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Thymus-homing peripheral dendritic cells
constitute two of the three major subsets
of dendritic cells in the steady-state thymus
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Many dendritic cells (DCs) in the normal mouse thymus are generated intrathymically from
common T cell/DC progenitors. However, our previous work suggested that at least 50% of
thymic DCs originate independently of these progenitors. We now formally demonstrate by
parabiotic, adoptive transfer, and developmental studies that two of the three major sub-
sets of thymic DCs originate extrathymically and continually migrate to the thymus, where
they occupy a finite number of microenvironmental niches. The thymus-homing DCs con-
sisted of immature plasmacytoid DCs (pDCs) and the signal regulatory protein a—positive
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(Sirpa*) CD11b* CD8«~ subset of conventional DCs (cDCs), both of which could take up
and transport circulating antigen to the thymus. The cDCs of intrathymic origin were
mostly Sirpa~ CD11b~ CD8a"i cells. Upon arrival in the thymus, the migrant pDCs enlarged
and up-regulated CD11c¢, major histocompatibility complex Il (MHC II), and CD8«, but
maintained their plasmacytoid morphology. In contrast, the migrant cDCs proliferated
extensively, up-regulated CD11¢, MHC I, and CD86, and expressed dendritic processes. The
possible functional implications of these findings are discussed.

Three major subsets of DCs have been identi-
fied in the mouse and human thymus (1). The
most intensively studied subset in the mouse has
a signal regulatory protein a—negative (Sirpo™)
CD11b~ CD8a™ phenotype and is thought to
arise intrathymically from a common T cell/DC
precursor. These conventional DCs (cDCs) are
generally presumed to be involved in the nega-
tive selection of developing thymocytes. In con-
trast, the origins and in vivo functions of the two
other subsets of thymic DCs are unknown. One
subset is composed of plasmacytoid DCs (pDCs)
and the other is composed of Sirpa* CD11b*
CD8a™ ¢DCs.

In previous parabiotic and adoptive transfer
experiments, we provided evidence that at least
50% of the DCs in the steady-state thymus de-
veloped independently of thymocyte progeni-
tors (2). These included pDCs and possibly the
subset of CD11b* CD8a~ ¢DCs. In contrast,
most of the DCs whose generation was linked
to the importation of thymocyte progenitors
were CD11b™ CD8al ¢cDCs, as also suggested
by the experiments of Porritt et al. (3). These
results raised the possibility that two of the
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three subsets of thymic DCs might be formed
extrathymically.

In studies involving the induction of im-
mune deviation (Thl to Th2 polarization) in
mice injected intraocularly with antigen, we
detected a population of F4/80* antigen-pre-
senting cells that migrated to the thymus and
activated NKT reg cells (unpublished data)
(4, 5). We also observed that selt=-MHC Il-spe-
cific CD4* CD25" T reg cells appeared in the
thymus of post—cyclosporin A (CSA)—treated
mice at the time when an influx of tolerogenic
DCs from the periphery occurs (6-8). In addi-
tion, abundant evidence from other laborato-
ries has demonstrated that thymus-homing
inflammatory DCs can induce both dominant
and deletional tolerance to peripheral self- and
nonself-antigens (see Discussion). These obser-
vations led us to hypothesize that, in addition
to the promiscuous intrathymic expression of
tissue-restricted antigens (9), the migration of
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Figure 1. Partner-derived DCs in the blood and thymus of parabiotic mice. CD45.1 and CD45.2 congenic mice or eGFP tg and WT mice were
joined by cutaneous vascular anastomosis. (A-D) The blood and thymus of each partner were harvested at week 3. (E) The parabiotic mice were separated
at week 3 and rested for 4 wk before harvest of the blood and thymus. Five-color FACS analysis for CD45.1, CD45.2, or GFP plus CD11¢, B220, Sirpa, and
one of the other surface antigens listed in D was performed on each sample. Background fluorescence (unshaded profiles) was determined by omitting
only the relevant antibody. (A) Partner-derived DCs (CD45.2+ CD11c* in this example) were identified in the blood and thymus (arrows), and the percent-
ages of ¢cDCs and pDCs (shaded profiles) were determined by analysis for B220~ and B220+ cells, respectively. Note that numerous CD11¢~ donor-origin
cells (mostly CD3* T cells) were present in the blood but not the thymus. A representative analysis is shown (1 out of 16 parabiotic partners from two
experiments). (B) Percentage of each indicated cell population in the blood and thymus that was partner derived. Data are means + SD of four parabiotic
pairs from one out of two experiments. *, P < 0.05 between paired values for the blood and thymus. (C) Location of partner-derived DCs (GFP* CD11c*) in
the thymus by immunohistology. (top) Isotype controls for CD11c examined by three-color fluorescence microscopy of the same field for DAPI (blue), GFP
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DCs from the blood to thymus constituted a major pathway
by which the induction of dominant and deletional thymic
tolerance to peripheral self- and nonself-antigens may also
occur under steady-state conditions (2, 10).

Although the present study does not formally test this
hypothesis, it does provide supporting data by demonstrating
that (a) most, if not all, of the pDCs and approximately one
third of the ¢cDCs (those expressing Sirpac and CD11b) in
the steady-state thymus are recent emigrants from the blood;
(b) immature, noninflammatory, thymus-homing pDCs and
¢DC:s can take up both soluble and particulate circulating an-
tigen and transport it to the thymus; (c) once in the thymus,
the pDCs enlarge and assume a semimature phenotype by
up-regulating CD11c, MHC II, and CD8a (but not CD86)
while maintaining a plasmacytoid morphology; and (d) the
thymus-homing Sirpa® CD11b* ¢DCs proliferate exten-
sively in the thymus, up-regulate CD86 as well as CD11¢ and
MHC II, and assume a mature DC morphology. Some of the
functional implications of these findings have recently been
reported by Proietto et al. (11), who observed that the Sirpa™
CD11b* subset of thymic ¢cDCs could induce CD4*" CD25*
Foxp3* T reg cells from CD4" CD25~ Foxp3~ thymocytes
in vitro, and that thymus-homing DCs could induce antigen-
specific (OVA) deletion and T reg cell formation in trans-
planted thymus lobes in vivo. Given the propensity of
semimature pDCs to induce T reg cells in the periphery (12—
14), it is possible that they too may contribute to the induc-
tion of central tolerance.

RESULTS

Migration of DCs to the thymus in parabiotic mice

Our previous experiments suggested that 50% of the total DCs
present in the thymi of adult mice arise independently of thy-
mocyte progenitors and may have emigrated in a preformed
state from the blood (2). In this study, we set up pairs of para-
biotic mice between CD45.1 and CD45.2 partners to confirm
this hypothesis and to determine the phenotypes and origins
of the partner-derived thymic DCs. In these experiments,
partner-derived pDCs and ¢DCs in the blood and thymus
were examined 3 wk after parabiotic union, when thymocyte
chimerism was still very low (Fig. 1 A). Because T cells are
exchanged randomly in the blood of parabiotic partners but
few migrate to the thymus (15), we used them as a standard
against which to judge the efficiency of cross-transfer and thy-
mic migration of hematogenous DCs.
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As shown in Fig. 1 B, pDCs, like T cells, were randomly
exchanged in the blood of the parabiotic pairs, whereas only
~12% of the total cDCs were exchanged. This suggested that
most pDCs recirculate in the blood but that most cDCs do not.
Similarly, ~50% of the pDCs and 15% of the ¢DCs in each
thymus were partner derived. Given that ~30% of the total
DCs in the thymus were pDCs and 70% were ¢DCs, it can be
calculated that partner-derived DCs comprised ~25% of the
total DCs in each thymus (0.5 X 30% pDCs + 0.15 X 70%
cDCs). By doubling these figures to allow for an equivalent
contribution by thymus-homing host-origin DCs, we estimate
that ~50% of the total DCs in each thymus (i.e., most if not all
of the pDCs and about one third of the cDCs) had been formed
extrathymically and/or had originated from committed thymus-
homing precursors. As shown by immunohistology (Fig. 1 C),
most of the partner-derived DCs (GFP* in this case) were com-
ingled with the host-origin DCs in the thymus medulla and
corticomedullary regions.

