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Leukemia-associated activating mutation of Flt3 expands
dendritic cells and alters T cell responses
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A common genetic alteration in acute myeloid leukemia is the internal tandem duplication (ITD) in FLT3, the receptor for
cytokine FLT3 ligand (FLT3L). Constitutively active FLT3-ITD promotes the expansion of transformed progenitors, but also has
pleiotropic effects on hematopoiesis. We analyzed the effect of FLT3-ITD on dendritic cells (DCs), which express FLT3 and can
be expanded by FLT3L administration. Pre-leukemic mice with the FIt3™ knock-in allele manifested an expansion of classical
DCs (cDCs) and plasmacytoid DCs. The expansion originated in DC progenitors, was cell intrinsic, and was further enhanced in
FIt3™"™ mice. The mutation caused the down-regulation of FIt3 on the surface of DCs and reduced their responsiveness to
FIt3L. Both canonical Batf3-dependent CD8* cDCs and noncanonical CD8* cDCs were expanded and showed specific alterations
in their expression profiles. FIt3™ mice showed enhanced capacity to support T cell proliferation, including a cell-extrinsic
expansion of regulatory T (T reg) cells. Accordingly, these mice restricted alloreactive T cell responses during graft-versus-host
reaction, but failed to control autoimmunity without T reg cells. Thus, the FLT3-ITD mutation directly affects DC development,
indirectly modulating T cell homeostasis and supporting T reg cell expansion. We hypothesize that this effect of FLT3-ITD
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might subvert immunosurveillance and promote leukemogenesis in a cell-extrinsic manner.

Activating mutations of Fms-like tyrosine kinase 3 (FIt3)
comprise up to ~30% of genetic lesions found in acute my-
eloid leukemia (AML), making it one of the most frequently
mutated genes in AML. The most common of these activat-
ing mutations is the FIt3 internal tandem duplication (FLT3-
ITD), which yields a constitutively active receptor. The
acquisition of FLT3-ITD is strongly associated with increased
risk of relapse and decreased overall survival (Kindler et al.,
2010; Swords et al., 2012). Recent genome-wide sequenc-
ing studies confirmed the common occurrence of FLT3-ITD
and revealed its appearance and persistence in the founding
leukemic clone (Ding et al., 2012; Jan et al., 2012; Cancer
Genome Atlas Research Network, 2013; Shlush et al., 2014).
Genomic analysis of AML relapses revealed a selective pres-
sure to maintain the kinase activity of FLT3-1TD, establishing
it as a driver mutation (Smith et al., 2012).

The Flt3 receptor is expressed on early hematopoietic
stem cells (HSCs) and progenitor cells during normal hema-
topoiesis (Adolfsson et al., 2001; Karsunky et al., 2003; Sit-
nicka et al., 2003). Flt3 binds a cytokine called Flt3 ligand
(FIt3L) that is required for efficient lymphoid and myeloid
development (McKenna et al., 2000), whereas long-term ad-
ministration of exogenous Flt3L causes myeloproliferation
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(Brasel et al., 1996). The Flt3L—Flt3 signaling cascade activates
multiple signal transduction pathways that ultimately pro-
mote survival and cell proliferation. Based on the expression
pattern of Flt3 and functional consequences of its signaling,
the Flt3-ITD mutation is thought to increase the survival
and proliferation of transformed Flt3" progenitors (Parcells
et al., 2006; Small, 2006). However, recent studies have un-
covered additional effects of FLT3-ITD that may contrib-
ute to its leukemogenic effects. For instance, FIt3-ITD has
been shown to abrogate the quiescence of HSCs, leading to
their hyperproliferation and eventual exhaustion (Chu et al.,
2012). In addition, FIt3-ITD promotes myelopoiesis at the
expense of lymphopoiesis, in part by enforcing a myeloid-bi-
ased transcriptional program (Mead et al., 2013). To better
understand and target the mechanism of FLT3-ITD—driven
leukemogenesis, it is important to fully characterize the ef-
fects of FLT3-ITD on normal hematopoiesis.

In addition to early hematopoietic progenitors, Flt3
is expressed in a single mature hematopoietic lineage:
DCs (Liu and Nussenzweig, 2010). DCs are mononuclear
phagocytes that initiate adaptive immune responses, and are
comprised of two major types: antigen-presenting classical
DCs (cDCs) and type I IFN—producing plasmacytoid DCs
(pDCs). All DCs develop in the BM from common DC
progenitors (CDPs), which either generate mature pDCs in
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situ or give rise to committed cDC progenitors (preDCs;
Geissmann et al., 2010). The latter exit into the periphery
and undergo differentiation into two main cDC subsets: the
CD8*/CD103" ¢DCs capable of antigen cross-presentation,
and CD11b" (myeloid) DCs that efficiently present exoge-
nous antigens. The phenotype, transcriptional control, and
functionality of the main DC subsets are conserved between
experimental animals and humans (Merad et al., 2013). DCs
are highly efficient in priming antigen-specific T cell re-
sponses; conversely, in the steady-state they are thought to
promote antigen-specific T cell tolerance. This tolerogenic
function of DCs may include the induction of T cell unre-
sponsiveness, as well as the maintenance of regulatory T cells
(T reg cells; Steinman et al., 2003; Lewis and Reizis, 2012).
These mechanisms are particularly important in the con-
text of cancer, as DCs can be hijacked to establish immuno-
suppressive microenvironments to promote tumorigenesis
(Maldonado and von Andrian, 2010).

Genetic ablation of Flt3L severely impairs DC devel-
opment (McKenna et al., 2000), whereas the deletion of Flt3
causes specific defects in tissue DCs (Waskow et al., 2008;
Ginhoux et al., 2009). Conversely, FIt3L administration dra-
matically increases the number of DCs in both mice and
humans (Maraskovsky et al., 1996, 2000; Breton et al., 2015).
Consistent with the tolerogenic role of DCs in the steady
state, Flt3L-mediated DC expansion appears to dampen im-
mune responses. In particular, in vivo FIt3L administration
was shown to increase the T reg cell population, attenu-
ate tissue inflammation and protect from T cell-mediated
graft-versus-host disease (GVHD; Chilton et al., 2004; Dar-
rasse-Jeze et al., 2009; Swee et al., 2009; Collins et al., 2012).
Thus, Flt3 activation directly expands Flt3-expressing DCs
and their progenitors, thereby indirectly modulating T cell
homeostasis and creating a tolerogenic environment.

