis APSA (19) (from Dr. Laurie Comstock, Brigham and Women'’s
Hospital, Boston) were inoculated by oral gavage of adult GF B6 breeders
and monocolonization confirmed by bacterial culture of fecal material.
Monocolonized male and female mice were bred in dedicated isolators, and
pups from these breeders were used for analysis at 14 d of age.

Preparation of Lymphocytes and Flow Cytometry. Thymuses and spleens were
prepared for flow cytometry as described before (31). Changes in antibody
staining panels (e.g., antibody clones and reagent batches) across experi-
ments were minimized. Strong discrepancies in staining from different ex-
periments were noted, and the data in question were excluded from
final analyses.

Photoconversion of Colon-Resident Cells. Cells in the colon of newborn mice
were photoconverted from Dendra-g to Dendra-r expression as described
before (31). Briefly, a custom-made fiber-optic probe (0.9 cm length, 400 pm
core diameter, and light diffuser at end, ~3 mW) was coupled to a 405 nm
laser source (Thor Labs, 1,400 mA and >20 mW) and inserted to a depth of
0.9 cm through the anuses of 0-5 d old PhAM®**¢? mjce. Colonic tissues
were exposed to 405 nm light for a total of 2 min (the fiber-optic cable was
retracted by ~0.25 cm every 30 s of exposure). Tissues were harvested at 3 to
4 h after light exposure for analysis.

RNA-Seq. Libraries for RNA-seq. were prepared using the NUGEN Ovation
RNA-seq v2 library preparation kit (NUGEN Technologies, Inc.) and sequenced
on the Illlumina platform at the MGH Bioinformatics Core. Sequenced reads
were mapped to the mm9 reference genome using the STAR aligner (53).
Reads were processed as described here (54). Briefly, reads were quality
checked using FastQC, adapters trimmed using Cutadapt, reads mapped to
the GRCm38.p4 mouse reference using STAR, and counts generated using
htseg-count. Subsequent analyses and visualizations were performed using
R, DE genes were called using edgeR, and networks tested for significance
using the camera module (55) from the limma package (56). MSigDB v6.2
(57, 58) was used to generate the networks. Only the H, C2, and C7 datasets
were tested.

Anti-BST2 Treatment. A cohort of 8 and 10 d old C57BL/6 pups were given
anti-BST2 antibody (Bio X Cell) by i.p. injection. Ctrl pups were given saline
injections at the same time.

DT Treatment. Transgene positive and negative littermate BDCA2-DTR-Tg
pups were given four intracolonic injections of 50 ng DT (Sigma-Aldrich)
at days 8-11 after birth.

Adoptive Transfer. Thymic pDCs were isolated from d12-14 C57BL/6 mice
using anti-PDCA1 MACS beads and 3-5e® pDCs were injected i.p. into d5-7
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TIr2™"~ mice. Transcription factor PLZF-expressing cells were sorted to >95%
purity from the spleen and thymus of adult (d45-50) PLZFS<"® mice on
a FACS Aria. Cells (3-4e*/mouse) were injected i.v. into adult (d56-60)
TIr2~"~ mice.

Antibiotics Treatment. C57BL/6 breeding pairs were placed on antibiotic water
(vancomycin [0.5 mg/mL], neomycin [1 mg/mL], and ampicillin [1 mg/mL]) at
the time of mating as described before (59). Antibiotic water was continued
until pups were weaned at 21 d of age.

Microbiome Analysis. Colonic content was collected at the time of death, and
bacterial DNA isolated using a Qiagen QlAamp PowerFecal Pro DNA kit. The
16S sequencing was performed by CosmosID and analyzed on their platform
(https://app.cosmosid.com/login).

DSS Colitis. Adult (d38-45) mice were given 3% (wt/vol) DSS (MP Biomedicals,
colitis grade, mol wt 36,000-50,000) in drinking water for 7 d. Body weights
were measured daily. At necropsy, the colon from the cecal junction to the
rectum was removed, and its length recorded. Tissues were flushed with PBS
to expel contents, and small sections were excised from the distal third for
overnight culture in Dulbecco’s modified Eagle’s medium with 10% heat-
inactivated fetal calf serum and antibiotics. The supernatants of the cultured
colon explants were used for measurement of IL-6.

IL-6 ELISA. IL-6 levels in supernatants were measured using antibodies specific
for the mouse cytokine (purified rat anti-mouse IL-6 (Cat No. 554400), and
biotin rat anti-mouse IL-6 (Cat No. 554402), BD Pharmingen, Franklin Lakes,
NJ) following manufacturer’s protocols.

Statistical Analysis. For comparison between two cohorts of mice, a minimum
of five mice per group was used, and the experiments were repeated, at
least, two times. The D'Agostino and Pearson omnibus normality test was
used to determine if values came from a Gaussian distribution. A two-tailed
unpaired t test was used to calculate significance in the comparisons of
two cohorts that were normally distributed. A Mann-Whitney test was
performed for comparing groups that failed normality tests. Cohen’s
d for effect size was calculated as the difference between the means of
two groups divided by average SD. Graphs are vertical scatter plots showing
the SE of mean. Animals of both sexes were used as available. No ran-
domization was performed, and investigators were not blinded to group
allocations.

Data Availability. All data generated or analyzed in this paper are included in
this published article and its supplementary information files.
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