These results clearly indicated that the partner-derived
pDCs had migrated randomly from the blood to thymus
and reached equilibrium within 3 wk. However, as the
partner-derived ¢cDCs constituted <15% of the total cDCs
in the blood and thymus, it was not possible to deduce
whether they too had reached equilibrium. To do this, it
first was necessary to distinguish the thymus-homing ¢cDC
subset from other cDCs in the blood and thymus. As shown
in Fig. 1 D, almost all of the partner-derived ¢DCs in the
blood and thymus were Sirpa® CD11b* MHC II*, and
~20% of those in the thymus were CD8a*/™. In contrast,
the major subset of host-derived ¢cDCs in the blood and
thymus were Sirpa™ CD11b~ MHC II*, and almost all of
those in the thymus were CD8a" (unpublished data). As
with the pDCs, ~50% of the total Sirpac™ CD11b* ¢DCs in
both the blood and thymus were partner derived. There-
fore, it can be deduced that the partner-derived ¢DCs also
equilibrated between the blood and thymus within 3 wk of
parabiotic union. However, as the partner-derived cDCs in the
thymus expressed higher mean levels of Sirpa and MHC 11
(Fig. 1 D), they appeared to be more mature than those in
the blood. Similarly, the partner-derived pDCs in the thy-
mus expressed higher levels of MHC 11, and almost all dis-
played CD8a (16, 17).

To confirm the intrathymic origin of the Sirpa™ CD11b~
CD8a subset of thymic cDCs, mice were parabiosed for 3 wk,
and then separated and rested for 4 wk. Our prediction, based

(green), and CD11c (red). (bottom) A comparable field stained for CD11c. The cortical (C) and medullary (M) regions are indicated in the DAPI-stained pan-
els, the donor-origin cells are indicated by GFP fluorescence, and the total DCs are indicated by the CD11c staining. Representative sections from one out
of three GFP~ parabiotic partners are shown. Bars, 200 um. (D) Surface phenotypes of partner-derived ¢cDCs and pDCs in the blood and thymus were de-
termined by FACS analysis for Sirpa,, CD11b, MHC 11, and/or CD8a (shaded profiles) as compared with background fluorescence (unshaded profiles). Rep-
resentative analyses of parabiotic partners from one out of two experiments are shown. (E) Effects of interrupting the cross-exchange of blood on the
levels of DC chimerism in the blood and thymus of parabiotic mice. Pairs of mice were sacrificed 3 wk after parabiosis (unseparated), or were surgically
separated and rested for 4 wk before being sacrificed (separated). The relative percentage of total pDCs, Sirpa* CD11b* ¢DCs, and Sirpa= CD11b~ ¢DCs of
partner origin were determined by FACS analysis. Data are means + SD of four pairs of parabiotic mice from one out of two experiments. Each bar repre-
sents the pooled results from four parabiotic partners. *, P < 0.01 between unseparated and separated mice.
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on previous studies (2, 18), was that partner-derived thymo-
cyte progenitors would enter the thymus at some point during
the first 3 wk of parabiosis and would generate a wave of thy-
mocytes and Sirpa” CD11b~ CD8a* ¢DCs thereafter. How-
ever, because of the absence of significant bone marrow
chimerism at this time, the partner-derived pDCs and Sirpa®
CD11b* ¢DCs in the blood would not be replenished during
the month of separation. The results in Fig. 1 E are compatible
with this scenario.

Migration of DCs to the thymus after adoptive transfer

Collectively, the results in the parabiotic mice suggested that
small numbers of pDCs and Sirpa™ CD11b* ¢DCs continu-
ously enter the steady-state thymus from the blood. To test
this prediction, nonirradiated WT mice were injected 1.v.
with 20 X 10° nucleated blood cells from enhanced GFP
(eGFP) transgenic (tg) mice, a cell dose that contained approx-
imately the same number and variety of DCs as are normally
present in the blood (~2.5 ml) of an adult mouse. At timed
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Figure 2. Migration of DCs to the thymus of normal adoptive recipients. (A) 20 million nucleated blood cells from adult eGFP tg mice were in-
jected i.v. into 5-7-wk-old nonirradiated WT recipients. Thymus cells were harvested 2 d later, total cDCs and pDCs were identified (arrows), and the per-
centage that were of donor origin (GFP*) was determined. Thymic ¢cDCs and pDCs from GFP~/~ control mice were used to determine background
fluorescence. More than 90% of the B220* donor-origin cells were PDCA* Gr-1* NK1.1~, and >90% of the B220~ donor-origin cells were PDCA~ Gr-1—
NK1.1~ (Fig. 3). Density gradient-enriched (40-50%) DCs from adoptive recipients showed comparable results. A representative analysis from >60 mice in
eight experiments is shown. (B) Time-response. WT mice were injected i.v. with 20 x 10° bone marrow cells from eGFP tg mice, the thymocytes were har-
vested at the indicated times thereafter, and the percentage of the total cDCs and pDCs that were of donor origin (GFP*) were determined. A representa-
tive analysis from one out of three experiments is shown. (C) Dose-response. The total numbers of donor-origin (GFP+) pDCs and cDCs in the recipient
thymus were determined 2 d after i.v. injection of graded numbers of bone marrow cells from eGFP tg mice, as indicated. Each point represents the

mean + SD of five recipients from one out of two experiments. (D) The sensitivity of the PCR assay was determined by serial dilution of thymic DNA from eGFP

tg mice (lanes 10 to 12), and the numbers of cell equivalents were determined by dividing the pg of DNA by 6.24. Further resolution between 62.4 and
6.24 pg DNA revealed a sensitivity of two cell equivalents (not depicted). The sensitivity of the PCR assay was also determined by analyzing purposeful
mixtures of GFP+ thymic DCs and GFP~ thymocytes (lanes 3-9) or a mixture of 62.4 pg GFP* DNA with 1.7 x 10° pg GFP~ DNA (lanes 2 and 3). Lane 1
represents a 100-bp DNA ladder. A representative analysis from one out of eight experiments is shown. (E) Multiple injections. Groups of five normal WT
mice were injected i.v. with either a single dose (20 x 108) of bone marrow cells from eGFP tg mice or five consecutive doses on alternate days. Thymo-
cytes were harvested 2 d after the single dose or the last of the multiple doses, and the mean (+SD) total numbers of GFP+ ¢DCs and pDCs per thymus
were determined. ¥, P < 0.01 between the respective data for one and five injections. A representative analysis from one out of two experiments is shown.
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intervals, the numbers and identities of the donor-origin DCs
in the thymus were determined by FACS analysis (Fig. 2 A).