Given that the FLT3-ITD mutation activates Flt3 signal-
ing, we hypothesized that it may directly affect the DC lineage
in a manner similar to FIt3L administration. In this study, we
analyzed DC development and immune homeostasis in the
mouse strain with a germ-line ITD mutation in the endoge-
nous Flt3 locus. We report that heterozygous and homozygous
Flt3-ITD mutations cause a progressive expansion of all DC
subsets, which manifests as a major hematopoietic abnormality
in young Flt3'™"* animals. The cell-intrinsic effect of FIt3-1TD
on DCs was accompanied by a cell-extrinsic effect on T cell
homeostasis, including the expansion of T reg cells and damp-
ened graft-versus-host responses. We propose that the newly
described effect of Flt3-ITD might contribute to its leukemo-
genic capacity, e.g., by creating a DC-mediated tolerogenic en-
vironment and impairing immune surveillance by T cells.

RESULTS

DC lineage expansion in FIt3™ animals

Heterozygous Flt3'"™" mice are healthy and have normal
hematopoiesis, whereas homozygous Flt3'™"™P mice display
prominent myeloproliferation but only rare overt leukemia
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(Lee et al., 2007). As expected, young adult (5-14-wk-old)
FIe3'"™* mice contained normal fractions and numbers of
major hematopoietic cell types, with only a slight (greater
than twofold) increase in monocytes in the BM only (un-
published data). On the other hand, cDCs were significantly
expanded several-fold in all lymphoid organs, including the
BM, spleen, LNs, and thymus (Fig. 1, A and B). The ¢DC
populations in nonlymphoid tissues, such as the small intes-
tine, showed a similar expansion (unpublished data). pDCs
were also significantly expanded in all organs except the thy-
mus (Fig. 1, C and D). Homozygous Flt3"™"™” mice showed
an even greater increase in all DC populations (Fig. 1, A-D),
although other defects such as myeloproliferation and im-
paired B cell development were also observed as expected
(unpublished data). Overall, DC expansion represented the
most prominent hematopoietic phenotype in the heterozy-
gous FIt3"™"" mice (Fig. 1 E).

To analyze early DC development, we generated Flt3'™*
mice carrying the Cx;crl“™ reporter allele that has been widely
used to visualize early DC progenitors (Geissmann et al.,2010).
DC progenitors in the resulting Cxscrl“™ animals were de-
fined as shown in Fig. S1.Whereas the earliest progenitors of
monocytes and DCs (macrophage/DC progenitors) were not
increased significantly, CDPs and preDCs were expanded in
absolute numbers (Fig. 1 F). In contrast, Cxscrl“"-negative
progenitors, including the HSC population and erythromy-
eloid progenitors were unaffected (Fig. S1). We conclude that
the specific DC expansion in FIt3"™" mice commences at the
stage of Flt3-expressing common DC progenitors.

Expansion of DC populations is cell intrinsic
To test whether the effect of Flt3-ITD on DCs is cell intrin-
sic, we generated competitive BM chimeras and tracked the
donor contribution with the CD45 congenic marker. Irra-
diated recipients (CD45.17/CD45.2") were injected with a
1:1 mixture of BM cells from wild-type mice (CD45.1") and
either Flt3"*, FIt3'"™"* or FIt3"™" donor (CD45.2") mice.
14 wk after transfer, the fractions of ¢DCs from FI3'™P"
and FIt3"™™ donors were expanded, whereas wild-type
CD45.1" competitor DCs were unaffected or reduced (Fig. 2,
A and B). Similarly, the fraction of FIt3"™"* donor-derived
pDCs was significantly expanded (Fig. 2 C). The fraction of
pDCs derived from Fle3"™"™ donors was not increased in
the BM or spleen, likely caused by the expansion of other
lineages in these organs. Similar trends were observed with
absolute numbers of ¢cDCs and pDCs (unpublished data).
The analysis of DC progenitor populations in recipient
mice revealed the prominent expansion of CDPs and preDCs
derived from Flt3'""* donor BM (Fig. 2 D). Although the
analysis of DC progenitors derived from Flt3"™"™ donor BM
was confounded by the absence of surface Flt3 (see below),
an alternative gating strategy revealed a donor-specific expan-
sion of FIt3'™"™ CDPs (Fig. S2). Thus, the FIt3-ITD muta-
tion confers a cell-intrinsic competitive advantage to mature
DCs and their progenitors.
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Figure 1. Specific expansion of DC populations in FIt3-ITD mice. (A-E) Adult B6 mice that were heterozygous (ITD/+) or homozygous (ITD/ITD)
for the FIt3™ allele or wild-type (+/+) littermates were analyzed by flow cytometry for DC populations in the BM, spleen (SPL), LN, or thymus (THY).
Bars indicate mean values of individual mice (circles) analyzed in five independent experiments (four in F). *, P < 0.05; **, P < 0.01; ***, P < 0.001, using
unpaired, two-tailed Student's ¢ test. (A) Representative staining plots with the fraction of CD11c" MHCII* ¢DCs indicated. In the LN, CD11c" MHCII* and
CD11c" MHCI" populations represent resident and migratory ¢DCs, respectively. (B) Frequencies out of total live cells and absolute numbers of cDCs
(mean, n = 5). (C) Representative staining plots with the fraction of B220" Bst2* pDCs indicated. (D) Frequencies and absolute numbers of pDCs (mean,
n = 5). (E) Fold difference in the frequency of the indicated cell types between FIt3™ and FIt3*”* mice. Frequencies from individual FIt3™" mice were
divided by a mean frequency of the corresponding cell type in FIt3** mice to derive mean fold difference (n = 5). (F) Heterozygous FIt3™* (ITD/+) mice
and wild-type B6 littermates (+/+) carrying the Cx;cr 197 reporter allele were analyzed for DC progenitor populations as described in Fig. S1. Shown are
the numbers of the indicated progenitors in the BM (mean, n = 5).
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Figure 2. FIt3-ITD expands DCs and DC
progenitors in a cell-intrinsic manner. Ir-
radiated B6 x 129 F, recipients (CD45.1%/
CD45.2%) were reconstituted with a 1:1 mixture
of B6 CD45.1" wild-type competitor and B6
CD45.2* FIt3*, FIt3™", or FIt3™"™ donor BM
cells, and analyzed 14 wk later. Bars indicate
mean values of four to five individual recipient
mice (circles) in one reconstitution cohort; rep-
resentative of two independent experiments.
* P <0.05;* P <001, P < 0001, using
unpaired, two-tailed Student's t test. (A) Rep-
resentative staining plots of total splenocytes,
showing donor-derived (CD45.1~ CD45.2%) and
competitor-derived (CD45.1" CD45.27) pop-
ulations and the ¢DC fraction within each of
them. (B-D) The fraction of ¢DCs (B), pDCs (C),
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FIt3™ down-regulates surface FIt3 expression and
abrogates FIt3L signaling in DCs

