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Abstract

Interleukin-7 receptor (IL-7R) signaling is critical for multiple stages of T-cell development, but a
role in the establishment of the mature thymic architecture needed for T-cell development and
thymocyte selection has not been established. Crosstalk signals between developing thymocytes
and thymic epithelial cell (TEC) precursors are critical for their differentiation into cortical TECs
(cTECSs) and medullary TECs (mTECSs). Additionally, mTECs-derived factors have been
implicated in the recruitment of thymic dendritic cells (DCs) and intrathymic DC development.
We therefore examined corticomedullary structure and DC populations in the thymus of /777!~
mice. Analysis of TEC phenotype and spatial organization revealed a striking shift in the mTEC to
cTEC ratio, accompanied by disorganized corticomedullary structure. Several of the thymic
subsets known to have DC potential were nearly absent, accompanied by reductions in DC cell
numbers. We also examined chemokine expression in the /77~ thymus, and found a significant
decrease in mTEC-derived CCR7 ligand expression, and high levels of cTEC-derived chemokines,
including CCL25 and CXCL12. Although splenic DCs were similarly affected, bone marrow
precursors capable of giving rise to DCs were unperturbed. Finally, bone marrow chimeras showed
that there was no intrinsic need for IL-7R signaling in the development or recruitment of thymic
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DCs, but that the provision of WT progenitors enhanced reconstitution of thymic DCs from /77~
progenitors. Our results are therefore supportive of a model in which //7~dependent cells are
required to set up the microenvironments that allow accumulation of thymic DCs.

Introduction

Discrimination of self from non-self is the fundamental basis of immunity. In the adaptive
immune system, this process depends heavily on the deletion of potentially autoreactive T-
cells in the thymus. The thymus is roughly divided into regions of cortical thymic epithelial
cells (cTECs) and medullary thymic epithelial cells (nTECs), linked by a corticomedullary
junction (CMJ). These microenvironments provide unique niches that support successive
stages of T-cell development, as well as recruitment of thymic seeding progenitors and
dendritic cells (DCs)1. mTECs collaborate with thymic DCs to delete potentially
autoreactive T-cells, or to re-direct them to the T-regulatory lineage? 3. Several types of DCs
are present in the thymus. CD11b~ conventional DCs (cDCs), which represent the majority
of thymic cDCs, can develop intrathymically*, whereas CD11b* ¢cDCs and plasmacytoid
DCs (pDCs) are thought to be recruited to the thymus by chemokines’-°. However, the
orchestration of thymic DC development and recruitment within the corticomedullary
territories is not well understood.

mTECs develop from bipotent TEC precursors that mature into either cTECs and mTECs
during early fetal life. Later in ontogeny, mTECs can develop from cTEC-like precursorsi?,
indicating a concurrent upregulation of mTEC genes and downregulation of cTEC-specific
genes at this developmental transition. TEC differentiation and maturation are highly
dependent on bi-directional signaling between developing T-cells and TECs in a process
termed thymic crosstalk!l. mTEC emergence and maturation at E16 is regulated by RANK
(Receptor Activator of Nuclear Factor x B) ligand (RANKL)-expressing innate-like
lymphoid cells (ILCs)!2 and V5 dendritic epidermal T-cells (DETCs)13. In the adult
thymus, CD4* T-cells expressing RANKL and CD40L provide signals for mTEC
maturation1? 14, mTEC maturation results in the upregulation of autoimmune regulator
(AIRE), which is necessary for negative selection and associated with chemokine-mediated
recruitment of cells to the medullal®. The development of DETCs and ILCs is dependent on
IL-7R signaling6-19, but the consequences of IL-7R deficiency on TEC development and
corticomedullary structure have not been investigated.

In addition to mediating T-cell development, TECs also play roles in the recruitment and
localization of thymic DCs. Several subsets of CD4~CD8™ double negative (DN) precursors
in the thymus have been shown to have the capacity to give rise to DCs, including DN1a/b
(ETPs, early thymic precursors), DN1c, DN1d, DN1e, and DN2a cells® 6 20. 21 ETPs and
DNZ2a cells have strong T-cell potential, suggesting that some thymic DCs may arise from
precursors which can respond to divergent signals within the thymic microenvironment to
adopt either a T-cell or a DC lineage fate?2. One such cue could be Notch signaling, which
promotes the T-cell fate and inhibits the DC fate®: 23. 24, |n this respect, the medulla provides
a more conducive environment for intrathymic DC development than the corte, in that it
contains lower levels of Delta-like (DII) Notch ligands2* 25, However, the potential impact a
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disorganized thymic structure on thymic DC development and recruitment has not been well
explored.