As shown in Fig. 2 B, donor-origin pDCs and cDCs entered
the thymus as early as 6 h after i.v. transter and increased progres-
sively to reach a plateau at about day 2, at which time few
donor-origin DCs were detectable in the blood. Both the do-
nor-origin pDCs and ¢DCs persisted in the thymus for at least
10 d but were absent by 30 d. Results of multiple experiments
showed that a mean of 4.5 + 0.6% of the total pDCs and 0.9 +
0.4% of the total cDCs were of donor origin at 2 d. As 30% of
the total DCs in the thymus were pDCs and 70% were cDCs, it
can be calculated that the ratio of donor-origin pDCs to ¢DCs
in the thymus at this time was 2:1 (0.045 X 30% pDCs/0.009 X
70% cDCs). Similar results were obtained after 1.v. injection of
20 X 10° lymph node, spleen, bone marrow, or thymus cells,
even though the thymus cell suspensions contained ~10% of the
number of DCs as the others did (unpublished data).

Dose-response experiments (Fig. 2 C) demonstrated roughly
parallel saturation kinetics for the donor-origin pDCs and cDCs
2 d after the injection of between 5 and 100 X 10° bone marrow
cells. This suggested that the thymus has a finite number of niches
for migrating DCs. Given the small number of donor-origin
DCs present in the thymus 2 d after i.v. injection (~~8,000),
we verified the results obtained by FACS analysis by nested
PCR for GFP genomic DNA (Fig. 2 D). We also excluded the
possibility that most of the donor-origin DCs were located in
the blood passing through the thymus. As previously reported
(19) and observed in this study, <1% of the injected DCs were
present in heart blood after 2 d. Therefore, assuming a blood
volume of 10% of organ weight, a maximum of only 18 GFP*
cells could have been present in the ~7 pl of thymus blood. The
additional possibility that the donor-origin DCs were seques-
tered in the thymic blood vessels was excluded by examining
immunohistological sections (unpublished data). Instead, as in
the parabiotic mice (Fig. 1 C), almost all of the donor-origin
DCs were located extravascularly in the medullary regions.

To gain some insight into relative turnover rates of thy-
mus-homing pDCs and cDCs, mice were injected i.v. on
alternate days with saturating doses of bone marrow cells for
a total of five injections. As shown in Fig. 2 E, the number of
donor-origin pDCs in the thymus 2 d after the fifth injection
was four times greater than after the first injection. How-
ever, the number of donor-origin ¢DCs was only twofold
greater. Hence, the turnover rate of the donor-origin DCs in
the thymus appeared to approximate 12 d for the pDCs but
only 3—4 d for the ¢DCs. These results are consistent with
the equilibration rate for pDCs in the thymus (2), and with
the reported life spans of pDCs and ¢DCs in the normal
mouse spleen (20). However, the results in Fig. 2 B and in
experiments in the following two sections are more compat-
ible with a 10-d turnover rate for the donor-origin ¢DCs.

Antigenic phenotypes of donor-origin DCs in the blood

and thymus

As in the parabiotic mice, almost all of the donor-origin ¢cDCs
in the thymus 2 d after i.v. transfer of blood cells were Sirpa™
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CD11b* (Fig. 3). Of note, between 10 and 15% of the donor-
origin pDCs and cDCs in the thymus at day 2 were MHC
117, reflecting their frequency in the blood (unpublished data).
This was also true at 6 h. As demonstrated in the section on
monocytes (see below), the MHC II™ ¢DC precursors did not
appear to be monocytes. Hence, although most of the pDCs
and Sirpa* CD11b* ¢DCs enter the thymus in a preformed
state, committed DC precursors (21) also enter.

A more complete phenotypic analysis of the donor-origin
DCs in the thymus at 48 h revealed that the pDCs were CD11c¢*
B220* PDCA* Gr-1" MHC II'"" Sirpal® CD11b~ CD8a ™/
CD4* CD80" CD86~ F4/80~ NK1.17, and the donor-origin
cDCs were CD11c* B220~ PDCA~ Gr-1- MHC I/
Sirpa®M CD11b* CD8a™ CD4* CD80™M F4/80~ NK1.1™.
Of note, >50% of the donor-origin ¢cDCs in the thymus were
CD86", whereas their Sirpa* CD11b" counterparts in the
original inoculum were CD867. In addition, the proportion of
donor-origin ¢cDCs in the thymus that were MHC II"M in-
creased progressively between 6 and 48 h, and greatly exceeded
that in the original inoculum. These results suggest that thy-
mus-homing ¢DCs, but not pDCs, mature shortly after enter-
ing the thymus. However, as shown in the following section,
pDCs attain a semimature state and express CD8a between
days 2 and 10.

Proliferation and maturation of thymus-homing DCs
In the course of these studies, we noted that two populations
of DCs in the secondary lymphoid tissues of normal eGFP tg
mice could be distinguished by their relative levels of GFP
expression, the majority being GFP" and the minority being
GFPP (Fig. 4 A). This was also true for the steady-state thymus,
in which the GFP® and GFP" DCs exhibited relatively imma-
ture and mature antigenic phenotypes, respectively (unpublished
data). Although GFP under the control of the actin promoter is
not a specific marker for DC maturation, the GFP' thymic DCs
appeared to be small round cells by light scatter analysis, and the
GFP" DCs appeared to be either large round or large irregular
cells. This was confirmed by the morphologies of FACS-sorted
GFP* and GFP" thymic DCs, especially when subdivided into
CD11c® and CD11ch subsets. Thus, as shown in Fig. 4 B, the
GFPP CD11cP DC fraction contained a mixture of small round
and plasmacytoid cells, the GFP® CD11c" fraction contained
mostly medium-sized plasmacytoid cells, the GFP" CD11c"
fraction contained large DCs, and the GFP" CD11c fraction
(not depicted) contained a mixture of large DCs and large plas-
macytoid cells. Additionally, many of the DCs were undergoing
mitosis, especially in the GFPM CD11ch fraction. Strikingly, at
day 2 after adoptive transfer, most of the donor-origin DCs
in the thymus were GFP* (Fig. 4 C), whereas by day 10 ~75%
of the donor-origin DCs were GFP™ (Fig. 4 D). It is unlikely
that the GFP" DCs represented a separate migratory wave, as
donor-origin GFP" DCs were rare in the blood at 48 h. There-
fore, we presume that the GFP" donor-origin thymic pDCs and
cDCs on day 10 were derived from the GFP' DCs.

Given the observed mitotic activity (Fig. 4 B), it was pos-
sible that proliferation played a role in the maturation process
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of the thymic-homing DCs. This appeared to be true for the
cDCs, as <1% of the 7-aminoactinomycin D (7-AAD)-la-
beled CD11b* ¢DCs in the blood were cycling, whereas
~25% of the GFP" and 50% of the GFP" CD11b* ¢DCs in
the steady-state thymus were in S/G,/M (Fig. 4 E). In con-
trast, the proportions of cycling pDCs in the blood and thy-
mus were low (10-15%) and relatively constant. Thus, the
CD11b* ¢DCs appeared to undergo a burst of proliferation
shortly after entering the thymus but, as in the periphery (22),
the pDCs did not. This was verified by adoptive transfer ex-
periments (Fig. 4 F), in which ~45% of the donor-origin
cDCs but only 15% of the donor-origin pDCs in the thymus
were in cycle at 48 h. Overall, the immature thymus-homing
CD11b* ¢DCs proliferated and differentiated into mature in-
terdigitating DCs in the thymus, and the immature thymus-
homing pDCs became semimature, possibly without the need
for proliferation.