Myeloproliferation in Fle3"™™” mice is accompanied by the
loss of surface Flt3 expression and was proposed to occur in-
dependently of FIt3L (Kharazi et al., 2011). However, a role of
exogenous FI3L in leukemogenesis caused by Flt3-ITD has
been demonstrated (Zheng et al., 2011; Bailey et al., 2013).
We therefore examined the effect of FIt3-ITD on Flt3 expres-
sion and Flt3L signaling in the DC lineage. In the aforemen-
tioned competitive chimeras, Flt3 expression was significantly
down-regulated in FIt3"™"™P donor-derived ¢cDCs and pDCs
but not in the corresponding wild-type cells (Fig. 3, A and
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B). A similar trend toward the down-regulation was observed
in FIt3'"™" donor-derived cells, although it reached signifi-
cance only in pDCs. Moreover, CDPs from FIt3"™" and
Fit3™™ donor BM showed a progressive reduction of sur-
face Flt3 (Fig. 3, C and D).

To test how the observed down-regulation of Flt3 ex-
pression affects Flt3L-induced DC development, we cultured
whole BM cells from Fle3*7, FIt3'™"* and Fle3™™ mice
with increasing concentrations of FIt3L. FIt3'™* BM showed
a dose-dependent reduction of pDC development, whereas
Fle3™ 0 BM was unable to generate ¢cDCs or pDCs
(Fig. 3 E). These data suggest that FIt3-ITD down-regulates

FLT3-ITD mutation expands dendritic cells and T reg cells | Lau et al.
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Figure 3. FIt3-ITD causes down-regulation of surface FIt3 and ab-
rogates FIt3L signaling. (A) Representative histograms of FIt3 expression
on the splenic c¢DCs and pDCs within the wild-type CD45.1" competitor
and CD45.2* donor cells in the recipients described in Fig. 2. Dotted line
shows mean fluorescence intensity (MFI) of FIt3 expression in cells derived
from FIt3** donor. (B) The mean fluorescence intensity of FIt3 expression
on competitor and donor splenic cDCs (left) and pDCs (right), as described
in Fig. 2 (mean, n = 4-5). (C) Representative histograms of FIt3 expression
on the CDPs in the BM of chimeric mice, shown as in panel A. CDPs were
defined as Lin™ Sca-17 IL7R™ c-Kit® CD115*. (D) The mean fluorescence
intensity of FIt3 expression on competitor and donor BM CDPs, shown as
in B. (E) Total BM cells from B6 FIt3**, FIt3"™", or FIt3"™"" littermates were
cultured with the indicated concentrations of FIt3L, and the numbers of
¢DCs (CD11c* MHCII*) and pDCs (B220" Bst2* CD11b~) were determined by
flow cytometry 7 d later. Bars indicate mean cell counts from four inde-
pendent experiments (circles). *, P < 0.05; **, P < 0.01; **, P < 0.001, using
unpaired, two-tailed Student's t test.
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Flt3 surface expression on DCs and renders them insensitive
to exogenous Flt3L signaling. This appears to be detrimental
in vitro, where the emergence and differentiation of DC pro-
genitors are driven solely by Flt3L. In contrast, it appears to
be compatible with DC development in vivo, where DC pro-
genitors may be supported by other cytokines and Flt3 is par-
tially redundant (Waskow et al., 2008; Ginhoux et al., 2009).

FIt3-ITD preferentially expands a

noncanonical CD8" cDC subset

Mature ¢cDCs in lymphoid organs comprise several genetically
and functionally distinct subsets that can be identified using
the Cxjer1®? reporter strain (Bar-On et al., 2010; Lewis et
al., 2011). These include GFP® Esam" CD11b" ¢cDCs that are
efficient at CD4" T cell priming; GFP" Esam' CD11b" ¢<DCs
that preferentially produce cytokines; canonical GFP~ CD8"
cross-presenting ¢cDCs; and noncanonical GFP" CD8" ¢cDCs
(nc-CD8™) of unknown function. We analyzed the effect of
Flt3-ITD on the subsets of cDCs using FIt3"" or FIt3™*
mice carrying the Cxzcrl“™" reporter (Fig. 4 A). Although
all four ¢cDC subsets were significantly expanded, the GFP™
nc-CD8" ¢DCs were particularly increased (Fig. 4, B and C).
In contrast, FIt3L administration highly and preferentially ex-
panded the canonical GFP~ CD8" ¢cDC subset (Fig. 4 C),as re-
ported previously (Bar-On et al., 2010). Thus, Flt3-ITD causes
a unique pattern of DC subset expansion that is distinct from
exogenous Flt3L and favors the nc-CD8" ¢DCs.

Global gene expression analysis (Bar-On et al., 2010;
and this study) suggested that nc-CD8" cDCs preferentially
express PD-L1, a ligand of the inhibitory receptor PD-1 ex-
pressed on T cells. In combination with CD86 or Dec205,
which are expressed on the canonical CD8" ¢DCs, PD-L1
identified the nc-CD8" cDC subset independent of Cx;-
cr1“ (Fig. 4 D and not depicted). Indeed, the PD-L1"* nc-
CD8" ¢cDCs were preferentially expanded in FIt3"™" mice
(Fig. 4 E).To confirm this notion, we crossed Flt3'™"" mice
with Batf3-deficient mice that lack the canonical CD8"
c¢DCs (Hildner et al., 2008; Bar-On et al., 2010). The result-
ing FIt3"™" Batf3™'~ mice lacked the CD86" CD8" ¢DCs
as expected, but showed the same prominent expansion of
PD-L1" nc-CD8" cDCs (Fig. 4, F and G). The canonical
Batf3-dependent ¢cDCs are required for the establishment of
infection by intracellular bacterium Listeria monocytogenes
(Lm; Edelson et al., 2011), and their expansion facilitates the
infection (Sathaliyawala et al., 2010). FIt3'™"* mice showed
a significant greater than twofold increase in Lm titers in
the spleen (Fig. 4 H), consistent with the corresponding in-
crease in canonical CD8" cDCs (Fig. 4, B and C). In contrast,
Fle3"™™P”" Batf3™'~ mice were completely resistant to Lm in-
fection, suggesting that the expanded nc-CD8" cDCs cannot
substitute for the canonical CD8" ¢DCs (Fig. 4 H).