Most thymic DCs are specifically concentrated within and near the medulla®: 27. The
recruitment of extrathymically-derived DCs to the thymus is dependent in part on
chemokines, including CCL19 and CCL2128-30, CCL19 and CCL21 are ligands for CCR7,
which is expressed on all thymic DCs8. CCL25, CXCL12, and CCL2 are cTEC-derived
chemokines that can recruit distinct subsets of DCs from the periphery. Furthermore, XCR1-
expressing thymic DCs require the mTEC-derived chemokine XCL1 to localize to the
medulla2’. The question therefore arises as to whether recruitment of DCs to the thymus
would be impacted by disturbances in TEC development and corticomedullary structure.

Given that the mediators of thymic crosstalk are dependent on IL-7R signaling, we
examined TECs, thymic structure, and DC populations in /77~ mice. We found that /77~
mice exhibited a striking decrease in the percentages of mMTECs, accompanied by
disorganized corticomedullary structure. The //77/~ thymus also exhibited a dysregulation
of TEC-mediated chemokine production and MHC Class Il (MHC 1) expression. Thymic
DCs exhibited decreased cellularity that spanned all three major subsets, and a depletion of
putative intrathymic DC precursors. Mixed bone marrow chimeras were consistent with a
cell-extrinsic role for //r7in DC population of the thymus. Taken together, our results
suggest that IL-7R signaling is critical for generating the thymic microenvironments
conducive to accumulation of DCs in the thymus.

Disruption in cTEC and mTEC ratios and cTEC phenotypes in II7r~ mice

To assess whether TEC development and corticomedullary structure were impacted by a loss
of //7r-dependent cells, we examined the presence and abundance of cTECs and mTECs in
the //7r'~ thymus by flow cytometry. Our results revealed an approximate 5-fold enrichment
of the frequency of TECs (EpCAM™) in the //77/~ thymus as compare with the WT thymus
(Fig. 1A), due to a significant decrease in thymocyte cell numbers!®. The majority of the
TECs in the WT thymus were UEA-1*Ly51~ mTECs, with approximately half of those
expressing high levels of MHC II (Fig. 1B, D). By contrast, the vast majority of TECs in the
1177~ thymus were Ly51*UEA-1~ cTECs (Fig. 1B), indicating a severe block in the
generation of mTECs. However, the few //77/~ mTECs that were present exhibited the same
proportion of immature (MHC 11'°) to mature (MHC 11") mTECs as the WT. Surprisingly,
nearly all of the //77/~ cTECs were MHC 11N, in contrast with the MHC 11'° status of the
majority of the WT cTECs (Fig. 1C). cTECs are largely MHC 11" between E15.5 and about
a week after birth, whereas they are mostly MHC 11'° in the adult thymus (Fig. 1B)3L,
Therefore, the preponderance of MHC 11" ¢cTECs in the /77~ thymus suggests a partial
block in the cTEC MHC 11" to mTEC MHC 11" developmental transition.

To further characterize the //77/~ TECs, we measured the levels of the expression of key
TEC genes in whole unfractionated thymus by gRT-PCR (Fig. 1E). g5t (Psmb11) and
cytokeratin 8 (K8) are expressed by cTECs, whereas cytokeratin 5 (K5) is preferentially
expressed by mTECs32. High levels of MHC 11 and AIRE indicate mTEC maturity. The
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117r7!= thymus had higher levels of p5t, K8, K5, and MHC // mRNA than WT thymus,
consistent with the higher ratio of TECs to thymocytes, and with the high expression of
MHC Il on the //7r'~ ¢TECs (Fig. 1C). Strikingly, however, A/RE mRNA levels were
significantly lower in the /77~ thymus compared to the WT thymus, providing evidence
that very few fully mature mTECs were present.

Disorganized thymic architecture and DC localization in [17r/~ mice

We next examined corticomedullary structure of /77~ thymus using immunofluorescent
staining for K8 and K5. Tiled sections revealed distinct cortical and medullary regions in the
WT thymus, identified by K8* and K5* staining, respectively, along with DCs (CD11c*),
which were primarily located in the medullary regions (Fig. 2A). By contrast, there were no
clear medullary structures in the //77/~ thymus, and most of the K8" TECs co-stained with
K5, suggestive of developmental immaturity33: 34, K8*K5™* cells were also present in small
numbers in the WT medulla and enriched at the corticomedullary junction, as

expected33: 3536 Thymic DCs cells were clearly detectable in the WT thymus, localized
primarily to the medulla, but were sparse in the /77~ thymus (Fig. 2B). Thus, our results
reveal a disruption of TEC subset distribution, cTEC features, and corticomedullary thymic
structure in /77~ mice, as well as a decrease in thymic DCs.