Monocytes fail to migrate to the thymus in the steady state
Monocytes have been shown to generate cDCs under inflam-
matory conditions (23—26), and it is possible that they may also
do so in the steady state (27). Therefore, it was possible that
some of the thymus-homing CD11c CD11b* B220~ MHC
I~ cells were monocytes rather than committed cDC precur-
sors (21, 28, 29). This seemed unlikely, as <1% of these cells in
normal blood labeled with anti-Gr-1 or anti-F4/80 (unpub-
lished data), which reacts with both the Gr-1" and Gr-1 sub-
sets of monocytes (30). Nonetheless, we could not exclude the
possibility that a very small number of monocytes might have
entered the thymus and generated CD11b* ¢cDCs. We there-
fore directly determined whether immunomagnetically en-
riched eGFP tg monocytes (90-95% purity; Fig. 5 A), in
numbers equal to those originally present among 20 X 10° bone
marrow and blood cells, were able to migrate to the thymus af-
ter i.v. injection. As shown in Fig. 5 B, no donor-origin CD11b™*
(or F4/80%) cells above background (<0.1%) were seen in the
thymus of monocyte recipients 2 d later. In contrast, donor-ori-
gin CD11b" ¢DCs (and pDCs) appeared in the recipients of
unfractionated bone marrow (or blood) and the monocyte-de-
pleted cell fraction. To further exclude a role for monocytes in
the generation of thymic CD11b* cDCs, we examined the do-
nor-origin cells present 2 and 10 d after the injection of purified
monocytes 1.v. or directly into the thymus (intrathymically). No
donor-origin ¢DCs, pDCs, or monocytes were found 2 or 10 d
after either intrathymic injection (Fig. 5 C) or 1.v. injection (not
depicted). In contrast, all of these cell populations were present
10 d after the intrathymic injection of unfractionated or mono-
cyte-depleted bone marrow cells.

ARTICLE

Noninflammatory DCs can transport circulating antigens
from the blood to thymus

We and others have shown that inflammatory DCs can transport
antigens from the periphery to the thymus (see Discussion). In
this study, we demonstrate that this can also occur with non-
inflammatory DCs. In these experiments, CD45.2 mice were
injected 1.v. with 0.5 mg of soluble Alexa Fluor 488—OVA, and
the blood and thymus were harvested 18 h later. As shown in
Fig. 6 A, ~15% of the pDCs and 35% of the CD11b*cDCs in
the blood were OVA®*. These cells did not appear to be acti-
vated, as judged by their failure to up-regulate CD80, CD86, or
MHC II (unpublished data). However, because of the diftfusion
of OVA into the thymus, as indicated by labeling of the CD11b™
cDCs (Fig. 6 A), it was not possible to determine whether any
thymus-homing DCs had transported OVA from the blood to
thymus. We therefore transferred 20 X 10° of the blood cells
from the OV A-injected mice into CD45.1 recipients. After 24 h,
~4% of the pDCs and 1% of the CD11b* ¢DCs but none of the
CD11b™ ¢DCs in the thymus were OVA* (Fig. 6 B). Com-
parable results were obtained when spleen cells labeled in vivo
with circulating OVA were adoptively transferred. In both in-
stances, only donor-origin thymic DCs were OVA™.

In a set of parallel experiments, 2-um fluorescent micro-
spheres were injected 1.v., and their transport by DCs to the
thymus was examined 18 h later. The results in Fig. 6 C show
that, unlike soluble OVA, there was little direct uptake of the
microspheres by the resident CD11b~ ¢DC subset in the thy-
mus. Yet, ~2.5% of the pDCs and 2% of the CD11b* cDCs
contained microspheres, presumably acquired in the periphery.

Developmental dissociation of thymic DCs of intrathymic
and extrathymic origin

The present results indicate that the populations of pDCs and
Sirpa* CD11b* ¢DCs in the normal thymus arise indepen-
dently of the population of Sirpae™ CD11b™ ¢DCs, and that
the latter arises intrathymically from a common T cell/DC
progenitor. Two experimental approaches are taken in this
study to verify this formally. The first approach takes advan-
tage of our observation that the migration of thymocyte pro-
genitors to the thymus is a gated process having a periodicity
of ~4 wk (18). The second approach is based on our observa-
tion that similar numbers of CD8a "' IL-7Ra ™/~ DCs and
CD8a WT DCs appear in the thymus of nonirradiated
IL-7Ro™/~ mice injected i.v. with WT bone marrow cells
(unpublished data) (31). In the first approach, groups of non-
irradiated WT mice ranging from 5 to 9 wk of age were in-
jected i.v. with 20 X 10° eGFP* tg WT bone marrow cells,
and the levels of donor-origin DCs and thymocyte chimerism

Figure 3.

Surface phenotypes of donor-origin DCs in the blood and thymus of adoptive recipients. 20 million blood cells from eGFP* tg

mice (input) were injected i.v. into normal WT recipients. After 2 d, blood and thymus cells were harvested and stained for CD11c, B220, Sirpa, and
one of the other listed surface antigens. The markers were divided into three groups: (top) PDCA, CD45, NK1.1, and F4/80 to confirm that the CD11c*
cells were c¢DCs and pDCs; (middle) Sirpa, CD11b, CD4, CD8«x, and Gr-1 for DC subset identification; and (bottom) MHC I, CD80, and CD86 expression levels
for maturity and activation. Background fluorescence with only the relevant antibody omitted is shown by the unshaded profile. Representative

analyses from two to eight experiments are shown.
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Figure 4. Activation, maturation, and proliferation of the DCs that enter the thymus. (A) Distribution of DCs in the blood, thymus, spleen, lymph
nodes, and bone marrow from normal eGFP tg mice according to relative fluorescence intensity (high/low) for GFP and CD11c. The numbers indicate the
percentage of total DCs present in each quadrant of the fluorescence profile. Only the CD11¢* GFP* cells are shown. Representative profiles from five mice
are shown. (B) Giemsa-stained cytocentrifuged suspensions of thymic DCs from normal eGFP tg mice sorted by FACS according to relative fluorescence
intensity (high/low) for GFP and CD11c. Insets in the panel of GFP" CD11c" DCs show mitotic figures (left) and a well-differentiated DC with prominent
dendritic processes (right). A representative experiment (one out of three) is shown. (C) Distribution of the donor-origin DCs present in the thymus 2 d
after i.v. injection of 20 x 108 eGFP tg blood, spleen, lymph node, bone marrow, or thymus cells into normal WT recipients according to relative fluores-
cence intensity (high/low) for GFP and CD11c. Only the CD11c* GFP+ cells are shown. Representative profiles from one out of three experiments are
shown. (D) Distribution of the donor-origin DCs present in the thymus 2 and 10 d after i.v. injection of 20 x 10° eGFP* blood cells according to relative
fluorescence intensity (high/low) for GFP and CD11c (note similarities between the profiles of donor-origin DCs at day 10 with that of total DCs in the
normal thymus, as shown in A). Representative profiles from one out of two experiments (five mice each) are shown. (E) Cell-cycle analysis with 7-AAD of
the GFP'° (immature) and/or GFP" (mature) subsets of pDCs and CD11b* ¢DCs in the blood and thymus of normal eGFP tg mice. The percentages of cells
in S/G,/M are indicated. Representative profiles from one out of two experiments (three mice each) are shown. (F) Cell-cycle analysis of the donor-origin
DCs present in the thymus 2 d after adoptive transfer of 20 x 108 eGFP tg blood cells into normal WT recipients. 7-AAD staining of donor-origin pDCs and
CD11b* ¢DCs. The percentages of cells in S/G,/M are indicated. Representative profiles from one out of two experiments (three mice each) are shown.
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Figure 5. Monocytes do not migrate to the steady-state thymus.
(A) Enrichment of monocytes from the blood. Unfractionated blood cells
were sorted into monocyte-enriched (30-95% purity) and monocyte-
depleted populations by immunomagnetic separation for MHC Il, B220,
CD43, and CD24 (see Materials and methods). Approximately 90% of the
monocytes were Gr-1"i and 109 were Gr-1"e9/°_ Each fraction was fur-
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were determined 2 and 30 d later. The results in Table I show
that donor-origin pDCs and Sirpa™ CD11b* ¢DCs entered
the thymus of mice of all ages by day 2, but only the groups
of mice that developed thymocyte chimerism (the 8- and 9-
wk-old recipients) contained donor-origin ¢cDCs on day 30.
However, unlike the Sirpa™ CD11b* CD8a™ ¢DCs seen on
day 2, most of the donor-origin ¢DCs present on day 30 had
a Sirpa” CD11b~ CD8aM phenotype.