Characterization of FIt3™* DCs

We analyzed the properties and expression profile of FIt3'™*
DCs, including pDCs and the four cDC subsets (canonical
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to canonical CD86" subsets among splenic CD8* ¢DCs from naive B6 FIt3"* or FIt3™* mice. Bars indicate mean values of four to five mice per genotype
(circles), analyzed in two independent experiments. (F) Representative staining plots of gated splenic CD8* ¢DC from wild-type or Batf3-deficient FIt3** or
FIt3™* mice. The canonical Batf3-dependent CD86* subset and noncanonical PD-L1* subset are indicated. (G) Fractions of CD8" cDC subsets defined above
in individual Batf3-deficient FIt3*"* or FIt3™* mice. Values represent mean percentage from 5 individual mice pooled from two independent experiments.
(H) Wild-type or Batf3-deficient B6 FIt3** or FIt3™* mice were infected with Lm and sacrificed 3 d later. Shown are bacterial titers as colony-forming units
per gram of spleen in individual mice of the indicated genotypes (mean, n = 3-5 per group). Representative of two independent experiments. Littermates
of FIt3*"* and FIt3™" within Batf3*/* and Batf3~"~ crosses were pooled from different litters. * P < 0.05; **, P < 0.01; ** P < 0.001, using unpaired, two-
tailed Student's t test.

420 FLT3-ITD mutation expands dendritic cells and T reg cells | Lau et al.

920z Arenigad g0 uo 3senb Aq 4pd-z905 10z Wel/yLE5G . LIS LY/E/E L Z/pd-ajoie/wal/Bio sseidny//:dpy woly pepeojumoq



A © no BrDU B

807 o 9 8001
® ITD+ e

IS
o
N

%BrDU*

20 -~
40001

Non-can Esamh

: c 30001 .
i ' Esam®  5000{&
CD11b* 10004
c |

pDC Can

CcDs*

CD11C o 74

600 *
4001
2001

o

MHCII
*

© +/+ Figure 5. FIt3™* DCs show normal proliferation rate
and expression profile. (A) FIt3™* mice or FIt3*"* controls
from an independent cross were administered BrdU for 2 d,
and splenic DCs were analyzed for BrdU incorporation. Shown
are percentages of BrdU incorporation within each DC subset.
Canonical and noncanonical CD8" DCs were distinguished by
Dec205 expression. Bars indicate mean values of two to four
individual mice (circles) per genotype; representative of two
independent experiments. Significance was calculated using
unpaired, two-tailed Student's ¢ test. (B) Mean fluorescence
intensity of the indicated surface markers in ¢DC subsets,
shown as in A. *, P < 0.05, using unpaired, two-tailed Stu-
dent's t test. (C) Principal component analysis of global RNA-
Seq expression profiles of sorted splenic DC populations from

2
: 2 FIt3** or FIt3™* mice. Symbols represents individual RNA-
o ® E 3007 Seq profiles of each population sorted in an independent
® g | experiment (three biological replicates for each CD8* ¢DC
o ° § 200 subset, two for each CD11b* ¢DC subset, and two for pDCs,
8 ] from four independent experiments).
£ 100
=
8 -~
g 10 § o
5 |@ = CD40
g [ Jat 307
< 0 201 ,
3]
& 8D 101
-10 ] ‘@
373 0-
, ‘e 150,  CD8O
-20 '
1001
-75 -50 -25 0 25
PC1 (59% variance 509 °
® NC-CDs* (59% )
® c-cps* .
® Esamhi 0
I D4/ C?Q I ,\r{O
@ Esam®  @ym S P
® pbC e

CDS8", nc-CD8", CD11b™ Esam", and CD11b" Esam™). All
Flt3'"™" DCs showed normal incorporation of BrdU during
a 2-d pulse, revealing that their proliferation was unchanged
(Fig. 5 A). Together with increased CDP numbers (Fig. 1 F)
and enhanced DC production by Flt3'"™" myeloid progeni-
tors in vitro (unpublished data), this suggests that DC expan-
sion in FIt3'™ " mice occurs at the level of progenitors rather
than mature DCs. Similarly, surface expression of MHC
proteins and co-stimulatory molecules such as CD80 and
CD40 was normal on all FIt3"™* ¢DCs (Fig. 5 B). Next, we
characterized global gene expression profiles of the five DC
subsets from wild-type and FIt3'™" mice by RNA sequenc-
ing (RINA-Seq). Wild-type DC subsets showed the expected
differential expression of signature markers and transcription
factors (Fig. 6 A). Principal component analysis (Fig. 5 C)
confirmed that pDCs, canonical CD8" ¢DCs, and CD11b"
cDCs (both subsets) have distinct expression profiles, whereas
nc-CD8" resemble CD11b* ¢DCs and pDCs (Bar-On et al.,

2010). All FIt3™" DC subsets clustered closely with their
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wild-type counterparts, suggesting that their expression pro-
files were largely preserved.

Given the dominant nature of the Flt3-ITD mutation,
we focused specifically on the genes induced in Flt3"™"*
DCs. Several genes were induced in multiple DC subsets,
including Cdh2 and Socs2, a negative feedback regulator
of cytokine signaling and a common target of Flt3-ITD in
AML (Sen et al., 2012; Fig. 6 B and supplemental dataset).
Pairwise comparison of expression profiles showed that
canonical CD8" ¢DCs and nc-CD8" ¢DCs harbored the
largest number of induced genes (Fig. 6 B). Although most
of the genes were induced only modestly, we noticed the
induction of several genes associated with immunological
tolerance and/or T reg cell function in both CD8" ¢DC
subsets (Fig. 6, C and D). These included amphiregulin
(Areg; Zaiss et al., 2015), adrenomedullin (Adm; Rullé et
al., 2012), Cox-2 (Ptgs2; Zelenay et al., 2015), and adenos-
ine 2A receptor (Adora2a; Li et al., 2012). We conclude
that FIt3"™" DCs have largely normal phenotypes and
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Figure 6. FIt3-ITD preferentially affects gene expression in CD8* c¢DCs. (A-D) Splenic DC subsets isolated from FIt3** or FIt3™* littermates were
analyzed by RNA-Seq (three biological replicates for each CD8* cDC subset, two for each CD11b* ¢DC subset, and two for pDCs, from four independent
experiments). (A and B) Pairwise comparison of averaged individual gene signals comparing indicated DC subsets from Ft3** mice (A) or comparing FIt3"*
and FIt3™" mice within indicated DC subsets (B). Genes were plotted by moderated log, fold change against -log;, of the statistical p-values (Wald test);
black points represent genes with log, fold change >1, adjusted p-values <0.1, and statistical p-values <0.05. Several prominently up-regulated genes
are highlighted in red. Note that the abundantly overexpressed genes in wild-type noncanonical CD8* ¢DCs reflect contamination with non-DC in two
replicates. (C) Normalized read counts of Ptgs2, Areg, Adm, and Adora2a in paired biological replicates of CD8" ¢DC subsets. (D) Representative raw counts
mapped to gene loci of Ptgs2, Areg, Adm, and Adora2a within CD8* cDCs.