Decreases in numbers of all three thymic DC subsets in the 117r~~ mice

We next evaluated the proportions of these three DC subsets in WT and /77~ mice by flow
cytometry. Thymic DCs were identified by first excluding cells expressing CD3, TCRy$,
TCRp, CD19, NK1.1, F4/80, and Ter119 lineage (Lin) markers, followed by gating on
CD45*Lin~ cells to examine pDCs (CD11¢!" PDCA-1*) and cDCs (CD11c"9"PDCA-17)
(Fig. 3A). cDCs were further subdivided based on the expression of CD11b into CD11b™
¢DCs (CD11¢*PDCA-1"CD11b") and CD11b* ¢cDCs (CD11c* PDCA-1-CD11b") (Fig.
3B). The ratios of DCs to total thymic cell number were higher in the //7//~ mice (Fig. 3A),
due to the severe decrease in thymocyte cellularity of approximately 100-fold. However, the
total DC numbers were in the //77/~ thymus were decreased by about 25-fold (Fig. 3C).
This was true across all three major thymic DC subsets, and no notable differences were
apparent between the proportions of the three DC subsets in the WT as compared with the
117r!= thymus (Fig. 3D). Therefore, in terms of numbers, thymic DCs were not spared from
the impact of //7r deficiency on the thymus.

Loss of potential intrathymic DC precursors in [17r/~ mice

The low numbers of thymic DCs in /7'~ mice could have been due to several factors: 1) a
loss of DC progenitors within the thymus, 2) a failure of DCs to migrate to the thymus,
and/or 3) a loss of DCs or their progenitors prior to entry into the thymus. A simple lack of
space in the smaller thymus could also potentially account for the DC number decreases, but
the changes in the cTEC to mTEC ratio showed that /7~ thymic “space” was altered in
character as well as size. We therefore assessed other potential mechanisms for DC paucity
in the /77"~ thymus. We first examined the status of DN1 subsets, all of which have been
shown to have some DC potential® ¢ 20 within the //7//~ thymus (Fig. S1A). There was a
partial increase in DN2 and decrease in DN3 cell frequencies among the DN
(CD4~CD8"Lin™) compartment in the /77~ thymus, as previously reported® 37. However,
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the //7r~ thymus also displayed a near absence of ETPs, DN1c, and DN1d cells. To further
define the DC potential of these subsets, we sorted them from WT thymus, and placed them
into co-culture with OP9-DL1 cells supplemented with SCF, FIt3L, and IL-7 for four days.
OP9-DL1 co-culture mimics the thymic environment by providing Notch ligands to
precursor cells38. These DN1 subsets have been previously assayed for T cell, B cell, and
NK potential?2, but they have not been tested for DC potential under these conditions. In this
context, ETPs clearly had the most DC potential, with very few CD11c* cells detected in
cultures containing DN1c, DN1d, or DN1e cells (Fig. S1B). These data suggest that the ETP
subset contains precursors with DC potential in the presence of Notch ligands, and their
depletion in the //77~ thymus suggests one mechanism by which intrathymic DC
development could be impacted by the lack of //7r.

Decreased CCR7 ligand expression in the [17r~/~ thymus

Whereas CD11b™ thymic DCs can develop within the thymus, CD11b* ¢cDC and pDCs are
thought to migrate to the thymus from the periphery’=9. Migration of mature DCs from the
periphery to the thymus is directed by chemokines produced by TECs39. We therefore
measured the mMRNA expression of six TEC-derived chemokines in WT and /77~ whole
thymus. We normalized the results to EpCAM mRNA levels, to account for the differences
in TEC abundance (Fig. 4A). CCL21, CCL19, and XCL 1 expression were significantly
lower in the /77~ thymus than WT thymus, consistent with the defect in mTEC
development. By contrast, CXCL12and CCL25transcripts were markedly higher in /77!~
thymus than WT thymus. CCLZ2 expression was not significantly different. The paucity of
CCRY ligands in the /77~ thymus suggests that defective recruitment and retention could
account in part for the decreased numbers of CD11b* ¢cDCs and pDCs. However, the high
levels of CCL25and CXCL 12 could potentially mediate recruitment of pDCs and CD11b*
cDCs, respectively.

Increased levels of chemokine expression in 1I7r~/~ cTECs relative to WT cTECs

To assess whether chemokine expression changes in the /77~ thymus were due to the ratio
of cTECs to mTECs, or due to alterations within the TEC subsets, we sorted cTECs and
mTECs from WT and /7'~ thymus and measured chemokine mRNA expression by qRT-
PCR (Fig. 4B). The amounts of CCL19produced by WT versus //77"~ mTECs were
roughly the same whereas levels of CCL21 were lower in //7//~ mTECs. Surprisingly,

CCL 21 was highly elevated in //77/~ cTECs, in spite of its decrease in mTECs, and in the
whole thymus of //77/~ mice relative to WT. These data suggest that a disruption in a non-
TEC population, such as fibroblasts or endothelial cells, may have been responsible for the
decrease in CCL21 mRNA expression observed in the unfractionated //77/~ thymus.