In the second approach, nonirradiated IL-7Ra™/~ mice
(CD45.2) were injected i.v. with 20 X 10° CD45.1 WT
bone marrow cells, and the thymus cells were harvested 6 wk
later. As shown in Table II, large numbers of WT thymo-
cytes and WT DCs were present, the latter being mostly
Sirpa™ CD11b~ CD8a™ cDCs. In contrast, few IL-7Ra ™/~
thymocytes but large numbers of IL-7Ra™/~ pDCs and
cDCs were present, the latter being mostly Sirpac™ CD11b*
CD8a. Consequently, the WT and IL-7Ro™/~ populations
of thymic DCs appeared to have different developmental or-
igins, with only the former being associated with thymo-
cyte formation.

In a variation of this model, sublethally irradiated (6 Gy)
CD45.1 WT recipients were injected i.v. with 20 X 10°
CD45.2 Rag™’~ bone marrow cells alone or mixed with an
equal number of CD45.2 eGFP tg WT bone marrow cells. Al-
though few Rag™’~ thymocytes were generated, expanded
numbers of Rag™'~ DCs appeared in the host thymus, as pre-
viously reported (32). Again, most of the WT DCs were Sirpo™
CD11b~ CD8aM ¢DCs and most of the Rag™'~ DCs were
pDCs and Sirpa™ CD11b* CD8a™ ¢DCs (Table III).

DISCUSSION

Wu and Shortman (1) have described three phenotypically
distinct populations of DCs in the normal mouse thymus:
(a) pDCs, (b) SIRPa™ CD11b" CD8a™ " ¢DCs, and (c) SIRPa™
CD11b~ CD8aM cDCs. The present study indicates that two
of these thymic DC subsets, namely pDCs and Sirpac™ CD11b™*
cDCs, arise extrathymically and continually migrate from the
blood to thymus. Vandenabeele et al. (33) have proposed a
similar scenario regarding the CD11b* subset of ¢cDCs in the
human thymus. Strictly speaking, many of the mature Sirpa™

ther characterized by light scatter analysis and CD11c expression. A repre-
sentative experiment (one out of four) is shown. (B) Monocytes do not
migrate to the thymus. 20 million unfractionated eGFP tg blood cells, 2 x 108
monocyte-enriched blood cells, or 18 x 108 monocyte-depleted blood
cells were injected i.v. into normal WT recipients. The proportions of the
total CD11b* thymic cells at 2 d that were donor-origin ¢cDCs (CD11¢c*Gr-
17F4/80~) and/or monocytes (CD11¢~Gr-1-°*F4/80*) were determined
for each inoculum (percentages are indicated). A representative experi-
ment (one out of three) is shown. (C) Monocytes do not generate DCs
when injected directly into the thymus. Two million unfractionated, 0.2 x 108
monocyte-enriched, or 1.8 x 108 monocyte-depleted eGFP tg blood cells
were injected into the thymus of normal WT recipients. After 10 d, the
proportions of the total pDCs, CD11b* cDCs, or monocytes that were of
donor origin were determined (percentages are indicated). A representa-
tive experiment (one out of two) is shown.
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CD11b* ¢DCs in the thymus probably are formed intrathy-
mically by proliferating Sirpa* CD11b* MHC 1I'® ¢cDCs and/
or their Sirpac* CD11b* MHC II™ precursors that have emi-
grated from the blood. However, for convenience we refer to
this cDC subset as being of extrathymic origin.

In contrast, the Sirpa™ CDIIb~ CD8a™ subset of thymic
cDCs appears to arise entirely within the thymus, presumably
from a common T cell/DC precursor. This was shown by age—
response experiments in which the Sirpa~ CD11b~ CD8a™
subset of donor-origin cDCs appeared in the thymus only when
the “gates” for thymocyte progenitor entry were open (18), and
by developmental studies in which the vast majority of WT DCs
that formed after transfer of WT bone marrow cells into nonir-
radiated IL-7Ra™/~ mice or of Rag™/~ bone marrow cells into
irradiated WT recipients were Sirpa™ CD11b~ CD8a. These
results are consistent with earlier precursor-product studies of
“low CD4” thymocyte precursors and CD8 ™/ and CD8" thy-
mic cDCs (1, 34), as well as with adoptive transfer experiments
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Figure 6. DCs transport circulating OVA and microspheres to the
thymus. (A) In vivo uptake of circulating soluble OVA by DCs in the blood
and thymus. Normal WT mice were injected i.v. with 0.5 mg Alexa Fluor 488-
OVA, and the percentages of total pDCs, CD11b* ¢DCs, and CD11b~ ¢DCs in
the blood and thymus that were OVA* were determined by FACS analysis

18 h later. A representative experiment (one out of three) is shown. (B) Mi-
gration of OVA* DCs to the thymus of adoptive recipients. 20 million nucle-
ated blood cells from WT CD45.2 mice that had been injected i.v. with 0.5 mg
OVA 18 h previously (as in A) were washed and transferred i.v. into normal
WT CD45.1 recipients. After 24 h, the percentages of the total pDCs, CD11b*
cDCs, and CD11b™ ¢DCs in the thymus that were OVA* were determined. All
of the OVA* DCs were of donor origin. Representative profiles from one out
of two experiments are shown. (C) Experiments were performed as in A,
except that 2-um Fluoresbrite microspheres were substituted for soluble
OVA. A representative experiment (one out of two) is shown.
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involving Rag™~, Notch-17/7, Tef-17/~, and IL-7Ra™/~
mice (32, 34-36). They are also consistent with the observation
that the earliest intrathymic thymocyte progenitors (CD4%) did
not generate significant numbers of thymic pDCs upon in vivo
transfer, although they could readily generate ¢cDCs (unpub-
lished data). However, they differ from the observation of Weijer
et al. (37) that CD34" cells generated pDCs when injected
i.v. or directly into human fetal thymus fragments in RAG™/~
yc 7/~ mice. It is possible, of course, that the latter results may
not be applicable to the intact adult mouse thymus and, in the
case of 1.v. injection, may be explained by the migration of ex-
trathymically generated pDCs to the thymus. Similarly, Ito et al.
(38) have reported that IL-18 or a combination of IL-1f3, IL-3,
and TNF-« induced the in vitro generation of CD11b" CD8o™
cDCs from fetal or adult DN1 and DN2 thymocytes, respec-
tively (39). However, their experiments did not address the
question of the origins of CD11b* thymic ¢DCs in vivo.