FIt3™* expands T cells in a cell-extrinsic manner
Given the important role of DCs in T cell homeostasis and
especially in T reg cell maintenance, we examined T cell pop-

gene expression, with the few induced changes in ca-
nonical CD8" ¢DCs and nc-CD8" ¢DCs consistent with
a tolerogenic function.

422 FLT3-ITD mutation expands dendritic cells and T reg cells | Lau et al.

920z Arenigad g0 uo 3senb Aq 4pd-z905 10z Wel/yLE5G . LIS LY/E/E L Z/pd-ajoie/wal/Bio sseidny//:dpy woly pepeojumoq



ulations in Flt3-ITD—carrying mice. No significant differ-
ences in the numbers of conventional T (T conv) cells were
observed in the BM, spleens, or LNs of these mice (Fig. 7 A).
However, the fraction and absolute numbers of CD4" FoxP3*
T reg cells were progressively increased in the BM of FIt3'™/*
and FIe3™™P mice (Fig. 7 B).To test whether the observed
effects on T cells were cell intrinsic, we examined T cell pop-
ulations in the competitive chimeras described in the legend
to Fig. 2. Donor-derived T conv and T reg cell populations
were unchanged for FIt3'™”"* donors and markedly reduced
for FIt3'™™ donors, consistent with impaired lymphopoi-
esis in the latter (Fig. 7, C and D). In contrast, the fraction of
wild-type T conv cells in the recipients of FIt3"™"" cells was
significantly increased in the BM and, to a lesser extent, in
the spleen (Fig. 7 C). Moreover, wild-type T reg cells were
also expanded in the BM, spleen, and LN (Fig. 7 D), causing
a significant increase in the T reg cell fraction out of total
T cells (Fig. 7 E). No increases of competitor T cells were
observed in the recipients of Fle3"™"™" cells, likely reflecting
the profound decrease of donor-derived T cells. We conclude
that heterozygous Flt3-ITD mutation causes a cell-extrinsic
expansion of T cells that favors the T reg cell population.

FIt3-ITD-expressing DCs facilitate antigen-driven and
homeostatic T cell proliferation

Given the cell-intrinsic effect of Flt3-ITD on DCs, we hy-
pothesized that these cells may mediate the cell-extrinsic
effect of the mutation on T cells. To test this notion, we
set up allogeneic mixed leukocyte reactions (MLRs) with
Flt3"™7* splenic DCs as stimulators and wild-type T cells as
responders. To differentiate conventional and regulatory T
cell populations, we used T cells from the FoxP3“"" reporter
mice in which T reg cells express GFP. Compared with con-
trol FIt3™" DCs, similar numbers of FIe3"™* DCs induced
greater expansion of allogeneic CD4" T conv, CD8" T conv,
and T reg cells (Fig. 8 A). Notably, the fraction of T reg cells
among total responder T cells was significantly increased as
a result (Fig. 8 B). Accordingly, all T cell populations stimu-
lated with Fle3'™* DCs showed more extensive prolifera-
tion as measured by the dilution of the tracer dye Cell Trace
Violet (CTV; Fig. 8 C). Isolated cDC subsets also stimulated
T cell proliferation but did not yield increased T reg cell
proportions (unpublished data), suggesting that the latter
may require cross talk between several subsets.

To further dissect the cell-extrinsic effect of Flt3-ITD
on T cells in vivo, we generated FIt3"™" Ragl-deficient
mice that lack endogenous T or B cells. The transfer of wild-
type T cells into lymphopenic mice causes a rapid T cell ex-
pansion that depends on microbiota-derived antigens, and a
slower cytokine-driven homeostatic proliferation (Takada and
Jameson, 2009). We transferred CTV-labeled wild-type T cells
from FoxP3“™ mice into control FIt3"" Ragl™~ or FIt3'™"*
Rag1™'~ mice. The resulting numbers of all T cell populations
were significantly increased in Fle3"™" lymphopenic recipi-
ents (Fig. 8 D). The proportion of T cells that underwent ho-
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meostatic proliferation was not substantially changed (Fig. 8 E),
suggesting that FIt3-ITD facilitates both the proliferation and
survival of T cells in vivo in a cell-extrinsic manner.

FIt3™"* expands the T reg cell population and dampens
alloreactive T cell responses
Consistent with the preferential expansion of T reg cells by
FIt3L administration, they were also preferentially expanded
in the presence of Flt3-ITD—expressing cells (Fig. 7 E and
Fig. 8 B).To directly analyze T reg cell homeostasis in FIt3'™*
mice, we used the FoxP3"™ ¢ strain that allows both the
detection of T reg cells by GFP expression and their specific
depletion by administration of diphtheria toxin (DT; Kim et al.,
2007). The resulting sensitive detection of T reg cells in naive
Fit3™"" FoxP3"™ ™ mice revealed a greater proportion of
T reg cells out of T cells in the spleen (Fig. 9 A), but not in
the thymus or blood (Fig. 9,A and B). Upon DT-mediated de-
pletion, Fle3™* mice supported a more robust reconstitution
of blood T reg cells at days 1028 (Fig. 9 B). Although T conv
cells also underwent compensatory expansion, the fraction of
T reg cells among total T cells was significantly increased in
Flt3"™"* mice on day 21 (Fig. 9 B). At the 28 d endpoint, the
fraction of T reg cells among T cells was significantly increased
in the spleens and thymi of FIt3'™" mice (Fig. 9 A).
Flt3L-mediated T reg cell expansion has been associ-
ated with reduced alloreactive T cell response during acute
experimental GVHD (Swee et al., 2009). To test whether
FIt3-ITD has a similar tolerogenic eftect, we transferred
wild-type B6 lymphocytes (CD45.2") into nonirradiated
(B6xFVB) F, hosts (CD45.1*/CD45.2") that were Flt3"*
or FIt3"™"* 1 wk later, the frequency and number of the
transferred T cells were significantly reduced in Fle3™""*
compared with FIt3"/" recipients (Fig. 9, C and D). This was
accompanied by an increased fraction of T reg cells among
host T cells (unpublished data). Given the expansion of PD-
L1" CD8" ¢DCs (Fig. 4), we tested whether the reduced
alloreactive response was dependent on the PD-L1-PD-1
pathway by treating recipients with anti-PD-L1 or anti-
PD-1 antibodies. As expected (Blazar et al., 2003), PD-1
blockade led to a greater expansion of alloreactive T cells
(Fig. 9 E). However, T cell expansion was still severely re-
duced in Fle3'™" compared with Fle3"" recipients treated
with either anti-PD-L1 or anti-PD-1, suggesting that the
effect of FIt3-ITD is not solely dependent on this pathway.
Finally, we asked whether the dampening of T cell
responses against self-antigens in FIt3"™"" recipients is
indeed dependent on T reg cells. To this end, we crossed
Flt3"™"* mice with FoxP3" (scurfy) mice that lack functional
T reg cells and develop lethal T cell-mediated autoimmu-
nity. If Flt3-ITD directly impaired self-reactive effector T
cell responses, one would expect that the autoimmunity in
FIt3"™"* FoxP3" mice would be ameliorated. In contrast, we
found that these mice died significantly sooner than Fle3""
FoxP3" littermates (Fig. 9 F). Collectively, these results sug-
gest that FIt3-ITD mutation causes a preferential expansion
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FIt3-ITD expands T cell populations in a cell-extrinsic manner. The populations of TCRB* FoxP3~ conventional (T conv) and TCRp* CD4*