The chemokine expression profiles we obtained from WT cTECs and mTECs corresponded
well to the WT TEC subset data in the Immunological Genome Project (ImmGen,
www.immgen.org) dataset (Fig. S2). Interestingly, the higher levels of chemokine
expression in WT MHC 11" ¢TECs correspond well to their elevated levels in /77~ cTECs,
which express more MHC |1 than their WT counterparts (Fig. 1C). mTECs in the /7!~
thymus also expressed higher levels of the normally cTEC-derived chemokines, suggesting
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that they may have failed to fully repress these genes during development through a cTEC-
like progenitor in the absence of IL-7R signaling.

Splenic DCs are decreased in I7r~ mice

Another factor that could contribute to the decrease in DCs in the /777~ thymus would be a
defect in DCs and/or their precursors prior to thymic entry. To assess this possibility, we
analyzed splenic DCs in WT and //777/~ mice (Fig. S3A, B). The total numbers of DCs were
decreased in the //77~ spleen (Fig. S3C), although not to the same extent as that observed
in the thymus. Interestingly, the proportions of DC subsets in the /77~ spleen were not
notably different from those in WT spleen, mirroring what we observed in the thymus (Fig.
S3D). Since both splenic and thymic DCs were impacted by //7r-deficiency, we asked
whether there was a defect in a common DC precursor outside the thymus by examining
bone marrow precursor subsets. CLPs and B-lineage cells were mostly absent in /777~
mice, as expected*!. However, CMPs, LSKs, LMPPs were all detectable to similar degrees,
in agreement with previously published results (data not shown)#2. These results suggest that
rather than revealing a common extrathymic defect in DC precursors, the decrease in splenic
DCs in //7r~ mice may reflect independent microenvironmental defects in the spleen that
occur in parallel to the thymus.

Mixed bone marrow chimeras reveal a non-cell intrinsic requirement for IL-7R signaling in
thymic DC generation

To assess the extent to which the decrease in thymic and splenic DCs in the /77~ mice
resulted from a cell-intrinsic DC defect versus cell-extrinsic defects, we performed mixed
bone marrow chimeras. Equal numbers of CD45.1* C57BI/6 WT (“WT donor”) BM and
CD45.2* /17~ (“KO donor”) BM cells were injected into lethally irradiated C57BL/6
CD45.2* x C57BL/6 CD45.1* F1 (“Host™) recipient mice, and the thymus and spleen were
analyzed by flow cytometry after 21 days. Since previous studies have shown that the
lifespan of DCs within lymphoid organs ranges from one to nine days*3, the DCs that we
observed three weeks after injection would have developed from donor precursors rather
than representing mature DCs present in the bone marrow preparation prior to injection. In
this competitive approach, development of WT thymocytes could potentially restore thymic
architecture after irradiation. As expected, nearly all of the thymocytes in the mixed chimera
were derived from the WT donor cells (Fig. 5A), due to the intrinsic need for IL-7R
signaling at early stages of T-cell development37. /7'~ bone marrow also contributed less
to overall splenocyte reconstitution than WT bone marrow, consistent with defects in both B-
cell and T-cell development, although the defect was less drastic. By contrast, we observed
equal contribution from WT and //77/~ donors among both splenic and thymic DCs (Fig.
5B), with no skewing of the DC subsets (Fig. 5C). These results indicate that thymic DCs do
not have an intrinsic need for IL-7R signaling.

WT bone marrow rescues II7r~~ thymic DC numbers in mixed chimeras

To evaluate whether the presence of WT thymocytes restored the environment needed for
thymic DC accumulation, we conducted single chimeras alongside mixed chimeras and
examined DC subsets and numbers. CD45.1* C57BI/6 WT (“WT donor™) whole bone
marrow, CD45.2* //7r= (“KO donor”) whole bone marrow, or a 1:1 mix, were injected into
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lethally irradiated C57BL/6 CD45.2* x C57BL6 CD45.1" F1 (“Host™) recipient mice, and
the thymuses were analyzed by manual counting and flow cytometry after 21 days (Fig. 6
and data not shown). The total numbers of thymic CD45* cells derived from //77/~ donors
were greatly decreased relative to WT donors, in the both in the single and mixed chimeras
(Fig. 6A), whereas the percentages of DCs within each donor population was much higher
(Fig. 6B). However, the absolute numbers of /77~ donor-derived DCs in the /77~ single
chimeras were much lower than the numbers of WT donor-derived DCs in the WT single
chimeras, suggesting that the thymus reconstituted with /77~ cells alone created an
inhospitable environment for DCs (Fig. 6C). This was true of all three DC subsets, and there
was no significant difference in their proportions (not shown). By contrast, //7//~ DC cell
numbers were largely rescued in the mixed chimera, such that the approximately equal
contribution of /7'~ and WT DCs restored total donor DC numbers to roughly the same
numbers of DCs that were present in the single WT chimeras (Fig. 6D).