In dose—response experiments, the migration of both pDCs
and Sirpa™ CD11b* ¢DCs to the thymus obeyed strict satura-
tion kinetics, suggesting that the adult thymus has a finite num-
ber of niches for immigrating DCs. In addition, the seeding
efficiencies to the thymus of pDCs and Sirpa* CD11b* ¢DCs
from the blood, spleen, lymph nodes, and bone marrow ap-
proximated 10% when the proportions of the input numbers of
DCs that entered the thymus within 2 d were calculated. How-
ever, in the case of GFP" (immature) thymic DCs (the GFP"
[mature] DCs did not return to thymus), the seeding efficiency
approximated 50%. This striking result is consistent with that of
Duncan et al. (19) but differs from that of Bonasio et al. (40),
who reported that splenic DCs were recruited to the thymus
with efficiencies equal to or better than that of thymic DCs and
that all subsets of splenic DCs had thymus migratory activity.
Although the reasons for these differences are unclear, it should
be noted that Flt-3L—stimulated DCs were used in the latter
experiments and that the numbers of DCs transferred (5-20 X
109 greatly exceeded those routinely used in this study (~5 X
10%). However, we cannot exclude the possibility that a very
small proportion of the cDCs that reached the thymus in our
experiments had a Sirpa™ CD11b~ CD8a™ phenotype.

In agreement with the present results, Liu et al. (41) have
recently reported that most DCs are not exchanged randomly
between parabiotic partners, presumably because they have a
short half-life in the blood. In the present study, we identified
the DCs that were randomly exchanged between parabiotic
partners as immature pDCs and Sirpat CD11b* CD8a ™/
c¢DCs. In addition, Liu et al. found that the DCs in the blood
were in equilibrium with those in the spleen and lymph nodes,
suggesting that most DCs in these organs were derived from
circulating precursors. We previously observed a similar phe-
nomenon regarding the equilibration of thymocyte progenitor
activity between the blood and thymus of parabiotic mice (15).
In this study, we demonstrate that the circulating pDCs and
Sirpac™ CD11b* ¢DCs reached equilibrium with their coun-
terparts in the thymus within 3 wk after parabiotic union.

The reasons for the selective migration of pDCs and
SIRPa™ CD11b*¢DCs to the steady-state thymus are not
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Table I. DC chimerism in the thymus as a function of age
Donor-origin cells (days after transfer)

Day 2 Day 30
Age of Thymocytes® % of ¢DCs® % of pDCs % of total Thymocytes? % of c¢DCs¢ % of pDCs % of total
recipients DCs DCs
5 wk — 146 + 3.6 844 +8 7.1+04 - <1 98.3 + 13.1 0.5+ 0.1
6 wk — 16.1 + 13.2 829 + 27.2 5+13 - <1 99.1 + 3.9 0.1+0
7 wk - 18.6 + 5.4 80.4 + 3.7 53+24 - <1 95.1 +3.3 0.1 £ 0.01
8 wk — 183 +2 80.7 + 14.8 8.4+ 0.3 + 84.5 + 9.3 15.5+ 9.3 119+24
9 wk - 16.5+ 5.9 824 +9.5 51+06 52.8 +3.9 47.2+3.9 45+ 0.1

2—, <1% CD3* donor-origin thymocytes; +, >5% CD3* donor-origin thymocytes.
©>9500 Sirpa* CD11b* CD8a~/° ¢DCs.
©>950) Sirpa~ CD11b~ CD8a" ¢DCs.

known but presumably are related to the expression of a
novel combination of adhesion molecules and chemotactic
receptors (40). It 1s also possible that Sirpa itself is involved
in this migratory behavior, as Sirpa signaling modulates
transendothelial and transepithelial migration and enables
Sirpa* DCs (both pDCs and ¢DCs) to traverse the high en-
dothelial venules in the lymph nodes (42, 43). Significantly,
the increased migration of immature DCs through high en-
dothelial venules has been reported to enhance the induc-
tion of antigen-specific T reg cells in lymph nodes (44, 45),
possibly because the Sirpa protein, when engaged by its li-
gand (CD47), causes a shift in cytokine profiles and the for-
mation of semimature DCs (22, 46). A similar function in
the thymus could theoretically lead to the development of
antigen-specific T reg cells (38).

Unlike the situation in the peripheral lymphoid tissues,
the Sirpat CD11b* ¢DCs that enter the thymus up-regulate
CD80 and CD86 as well as CD11c and MHC II. In addition,
they proliferate extensively and differentiate into mature in-
terdigitating cDCs over a 10-d period. Intriguingly, Watanabe
et al. (47) have reported that thymic stromal lymphopoietin—
producing medullary epithelial cells stimulated some thymic
DCs to up-regulate MHC II, CD80, and CD86, and induce
the formation of CD4" CD25* Foxp3™ thymic T reg cells.

The present experiments raise the possibility that the subset of
Sirpa™ CD11b* ¢DCs may participate in this phenomenon, as
it was the only DC subset that underwent large-scale activa-
tion in the steady-state thymus. Indeed, Proietto et al. (11)
have recently reported that Sirpa™ CD11b* ¢DCs from the
thymus but not the spleen induced CD4* CD25* Foxp3™ T
reg cells from CD4* CD25~ Foxp3~ thymocytes but not
splenocytes in vitro, suggesting that this phenomenon was
thymus specific. They also demonstrated that, unlike splenic
cDCs, both the Sirpa* and Sirpa™ subsets of thymic ¢cDCs
could acquire and cross-present cell-associated OVA to CD8
OT-1T cells, and that both thymic DC subsets were superior
to their splenic counterparts in presenting OVA on MHC II
to CD4 OT-II T cells (48). Furthermore, given that pDCs
achieve a semimature status after migration to the thymus, the
possibility also exists that they too may be able to induce T reg
cells and/or NKT reg cells in the thymus, much as they do in
the periphery (12-14, 38, 49-51).

In this respect, many investigators have shown that in-
flammatory DCs can migrate to the thymus and induce CD4*
CD25" T reg cells and/or activate NKT reg cells. For exam-
ple, Khoury et al. (52) demonstrated that thymic DCs pulsed
in situ with myelin basic protein induced protective antigen-
specific CD4" CD25* T reg cells when infused into naive

Table Il.  Subsets of IL-7Ra:~/~ and WT DCs in the thymus of adoptive recipients?

IL-7Ra~/~ recipients of WT bone marrow cells pDCs cDCs

Origin of cells Number of thymocytes ~ Number of DCs Sirpa* Sirpa* Sirpa™
CD11b~ CD11b* CD11b~
B220* CD8a o CD8aM

x10-¢ x1073 % % %

WT 54.3 £ 8.9° 27 £ 11.1¢ 5.7 +1.8% 6.7 + 2.8°¢ 87.5 + 7°¢

IL-7Ra~/~ 0.8+0.3 33.4 +3.5¢ 29.8 + 0.7¢ 67 + 3.6 4.2 +1.2¢

WT control 932+ 13 60.5 + 12.1 38.7+3.7 222 +75 39.1+73

Data were analyzed 6 wk after adoptive transfer of WT bone marrow cells into nonirradiated IL-7Ra~/~ recipients.

P < 0.01 between WT and IL.-7Ra~/~.
P < 0.01 between WT and WT control cells.
9P < 0.01 between IL-7Ra~/~ and WT control cells.
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Table Ill.

Subsets of Rag~/~ and WT DCs in the thymus of adoptive recipients?

WT recipients of Rag~/~ and/or WT bone marrow pDCs cDCs

Origin of cells Number of thymocytes ~ Number of DCs Sirpact Sirpact Sirpa~
CD11b~ CD11b* CD11b™
B220* CD8a e CD8a

x1076 x1073 % % %

WT 134.5 + 23.1° 99.7 + 17.6° 21.6 + 6.2° 14.8 + 3.2 63.7 + 4.3%

Rag~/~ 2.2 +0.59 15.3 + 4.8¢ 66.3 + 0.8¢ 22+ 1.6 1.6+ 19

WT 116.2 + 24° 69.6 + 10.9° 13.1 + 0.8b¢ 13 + 1.25¢ 71.9 + 4.9%¢

plus plus plus

Rag=/~ 1.6 +0.2 285+ 3.2 60.0 + 6.1¢ 28.4 + 4.7 11.5 + 1.6¢

WT control 149.2 + 28.1 97.8 + 16.4 36.5 + 0.6 241+ 3.4 38 +5.2

Data were analyzed 4 wk after adoptive transfer of Rag~/~ and/or WT bone marrow cells into 6-Gy-irradiated WT recipients.