FoxP3* regulatory (T reg) T cells were analyzed in the lymphoid organs by intracellular staining for FoxP3. *, P < 0.05; **, P < 0.01; *** P < 0.001, using un-
paired, two-tailed Student's t test. (A and B) The frequencies and absolute numbers of T conv cells (A) and T reg cells (B) cells in naive B6 FIt3*, FIt3™", or
FIt3™" littermates. Bars indicate mean values of five individual mice (circles) analyzed in five independent experiments. (C and D) The fraction of T conv
cells (C) and T reg cells (D) cells out of the total competitor-derived CD45.1* CD45.2~ cells (open bars) or donor-derived CD45.1~ CD45.2* cells (blue bars)

in the recipient mice described in Fig. 2. (E) The percentage of T reg cells out of total CD45.1* competitor T cells in the recipients reconstituted with F/t3

or FIt3™* donor cells as described in Fig. 2.

of T reg cells, which is accompanied by dampened T cell
responses against self-antigens.

DISCUSSION

Constitutive activation of the growth factor receptor Flt3
represents the most common genetic abnormality in AML.
Therefore, Flt3 signaling has been extensively studied in
the context of leukemogenesis, where mutant variants such
as FIt3-ITD are thought to promote the growth of Flt3-
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expressing transformed progenitors. Separately, Flt3 signal-
ing is known as a critical regulator of DC development and
homeostasis, and DC expansion represents the most strik-
ing consequence of Flt3 activation by the exogenous ligand.
Here, we combined the two facets of Flt3 activation by test-
ing the effect of FIt3-ITD on DC development and its im-
munological consequences.

We found that the endogenous Flt3-ITD caused an
early cell-intrinsic expansion of all DC subsets and their
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progenitors (CDP). Because CDP did not support enhanced
DC development in vitro (unpublished data), the expansion
is likely to originate in the earlier Flt3" progenitors, such
as macrophage/DC or even HSC/multipotent progenitors.
As in the case of myeloid progenitors (Kharazi et al., 2011),
Flt3-ITD in DCs caused the loss of surface Flt3 expression

JEM Vol. 213, No. 3

and of the responsiveness to FIt3L, suggesting that its pri-
mary function is independent of FIt3L. The effect of Flt3-
ITD on DCs was allele dosage-dependent and was highly
significant even in heterozygous FIt3'™”"" mice that appear
normal otherwise. Thus, DC lineage expansion represents
a prominent consequence of the germ-line Flt3-ITD mu-
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Figure 9. FIt3-ITD favors T reg cell expansion and dampens self-reactivity in the presence of T reg cells. (A and B) B6 FIt3* or FIt3™* mice
carrying the Foxp3™ ™7 allele were treated with DT twice to deplete T reg cells, and the GFP* T req cell population was analyzed at different time points.
Data represent four animals (before treatment) or 12-16 animals (after treatment) per genotype pooled from three independent experiments. In some of
the experiments, nonlittermate wild-type mice derived from the same cross were used. *, P < 0.05; **, P < 0.01; ™ P < 0.0001, using unpaired, two-tailed
Student's t test. (A) The frequency of T reg cell out of total T cells in the spleens and thymi of naive mice before treatment or of DT-treated mice 28 d after
the treatment. (B) The frequency of T conv cell (top) and T reg cell (middle) out of total lymphocytes, and frequency of T reg cell out of total T cells (bottom)
in the peripheral blood of mice before DT (day 0) or after DT administration (red arrows). Individual animals and group averages are shown as thin and thick
lines, respectively. (C and D) Wild-type splenocytes and LN cells were transferred into semiallogeneic B6xPVB FIt3** or FIt3™ littermates to induce graft-
versus-host response. (C) Representative staining profile of total splenocytes from recipient mice 7 d after the transfer, with donor-derived CD45.17 T cells
highlighted. (D) Absolute numbers and frequencies of donor-derived T cells in the spleens of individual recipient mice (mean, n = 10). Representative of
three independent experiments.(E) Frequencies of donor-derived T cells in the spleens of individual B6 FIt3** or FIt3™* littermates that were treated with
IgG control, anti-PD-L1 or anti-PD-1 blocking antibodies prior and during the transfer (mean, n = 4-5). Representative of two independent experiments
each. (F) The survival of T reg cell-deficient B6 FoxP3"/y (Scurfy) mice that were FIt3** or FIt3™ (n = 9-16). Mice are pooled from seven litters from the
same cross. *, P < 0.05, using log-rank (Mantel-Cox) test.

tation in the steady state, thereby recapitulating the effects approximately twofold in FIt3'™" mice, along with the cor-
of FIt3L administration. responding increase in bacterial titers upon Listeria infection as

Exogenous FIt3L is known to expand DC subsets to var- expected (Sathaliyawala et al., 2010). In contrast, the greatest ex-
ious extents, particularly favoring the canonical cross-presenting pansion occurred in the noncanonical subset of CD8" cDCs,

CD8" cDCs (O’Keeffe et al., 2002;Varol et al., 2009; Bar-On et which appear to be related to pDCs yet lack the cytokine-
al., 2010). The canonical CD8* cDCs were expanded by only  producing abilities of pDCs or canonical CD8" cDCs (Bar-On
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et al., 2010). Fit3L-Flt3 signaling in DCs is mediated primarily
by Stat3 (Laouar et al.,2003) and by the PI(3)K-mTOR pathway
(Sathaliyawala et al., 2010). However, Flt3-ITD activates multi-
ple pathways, including PI(3)K, Stat5, and Ras—MAPK, and their
relative balance likely differs from that of the normal receptor
(Parcells et al., 2006). Therefore, our results suggest that genetic
and pharmacological activation of Flt3 are similar but not identi-
cal, and may involve different downstream effectors. Importantly,
both CD8" cDC subsets showed the largest effect of Flt3-ITD
on gene expression and, notably, up-regulated a set of genes as-
sociated with tolerance.