DISCUSSION

Although thymic-stromal crosstalk is known to be necessary to create an environment
conducive to T-cell development, less is known about how it impacts thymic DCs. Here we
have shown that //7/~ mice exhibit severe defects in thymic corticomedullary structure and
mTEC development, and that they have a paucity of DCs in the thymus. We investigated a
variety of potential mechanisms for the DC defect, and found evidence for a decrease in
potential intrathymic DC precursors, and alterations in chemokines that enable DC
migration to the thymus. Our single and mixed chimera data indicated that the failure of DCs
to populate the thymus in /77~ mice did not reflect an intrinsic need for IL-7R signaling in
DCs or their pre-thymic precursors, but was rather caused by a lack of proper intrathymic
environmental cues. Altogether, our results resolve a long-standing conflict about the nature
of the role of //7rin thymic DC development, and reveal a new role for //7-dependent
crosstalk in TEC development.

Thymic crosstalk between thymocytes and TECs is essential for mTEC maturation and the
generation of medullary structures?* 42, In line with our hypothesis that the primary defects
in TECs and thymic DCs are cell-extrinsic, it is clear that many of the phenotypes we
observed in the //7//~ mice manifest in cells that do not express //7r, including TECs and
cDCs. Elegant fate mapping experiments in which YFP was driven under the control of the
/17rregulatory regions clearly showed that although most pDCs in spleen and thymus were
derived through an //7r-expressing intermediate, cDCs were not*6. In our study, the
proportion of pDCs among total DCs was similar in the spleen and thymus of /77~ relative
to WT mice, and the chimera data indicates that suggesting that //7//~ pDCs are not
intrinsically dependent on IL-7R signaling.

One of the most striking findings in this study is the severe impact of //7rloss on TECs. This
is most likely due to a failure of crosstalk normally provided by //7r-dependent thymocytes
or ILCs. An absence of DETCs is not sufficient to drive this defect, as we found that mature
TCR&™~ mice had normal thymic architecture, cell numbers, and DCs (not shown). CD4*
SP cells, which can also supply crosstalk signals to TECs, are abundant in the //7//~
thymus™®. However, our data suggest that they may be defective in their ability to support
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the generation of mTECs. The mechanistic basis for a failure in thymic crosstalk between
1177~ thymocytes and TECs has yet to be determined, but previous studies suggest a role
for IL-7R signaling in inducing the expression of TNF receptor and ligand family members
that are involved in thymic crosstalk** 47. One prime candidate is LTBR, since TECs from
Ltbr’= mice are deficient in their ability to make CCL19, but competent to make CCL21,
CCL25, and CXCL12, reminiscent of the /77~ TEC gene expression profile?s,

Another population that was clearly impacted by the absence of //7rwas ETPs. ETPs, which
do not express easily detectable levels of //7r, can arise from //7r-dependent CLPs, but can
also arise in their absence22 49. In the //7r fate mapping study, 85% of ETPs were labeled
with a history of //7rexpression, whereas 15% were not*6. Therefore, the near absence of
ETPs we observed in the /77~ thymus was not solely due to a defect in CLP-like
progenitors. Furthermore, ETPs are severely depleted in the Rag2~/~ thymus (°° and
unpublished observations), which also have disorganized thymic architecture, suggesting
that their recruitment or maintenance is faulty without the proper microenvironmental
conditions. ETPs are also depleted in the Lzt~ thymus*8, further implicating this pathway
in the defects in //777~ thymic structure.

Whereas DN1 subsets can give rise to DCs within the thymus, thymic pDCs and CD11b*
cDCs are thought to be largely recruited from outside the thymus by TEC-derived
chemokines’® Our results show that CCL19 and CCL21, which attract and maintain CCR7-
expressing cells, including ETPs and DCs, are decreased in the thymus as a whole. However,
CXCLZand CCL25were expressed at high levels, consistent with the high percentage of
MHC 11N ¢TECs in the //7//~ thymus, suggesting an intact mechanism for recruitment of
CCR9* pDCs and CXCR4* CD11b* c¢DCs. Furthermore, while CCL19 expression was
clearly limited to WT and //7//~ mTECs, CCL21 was expressed in both WT and //77/~
CTECs as well as mTECs, at reasonably high levels, providing an additional mechanism for
recruitment of all three DC subsets. Therefore, retention or homeostasis of DCs is more
likely to account for the defects in thymic pDC and CD11b* ¢cDC cell number than a defect
in the initial recruitment of DC or their precursors to the /77~ thymus.