P < 0.01 between WT and Rag™/~ cells.
°P < 0.01 between WT and WT control cells.
9P < 0.01 between Rag~/~ and WT control cells.

euthymic, but not thymectomized, mice. Other investigators
have reported that the migration of donor-origin DCs to the
thymus after heart, lung, and renal allografting was associated
with the formation of MHC II-allospecific CD4* CD25* T
reg cells (19, 53). A similar mechanism may play a role in estab-
lishing tolerance by pretransplant infusion of donor lymphoid
cells (54-56). Indeed, migration of semiallogeneic DCs to the
thymus after treatment with CSA or LF15-0195 has been
found to expand CD4" CD25" Foxp3* T reg cells (8, 57);
we have also observed the formation of selt-MHC II-specific
CD4* CD25" thymic T reg cells that prevent autologous graft-
versus-host disease in CSA-treated mice (6, 7). We have also
observed that circulating F4/80" antigen-presenting cells acti-
vate NKT reg cells in the thymus after the intraocular injection
of foreign antigen (unpublished data) (4, 5). Some of these and
related observations have already been applied therapeutically
in the management of autoimmune disorders and the preven-
tion of allograft rejection (19, 58, 59).

This then leaves the question of the functions of thymus-
homing DCs in the steady state. We have previously postu-
lated that noninflammatory DCs, like inflammatory DCs, are
involved in inducing dominant and deletional thymic toler-
ance by transporting and presenting peripheral self- and non-
self~antigens to the thymus (2, 10). The present study identifies
a mechanism by which this might occur by demonstrating
(a) the existence of a physiological blood-to-thymus migra-
tion pathway for noninflammatory pDCs and Sirpa* CD11b*
cDCGCs, (b) the ability of these DCs to acquire and transport
circulating antigen to the thymus, and (c) the ability of these
DC:s to differentiate into semimature pDCs and mature cDCs
once in the thymus. That these thymic-homing DCs consti-
tute fully one half of the DCs normally found in the adult
thymus further attests to their probable importance in thymic
function. Furthermore, as circulating immature DCs rou-
tinely capture bloodborne antigens, and some tissue-resident
DCs enter the blood after acquiring antigen (60), it seems
likely that DCs routinely transport antigen to the thymus,
much as they do to the secondary lymphoid tissues. Support
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for this notion has recently been provided by Bonasio et al.
(40, 61), who detected antigen-specific deletional tolerance
in the thymus of recipients of immature OVA-pulsed DCs.
These investigators also observed central deletional tolerance
to membrane-bound OVA on cardiac myocytes in OT-II
bone marrow radiation chimeras, presumably because of thy-
mus-homing DCs. Additionally, Proietto et al. (11) have re-
cently attributed the occurrence of both negative selection
and the induction of antigen-specific T reg cells in the thy-
mus of Rag2™/~OTII/CD11c OVA double-tg bone marrow
chimeras to the migration of peripheral DCs to the thymus.
An especially rich source of tissue-specific self-antigens for
thymus-homing DCs could be apoptotic cells, which express
CD47, the ligand for Sirpa (46, 60, 62). In addition, the estab-
lishment by thymus-homing DCs of central tolerance to innoc-
uous foreign antigens might be of special importance, as most of
these antigens would not be ectopically expressed in and might
not otherwise reach the thymus. Nonetheless, given the appar-
ently broad diversity of the TCR repertoires of intrathymically
generated T reg cells (63), T reg cells that down-regulate im-
mune responses to toxic or pathogenic antigens might also be
formed. Under these circumstances, the induction of peripheral
immunity and dominant central tolerance would have to be
tightly coordinated so as to permit effective protection while
preventing excessive tissue damage (64, 65). We have previously
observed such a phenomenon in the formation and release of
waves of purified protein derivative— and OVA-specific “sup-
pressor” T cells from the thymus on days 4 and 9-12, respec-
tively, after the induction of an immune response to the footpad
injection of OVA in CFA (unpublished data) (66). Hence, it can
be envisioned that dominant and/or deletional thymic tolerance
to a broad spectrum of extrathymically expressed antigens is in-
duced continuously by thymus-homing DCs in the steady state
(Fig. 7), as well as being induced intermittently in the inflamma-
tory state. In the latter instance, it is possible that monocyte-de-
rived DCs may be involved (unpublished data). However, until
definitive functional studies are conducted, the precise roles of
the thymus-homing DCs in the steady state remain speculative.
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the steady-state thymus represent and/or arise from thymus-homing immature DCs or their immediate MHC |1~ precursors in the blood. Virtually all of the
pDCs and approximately one third of the cDCs in the thymus originate in this manner. The thymus-homing cDCs can be distinguished from the major popula-
tion of intrathymic cDCs by the expression of Sirpa and CD11b, and the lack of expression of CD8c. Immature thymus-homing pDCs and ¢DCs acquire and
process self- and nonself-antigens in the periphery under noninflammatory conditions and transport them to the thymus. Once in the thymus, (a) the pDCs
and Sirpat CD116* ¢DCs occupy recently vacated niches in the medullary and corticomedullary regions, (b) the pDCs develop a semimature phenotype, and

(c) the cDCs undergo activation, proliferation, and maturation into fully differentiated DCs. We propose as a working hypothesis that one or both of these
thymus-homing DC populations assist, directly or indirectly, in the induction of antigen-specific CD4+ CD25* Foxp3* T reg cells and/or in antigen-specific neg-
ative selection. As a consequence, the diversity of the TCR repertoire of T reg and effector T cells in the thymus is continually altered to reflect the changing
antigenic milieu in the periphery, especially to myriad foreign and some tissue-specific antigens that are not ectopically expressed by the thymic epithelium.

MATERIALS AND METHODS

Animals. Congenic Ly5.1 C57BL/6N and B6-Ly5.2/Cr mice were pur-
chased from Charles River Laboratories. Breeding pairs of B6 ¢GFP tg mice
(actin promoter) were provided by T. Randall (Trudeau Institute, Inc., Sara-
nac Lake, NY). Rag™/~ (B6.129S7-RagltmIMom/]) and breeding pairs of
1L7R o™/~ (B6.129S7-1L7rtm11mx/]) mice were purchased from the Jackson
Laboratory. Animals were used between 5 and 8 wk of age unless otherwise
indicated. All animals were maintained by the Center for Laboratory Animal
Care of the University of Connecticut Health Center and were used according
to protocols approved by the Institutional Animal Care and Use Committee.