The expansion of DCs by FIt3L administration has a
complex indirect effect on T cells, both enhancing and in-
hibiting various T cell responses (Sela et al., 2011; Anandasa-
bapathy et al., 2014). Importantly, it has been demonstrated
to increase the number of T reg cells and facilitate their
function both in mice (Darrasse-Jeze et al., 2009; Swee et
al., 2009) and humans (Klein et al., 2013). The effects on
T reg cells may be caused by the numerical expansion of
DCs, as well as by modified functionality of Flt3L-expanded
DCs on a per cell basis (Sela et al., 2011). As a result, Flt3L
administration dampens T cell responses to self-antigens in
the contexts of tissue inflammation and GVHD (Chilton et
al., 2004; Darrasse-Jeze et al., 2009; Swee et al., 2009; Collins
et al., 2012; Svensson et al., 2013). Similarly, we found that
FLT3-ITD—expressing DCs more efficiently support T cell
proliferation in vitro and in vivo, and particularly favor the
expansion of T reg cells as confirmed in a model of spe-
cific T reg cell ablation. The observed T reg cell expansion
was accompanied by reduced alloreactive T cell response
during GVHD; in contrast, FIt3-ITD enhanced rather than
dampened autoreactivity in the absence of T reg cells. These
data suggest that FLT3-ITD resembles pharmacological
Flt3 activation in creating a tolerogenic environment via a
DC-mediated enhancement of T reg cell function. As such,
they provide robust genetic evidence for the role of DCs in
T reg cell homeostasis (Darrasse-Jeze et al., 2009; Swee et
al., 2009; Bar-On et al., 2011).

Recent genome-wide analysis of human AML showed
that FLT3 mutation is a relatively late event in AML pro-
gression (Jan et al., 2012; Shlush et al., 2014). Nevertheless,
it may occur sufficiently early so that the resulting FLT3-
ITD mutation is transmitted to normal hematopoietic hi-
erarchy. Critically, peripheral blood DCs in AML patients
were shown to express the mutant FLT3-ITD receptor
and manifest higher frequencies and functional abnormal-
ities (Rickmann et al., 2011, 2013). Indeed, the short-lived
DCs are constantly replenished (Liu et al., 2007), therefore
they should quickly inherit any mutation from the stem/
progenitor compartment. Furthermore, increased frequency
of T reg cells has been demonstrated in AML, and its reduc-
tion by various therapeutic approaches represents a prom-
ising treatment strategy for the disease (Schick et al., 2013;
Yang and Xu, 2013; Bachanova et al., 2014; Govindaraj et
al., 2014). These emerging data suggest that, similar to the
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animal model described here, FLT3-ITD in human AML
patients is expressed in the DC lineage and may cause its
expansion, leading to enhanced T reg cell function.

In conclusion, our study documents a novel major ef-
fect of the leukemogenic Flt3 mutation on normal hemato-
poiesis, including the modulation of DC and T cell numbers
and function. This effect appears to precede overt leukemo-
genesis and involve both cell-intrinsic and -extrinsic com-
ponents. Together with the described impairment of HSC
maintenance (Chu et al., 2012) and of lymphopoiesis (Mead
et al., 2013), our results reveal a profound modulation of nor-
mal hematopoiesis by FLT3-ITD. It is tempting to speculate
that the observed modulation of DC and T reg cell function
might impair immunosurveillance, thereby facilitating the
escape of the mutant leukemic clone. This scenario would
become directly testable with the advent of experimen-
tal models of immunosurveillance in leukemia. In addition,
the observed effects on GVHD may be relevant for graft-
versus-leukemia response that eliminates residual leukemic
cells after allogeneic BM transplantation. This hypothetical
mechanism of immunoevasion would be unique to hema-
topoietic tumors, which originate from the same source as
the immune system and therefore might subvert the latter
through leukemogenic mutations.

MATERIALS AND METHODS

Animals. All animal studies were performed according to the
investigator’s protocol approved by the Institutional Animal
Care and Use Committee of Columbia University and New
York University Langone Medical Center. FIt3'™" (Lee et
al., 2007), CX3CR 1™/ (Jung et al., 2000), Batf3~'~ (Hild-
ner et al., 2008), FoxP3PTh-¢I" (Kim et al., 2007), FoxP3°""
(Fontenot et al., 2005), FoxP3*, and Ragl_/_ mice were ob-
tained from The Jackson Laboratory. All mice were on pure
C57BL/6 (B6) background and were maintained by cross-
ing to wild-type B6 mice. Unless indicated otherwise, FIt3"*
littermates of FIt3'™"" or of Fle3™"™P animals were used
as wild-type controls. To study allogeneic T cell responses,
FIt3™* mice were crossed to FVB/N mice (Taconic) to
generate wild-type of FIt3'™”" (B6xFVB) F, littermates. For
T reg cell depletion model, FoxP3°™R-CH/PTR-GIP fomales
were crossed to FIe3'™" males, and male progeny were stud-
ied. For T cell-mediated autoimmunity model, FoxP3"" fe-
¢3'™* males, and only male FoxP3/y
progeny were studied. Mice were analyzed at 5-14 wk of age
unless otherwise noted.