Interestingly, there is a drastic reduction in thymic DCs in patients with primary
immunodeficiencies®L. In these studies, patients that manifested a block in T-cell
development also displayed a defect in corticomedullary structure and a concurrent decrease
in thymic DCs, whereas those that maintained corticomedullary structure also retained
thymic DCs. Furthermore, there is a clear connection between primary immunodeficiencies
and autoimmune diseases in humans, indicating a failure of central tolerance that could be
due in part to the loss of thymic DCs®2. Therefore, thymocyte-TEC crosstalk and
corticomedullary structure appear to be essential for thymic DCs in humans as well as mice.

Taken together, our studies indicate that a loss of //7r-dependent cells results in an inverted
ratio of cCTECs to mTECs, and also adversely impacts the accumulation of all three subsets
of thymic DCs. The low numbers of all three DC subsets suggests that there may be a
problem with overall DC retention or homeostasis Nonetheless, the lack of thymic pDCs and
CD11b* DCs are linked by a decrease in mTEC-derived CCL19, and the defect in thymic
CD11b™ DCs may be due at least in part to the loss of DN1 subsets that could act as
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intrathymic DC precursors. Importantly, our bone marrow chimera experiments provide
evidence that the primary defects in the DC compartment of the //77/~ thymus are cell
extrinsic. A role for //7r-dependent hematopoietic cells in creating a DC-hospitable
environment is supported by our observation that the restoration of WT thymocytes, overall
thymus cellularity, and corticomedullary structure permitted /77~ precursors to develop
into DCs and accumulate in the thymus equally as well as WT precursors. Thus, our work
has uncovered a requirement for IL-7R signaling in the complex network of cellular
interactions required to create a thymic microenvironment that can support thymic DCs.

C57BlI/6 wildtype (WT) mice, CD45.1* WT mice (Charles River, Charles River: Ly5Mouse/
B6.SJL-PtprcaPepcb/BoyCrl) and //7/4mLImX/jj7im1imx CDA5 2+ mice (referred to as //7r!~
mice, Jackson Laboratories) were maintained at the Sunnybrook Research Institute (SRI),
Toronto, Ontario, Canada. All animal protocols were approved by the SRI animal care
committee. Mice aged 4.5-6 weeks old were used for ex vivo analysis of T cells and thymic
DCs. F1 progeny of CD45.2* C57BI/6 and CD45.1* C57BI/6 parents, aged 4.5-6 weeks old,
were used as recipients for bone marrow (BM) chimera and competitive BM reconstitution
experiments. Mice aged 7-12 weeks old were used for bone marrow donor cells. Donor
mice were aged-matched in each independent experiment, as were recipient mice.

Harvesting of thymic DCs and TECs for flow cytometry

DCs and TECs were harvested from thymus by treatment with 2 mL of collagenase 1V
(0.1% m/v in PBS) and DNasel (20 ug/mL in PBS; Life Technologies) for 10 minutes at 37
degrees C at 150 rpm, followed by a second round of collagenase 1VV/Dnasel digestion. Next,
the homogenate was further digested twice with 2 mL collagenase dispase (0.12% m/v in
PBS; Life Technologies) and 20 pg/mL Dnasel, at 37°C, 150 rpm. Thymic cells were
obtained following two 10 minute incubations with 2 mL of 0.1% collagenase IV and two 10
minute incubations with 2 mL of 0.12% collagenase dispase. Remaining tissue was pushed
through 40 pm pore nylon mesh (BD Biosciences) to obtain a single cell suspension of
thymocytes, including TECs and DCs. Total cell counts were obtained using a
hemocytometer.

Flow cytometry analysis

All samples were stained in HBSS, 0.5% BSA, 0.5 mM EDTA buffer at 4°C and were
initially incubated with anti-FcyR antibodies to eliminate non-specific staining prior to
antibody incubation. For ex vivo analysis of thymic DCs from WT versus //77/~ mice the
following antibodies were used: anti-CD8 (PerCP); anti-CD11b (Alexa Fluor® 700); anti-
PDCA-1 (PE); anti-CD11c (PECy7); anti-CD45 (APCCy7); Lineage (anti-CD3 (biotin);
anti-TCR+y6 (biotin); anti-TCR (biotin); anti-CD19 (biotin); anti-NK1.1 (biotin); anti-
F4/80 (biotin), anti-Ter119 (biotin)) and streptavidin-eFluor® 450 (eBioscience, BD
Biosciences, SRI Antibody Core Facility). TEC analysis was done with the following
antibodies: anti-CD45 (APCeFluor®780); anti-EpCam (APC); anti-Ly51 (PE); anti-MHCII
(FITC); anti-CD80 (PerCPeFluor®710); anti-UEA-1 (biotin) and streptavidin-PeCy7
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(Vector Laboratories, eBioscience, BD Biosciences, SRI Antibody Core Facility). DAPI was
used to exclude dead cells. /77~ bone marrow chimera analysis was done using the
following antibodies: anti-CD11c (PE); anti-CD8a (APC); anti-CD11b (Alexa Fluor® 700);
anti-CD45.2 (APCCy7); anti-CD45.1 (PeCy7); Lineage (anti-CD3e (biotin); anti-TCRy&
(biotin); anti-TCRp (biotin) anti-CD19 (biotin); anti-NK1.1 (biotin), anti-F4/80 (biotin),
anti-Ter119 (biotin) and streptavidin-eFluor® 450 (eBioscience, BD Biosciences, SRI
Antibody Core Facility). DAPI was used to exclude dead cells. Following multiple washes
with PBS, all samples were fixed with 1% m/v paraformaldehyde. Samples were run on an
LSR 11 (BD Biosciences) and data was analyzed using FlowJo software (TreeStar).