Antibodies and flow immunocytometry. FITC-, PE-, PerCpCy5.5-,
allophycocyanin (APC)-, APC-Cy7—, Pacific blue—, and biotin-conjugated rat
monoclonal antibodies against mouse Gr-1, CD11¢, CD11b (MAC-1), B220
(CD45R), F4/80, TCR, CD3, CD4, CD43, CD45.1 (Ly5.2), and CD45.2
(Ly5.1) were purchased from BD. Conjugated antibodies to CD8a, CD80,
CD86, MHC II, PDCA, and CD24 were purchased from eBioscience. Bio-
tinylated anti-SIRPa was a gift from W. Li (Walter and Eliza Hall Institute,
Melbourne, Australia). The expression of these antigens (and GFP) was deter-
mined by simultaneous three- to five-color fluorescence analysis on a flow
cytometer (FACSCalibur, modified FACScan, or LSR II; BD). Three-color
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analyses were done using FITC-, PE-, APC-, or biotin (plus avidin PerCP-
Cy5.5)-conjugated antibodies; four-color analyses used all of these conjugates,
whereas five-color analyses used these conjugates plus APC-Cy7— or Pacific
blue—conjugated antibodies. Compensation was done for each fluorochrome
to calculate spectral overlap. In parabiotic and adoptive transfer experiments,
eGFP or the CD45.1 and CD45.2 alleles were used to identify donor and
host-origin cells, and normal mice that were either eGFP* or eGFP~, or
CD45.1% or CD45.2" were included as positive and negative fluorescence
controls. For multicolor analysis, mixtures of all of the conjugated antibodies
minus the relevant antibody were used to determine background fluorescence,
as previously described (20). Five million nucleated cells per sample were
routinely analyzed to ensure that sufficient DCs were represented (~10° cells
in the blood and 5 X 103 cells in the thymus). Results were confirmed by the
periodic analysis of DCs enriched on Nycodenz gradients (see the following
section). Data were analyzed using Flow]Jo software (Tree Star, Inc.).

DC isolation and enrichment. Heart blood was collected in heparin and
depleted of erythrocytes by treatment with 0.168 M NH,CI. Bone marrow
cells were obtained by flushing the marrow plugs from the femur and tibia,
and dispersing the cells by gentle pipetting. Tissue fragments from the thymus
(stripped of attached lymph nodes), lymph nodes, and spleen were digested
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for 15 min at 37°C in RPMI 1640 medium with 2% fetal calf serum containing
1 mg/ml collagenase (Sigma-Aldrich) and 0.02 mg/ml DNAase (Boehringer
Mannheim) and were mixed in EDTA (5-mM final concentration) for 5 min.
No differences in the migratory behavior of the DCs were observed between
the enzyme-treated or untreated cell suspensions, but almost twice the number
of DCs were recovered after the enzyme treatment. In some experiments,
DCs from the cell suspensions were enriched (40-50% purity) by centrifuga-
tion in Nycodenz medium (Optiprep 9.5%; Sigma-Aldrich). In other experi-
ments, subsets of DCs were purified (>98%) by sorting on a flow cytometer
(Vantage SE; BD).

Purification of monocytes. Monocytes (90-95% purity) were obtained
from blood by negative selection on an immunomagnetic column (Miltenyi
Biotec). Nucleated cells were labeled with antibodies for MHC II, CD45R,
CD43, and CD24 according to the method of Leon et al. (27), treated with
MACS anti—rat k microbeads (20 pl/107cells), loaded onto an LS column
(500 pl of buffer/10% cells), and placed in a magnetic field. The unlabeled
fraction (monocyte enriched) was collected in the pass-through fraction, and
the labeled fraction (monocyte depleted) was flushed out of the column. The
monocyte-enriched fraction was further purified by passage through an MS
column. The purity of the monocyte-enriched fraction was then assessed by
FACS analysis of light scatter, positive staining for CD11b and F4/80, vari-
able staining (neg/lo or int/hi) for Gr-1, and negative staining for CD11c,
CD45R, and MHC II. All other cell types, including granulocytes, were
present in the monocyte-depleted fraction.

Adoptive transfer assays for DC migration. In most experiments, normal
nonirradiated WT mice were injected in the lateral tail veins with 20 X 10°
unfractionated bone marrow, blood, thymus, spleen, or lymph node cells from
eGFP tg mice or with proportionate numbers of density gradient—enriched
DCs or MACS-enriched monocytes from these tissues. At timed intervals af-
ter cell transfer, donor-origin cells (GFP*) in tissue-cell suspensions were iden-
tified, quantified, and phenotyped for surface markers by four- or five-color
flow cytometry. In other experiments, 2 X 10° blood cells or proportionate
numbers of DCs or monocytes therein were injected intrathymically into the
anterior superior portion of each lobe (10 pl per site) using a 1-ml syringe
(with attached 28-gauge needle) mounted on a Tridek Stepper (Indicon), as
previously described (18, 67). The skin incision was closed with Nexabond
Liquid (Veterinary Products). The presence, phenotype, and morphological
properties of the donor-origin DCs that appeared in the thymus were exam-
ined at timed intervals after i.v. or intrathymic injection.

Parabiosis. Pairs of 4-5-wk-old CD45.1 and CD45.2 congenic mice were
surgically joined by cutaneous vascular anastomosis, as previously described
(2, 15). The parabiotic mice were maintained for 3 wk before sacrifice or were
surgically separated at 3 wk and euthanized 4 wk later. The respective degrees
of DC chimerism in the blood and thymus were then determined.

Nested PCR for GFP. Genomic DNA was extracted from tissues and used
as templates for nested PCR. Two pairs of PCR primers were used for a
single locus within the GFP gene. The first pair of primers, 5'-ATGGT-
GAGCAAGGGCGAGGAG-3' (in the 5" flanking region) and 5'-CTTG-
TACAGCTCGTCCATGCC-3' (in the 3" flanking region), was designed
to amplify a fragment within the GFP gene. The second pair of primers,
5'-AGAAGAACGGCATCAAGGTG-3" (in the 5’ flanking region) and
5'-GAACTCCAGCAGGACCATGT-3' (in the 3’ flanking region), was used
to amplify a fragment within the first PCR product. The amplified PCR prod-
ucts were separated on agarose gel and visualized by ethidium bromide. The
sensitivity of the PCR assay was determined by serial dilution of DNA from
GFP tg mice and by the use of purposeful mixtures of GFP* DCs and GFP~
thymus cells. As few as two mouse cell equivalents of DNA could be detected
reliably, as could a ratio of 1 GFP* DC mixed with 10° GFP~ thymus cells.

In vivo uptake of soluble OVA and fluorescent microspheres. Ly-
ophilized Alexa Fluor 488—conjugated OVA (Invitrogen) was dissolved in
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endotoxin-free PBS and microcentrifuged to remove aggregates. eGFP tg
mice were injected i.v. with 0.5 mg of soluble OVA, and the uptake of
OVA by DCs in the blood, spleen, lymph nodes, and thymus was exam-
ined by FACS analysis 18 h later. Cells from eGFP tg mice that received
buffer only were stained for CD11c, B220, and CD11b and used as con-
trols for background fluorescence in the OVA channel. Parallel experi-
ments using 2-um Fluoresbrite YG carboxylate microspheres (200 pl of a
2.6% suspension per mouse) and nonfluorescent (control) microspheres
(Polysciences) were also conducted.

Cell-cycle analysis. Suspensions of nucleated cells from the blood and thy-
mus were first stained with a panel of antibodies for cell-surface markers.
The cells were fixed, permeabilized, and stained for total DNA with 7-AAD
using reagents provided in a Flow kit (BD), according to the manufacturer’s
directions. The proportions of DCs that were in G,/G; or S/G,/M were
determined on individual cells by FACS analysis.

Immunohistology. 10-um thick serial frozen sections of whole thymus lobes
were prepared after the tissue was fixed in 4% paraformaldehyde plus 10%
sucrose for 45 min and embedded in optimum cutting temperature medium
(Thermo Fisher Scientific). The sections were stained with CD11¢-PE antibody
or an isotype control for 45 min in a moist chamber and mounted in Vectashield
with DAPI (Vector Laboratories). The sections were examined for the intrathy-
mic location of donor (GFP") and host-origin (GFP~) CD11c* cells by three-
color immunofluorescence using a photomicroscope (DP70; Olympus).
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