Bone marrow Chimeras

For the WT versus //7//~ BM chimeras, 4.5-6 week old F1 (CD45.2* C57BI/6 x CD45.1*
C57BI/6) mice were lethally irradiated with 950 cGy and injected intravenously via tail vein
with whole BM. For single reconstitutions, either 20 x 108 CD45.1* WT BM or 20 x 10°
CD45.1" WT BM were injected, whereas mixed BM hosts received a donor mixture of 20 x
108 /7= BM and 20 x 10% CD45.1* WT BM. Mice were analyzed 3 weeks after
injections.

Immunofluorescence microscopy

Thymic lobes were frozen in OCT prior to cutting 10 um sections that were fixed in 2%
paraformaldehyde, blocked with PBS/5% FBS/0.05% triton and stained with combinations
of anti-CD11c (FITC); anti-cytokeratin-5/anti-rabbit (Cy5); and anti-cytokeratin-8/anti-rat
Cy3 (antibodies obtained from BD Biosciences; Jackson Immunoresearch Laboratories,
Vector Labs). Images were acquired and tiled with a Zeiss Axiovert Fluorescent Microscope.

Gene Expression Analysis

For whole thymus, samples were homogenized, and RNA was harvested using TRIzol
according to manufacturer’s instructions (Invitrogen). First-strand cDNA was generated
using SuperScript 111 Reverse Transcriptase (Invitrogen). gRT-PCR was performed in
triplicate on cDNA with gene-specific primers and iTag Universal SYBR Green Supermix
(Bio-Rad). Samples were run and data was analyzed using an Applied Biosystems Sequence
Detection System 7000. Results were normalized to GAPDH, p-actinor EpCAM
expression, and calculations of relative values (n) were performed using the delta Ct method,
where n=1.9"(experimental Ct — normalization Ct). For analysis of gene expression in TEC
subsets, cTECs and mTECs were sorted based on the cell surface expression of EpCAM and
either Ly51 or UEA-1. First strand cDNA was generated from sorted cells and subjected to
gRT-PCR as described above.

OP9-DL1 co-cultures

DN1 subsets were sorted from WT thymus according to the following parameters:
CD45"CD4~CD8 CD44*CD25™ to identify DN1 cells, and then further gated according to
expression of c-kit and CD24 to give DN1a/b (ETP; c-kithi CD24~/inty DN1c (c-kitiM
CD24M), DN1d (c-kit!l® CD24*%) and DN1e (c-kit!® CD24") cells. Sorted subsets were placed
on OP9-DL1 cells for four days in the presence of 5 ng/mL SCF, 10 ng/mL IL-7, and 10
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ng/mL FIt3L as previously described38. Cultures were analyzed by flow cytometry for
expression of CD11b and CD11c to identify DC lineage potential in the DN1 subsets.

Calculations and Statistics

Percentages of each DC subset among all DCs were calculated by dividing the number of
each DC subset by the total number of DCs within the sample. The absolute cell number of
each DC subset was calculated by multiplying the percentages by the total cellularity. Error
bars represent standard error of the mean. Two-tailed unpaired t-tests were used to calculate
p values for statistical significance; ***p<0.005, **p<0.01, *p<0.05, ns=non-significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.

Defects in thymic epithelial cell subset ratios in the /77~ thymus. A. Thymus single cell
suspensions were made by collagenase digestion and analyzed by flow cytometry. EpCAM
staining was used to gate on the TECs. B. EpCAM-gated cells were stained with Ly51 to
identify cTECs, and UEA-1 to identify mTECs. C, D. cTECs (C) or mTECs (D) were
further gated to analyze the expression of Class Il MHC as a marker of maturity. Numbers in
quadrants indicate percentages. E. Whole WT and /77~ thymuses were homogenized,
RNA was extracted, and first strand cDNA was generated to be used as template for qRT-
PCR. The mRNA expression of the cTEC markers Psbm11 (B5t) and cyftokeratin-8 (K8), the
mTEC marker cytokeratin-5 (K5), MHC Class I/, and the mature mTEC marker A/RE were
measured. All values shown are relative to GAPDH levels. Graphs depict means +/- SEM,
n=3. Statistical significance was calculated using a t-test; *** p<0.005. Data is
representative of at least 2 separate experiments.
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H7r’-

Figure2.
The //7r~ thymus has disorganized corticomedullary structure and a paucity of DCs.

Thymuses were dissected from WT and //7//~ mice and snap frozen in OCT freezing
media. 10 pm sections were cut and stained with anti-cytokeratin 8 (K8)/anti-rat conjugated
to Cy3 (cTECs, red), anti-cytokeratin 5 (K5)/anti-rabbit conjugated to Cy5 (mTECs, blue),
and anti-CD11c directly conjugated to FITC (DCs, green). Tiled images were gathered using
an Axiovert microscope, shown at either 10X (A) or 20X (B).
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Figure 3.
Marked reduction of thymic DC numbers in /77~ mice. WT and /7'~ mice were

analyzed at 4.5-5.5 weeks of age. A. Gates used to analyze pDCs and cDCs. Cells were first
gated on the lineage (Lin)-negative, DAPI~, CD45* populations, where Lin=Dx5, NK1.1,
F4/80, CD3e, TCRy6, TCRp, CD19, Ter119. Within this gate, two populations were
analyzed: pDCs (CD11¢'", PDCA-1*) and cDCs (CD11c"9", PDCA-17). B. To further
differentiate between cDC subsets, cells within the cDC gate were analyzed for expression
of CD11b and CD8a.. CD8a. staining was consistently heterogeneous within the CD11b~
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population. Numbers within the quadrants represent percentages. C. Total numbers of DCs
per thymus, as calculated from manual counting from single cell suspensions multiplied by
the percentages of CD45*Lin"CD11c" cells as determined by Flow Jo. D. Ratios of the three
DC subsets out of all DCs were calculated by taking the numbers of thymic pDCs, CD11b*
cDCs, and CD11b~ cDCs per thymus and dividing by the total number of DCs. n=4.
***n<0.005. Data is representative of three separate experiments.
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Perturbation in chemokine expression in the /7~ thymus. A. Whole homogenized thymus
was used as a template for gRT-PCR to measure the amount of chemokine mMRNA produced
in the adult WT versus /77~ thymus. To account for the 5-fold greater number of TECs in
the //7r'~ thymus versus the WT thymus, results were normalized to E0CAM mRNA levels.
B. TECs were sorted based on expression of EpCAM, and Ly51 (cTECs) or UEA-1
(mTECs). cDNA was generated from sorted TEC subsets and used as template for qRT-
PCR. n=3. Values were normalized to p-actin mRNA levels. Data is representative of at least
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two separate experiments. Graphs depict means +/— SEM. Statistical significance was
calculated using a t-test; *** p<0.005, **p<0.01, *p>0.05.
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Figureb.

Contribution of /7'~ bone marrow-derived cells to thymic and splenic DCs in mixed
radiation chimeras. Lethally irradiated CD45.1* x CD45.2* F1 hybrid mice were
reconstituted with a 1:1 mix of CD45.1*WT:CD45.2* //7/"~ BM. Tissues were analyzed
three weeks later. A, B. Chimerism in whole thymus (A) or in DCs (B) were calculated as
the percentage contribution from //77~ versus WT BM derived cells as assessed by CD45.1
(WT) or CD45.2 (//7r") expression, in thymus (left) or spleen (right). The graph depicts
the mean +/- SEM. Numbers in the quadrants indicates percentages. C. Ratios of pDCs,
CD11b™ cDCs, and CD11b* cDC subsets among all DCs in the thymus (left) or spleen
(right), calculated by dividing the number in each subset per organ by the total number of
DCs. Statistical significance was calculated using a t-test. ***p<0.005, *p<0.05, ns=non-
significant. n=4. Data is representative of two separate experiments.
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Increase of /77~ donor-derived thymic DC cell numbers by the provision of WT donor
cells. Lethally irradiated CD45.1* x CD45.2* F1 hybrid mice were reconstituted with whole
BM from CD45.1* WT mice (“S-WT”), CD45.2* /177!~ (“S-KO”) mice or a 1:1 mix of
each (Mixed). The thymus was analyzed by manual counting and flow cytometry three
weeks later. A. Numbers of CD45* donor cells of the indicated genotypes per thymus in the
single and mixed chimeras. B. Percentages of total DCs within the total donor populations of
the indicated genotypes (WT or KO) in the single and mixed chimeras. C. Numbers of
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pDCs, CD11b* cDCs, and CD11b~ cDCs per thymus of the indicated genotypes (indicated
below the graph) in the single and mixed chimeras (indicated above the graph). D.
Comparison of the sum of WT and KO cell numbers in the mixed chimeras to the WT or KO
cell numbers in the single chimeras. The graphs depict the mean +/- SEM. Statistical
significance was calculated using a t-test. ns=non-significant, n=5. Data is representative of
two separate experiments.
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