males were bred to FI

DC preparation and culture. Lymphoid organs were digested
with collagenase D (1 mg/ml) and DNase I (20 pg/ml) in
DMEM/10% FCS for 30-60 min at 37°C before generating
single-cell suspensions, and red blood cells were lysed. For
FIt3L-driven DC development in vitro, total BM cells were
plated in triplicates in a 24-well plate (2 X 10° per well) in
DMEM/10% FCS with the indicated concentrations of re-
combinant murine Flt3L (PeproTech) and analyzed 7 d later.
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Flow cytometry. Cells were stained with the following fluoro-
chrome- or biotin-conjugated antibodies obtained from
eBioscience (or another manufacturer, as indicated): anti-
CD11c¢ (N418), MHC II (M5/114.15.2), CD11b (M1/70),
CD8a (53-6.7), Gr-1 (RB6-8C5), TCRf (H57-597), CD3
(17A2), B220 (RA3-6B2), NK1.1 (PK136), Ter119 (TER-
119), CD49%b (DX5), CD4 (RM4-5 and GKI1.5), FoxP3
(FJK-16s), CD24 (M1/69), Flt3 (A2F10), c-Kit (2B8), Sca-1
(D7), CD115 (AFS98), IL7-Ra (A7R34), CD45.1 (A20),
CD45.2 (104), PD-L1 (MIH5), CD86 (GL1), DEC205
(NLDC-145; BioLegend), mPDCA-1/Bst2 (Miltenyi Bio-
tec), Sirpa (P84, BD), CD80 (16-10A1), CD40 (1C10), and
MHC I (AF6-88.5.5.3). Intracellular staining of FoxP3 was
performed per the manufacturer’s instructions (eBioscience).
Cell acquisition was done on LSR II or LSR Fortessa (BD)
and analysis was done using FlowJo (Tree Star).

For sorting, spleens were harvested from FIt3"" or
FlIe3"™* FVB-B6 F; mice and sorted on either FACSAria
(BD) or MoFlo (Beckman Coulter) instruments. DC pop-
ulations were sorted as follows: pDC (Bst2" B2207), cDCs
(CD11c™ MHCII™ B2207) and subsets thereof: canonical
CDS8" (CD8" SSC" DEC205" or CD86"); noncanonical
CD8" (CD8" SSC DEC205~ or CD867); Esam™ (CD11b*
Esam™); and Esam™ (CD11b" Esam™).

Competitive chimeras. Recipient animals represented F; prog-
eny of 129SvEvTac and B6.SJL mice (Taconic). Lethally irradi-
ated (129xB6.SJL) F; recipients (CD45.17/CD45.2") were
injected i.v. with a mixture of 10° B6.SJL (CD45.1") BM cells
and 10° Fle3", Flt3'™", or FIt3'™"™ (CD45.2") BM cells.

FIt3L administration. Cx;crl1“™ " mice were injected i.p.
with PBS or 5 pg recombinant FIt3L-Fc (LakePharma) every
3d (days 0,3,and 6) and analyzed on day 9 after initial treatment.

BrdU analysis. FIt3"" or Flt3'™" mice were pulsed with
an initial intraperitoneal injection with 1 mg BrdU (Sigma-
Aldrich), followed by a continuous administration of 0.8
mg/ml BrdU in the drinking water for 2 d. Spleens were
harvested after 2 d, treated with collagenase D (1 mg/ml)
and DNase I (20 pg/ml), and analyzed for BrdU incorpo-
ration using the APC BrdU Flow kit (BD) per the manu-
facturer’s instructions.

RNA isolation and gene expression analysis. Cells were sorted
from splenocytes pooled from two to three animals of each
genotype, and samples from independent experiments were
used as biological replicates in RNA-Seq (three for CD8"
cDCs, two for CD11b" cDCs, and two for pDCs). Sorted cells
(3-5 x 10%) were pelleted or sorted directly into TRIzol re-
agent (Thermo Fisher Scientific), and RINA was extracted
using the Arcturus PicoPure kit (Thermo Fisher Scientific). For
TRIzol samples, equal volume of 70% ethanol was added to
the aqueous phase of TRIzol samples and applied to columns
from the PicoPure kit. Up to 250 pl of ethanol/aqueous phase
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mix was loaded onto the column and spun at 100 g for 2 min
for each load. Bound RNA was washed, treated with DNase I
(QIAGEN), and eluted as per the manufacturer’s instructions.
To remove phenol contamination, eluate was resuspended in
100 pl of Wash Buffer 1 and reloaded onto a fresh col-
umn followed by elution.

cDNA libraries were prepared using the SMART-seq
v4 Ultra Low Input RNA kit and Low Input Library Prep
kit (Life Sciences) and were sequenced on an Illumina HiSeq
2500. Reads were mapped to Mus musculus mm10 genome
using FastQ Groomer (v1.0.4) and Bowtie2 (v0.4) within the
Galaxy platform (Giardine et al., 2005; Blankenberg et al.,
2010; Langmead and Salzberg, 2012). Principal component
analysis and identification of differentially expressed genes
were performed using DESeq2 (Love et al., 2014). Differ-
ential expression was selected based on an adjusted p-value
of <0.1 (false discovery rate of 10%), exhibiting at least a
twofold difference in expression levels (log, fold change >1)
and P < 0.05 for statistical significance. Principal component
analysis was performed using calculated transformed counts
(regularized logarithm) calculated by the DESeq2 package.
Plots were generated using the R Studio software package.

Lm infection. Mice were infected with 5 X 10> CFU of Lm
expressing OVA in PBS and injected 1.v. For bacterial titra-
tion, spleens were weighed and then pressed into nylon
strainers to make single-cell suspensions in sterile PBS. Cells
were lysed with an equal volume of sterile water with 0.1%
Triton X-100 and plated on brain—heart infusion agar plates
(Difco; BD) for overnight incubation at 37°C. Colonies
were counted the next day.

Lymphopenia-induced homeostatic proliferation. Spleen and
LNs were isolated from FoxP3“™" reporter mice and T cells
were enriched on MACS columns (Miltenyi Biotec) by neg-
ative selection with antibodies against CD11b, CD11¢, B220,
Gr-1, CD49b, and Ter119. T cells were stained with 5 pM
CTV (Life Technologies) in PBS for 20 min at 37°C, washed,
and injected i.v. into Rag!™'~ Flt3" or Ragl™~ FlIt3'™ " re-
cipients (2 X 10° per mouse). Splenocytes from the recipients
were analyzed 5 d later.

Allogeneic MLR. Splenic DCs were prepared from (B6x-
FVB) F, FIt3"" or FIt3'™" littermates by positive selection
using biotinylated anti-CD11c, streptavidin microbeads, and
MACS columns (Miltenyi Biotec). T cells from FoxP3“"™ <
spleen and LNs were enriched by magnetic negative selec-
tion and labeled with CTV as above. Labeled T cells were
plated in a 96-well plate (5 X 10*/well) in RPMI/10% FCS
with the indicated numbers of CD11c-enriched stimulator
cells and cultured for 4 d.

T reg cell depletion. FoxP3" ™" FI¢3"* and FoxP3"™ ¢y

Fit3"™" mice were injected i.p. with 50 pg/kg DT (Sigma-
Aldrich) on two consecutive days. Blood was analyzed for the
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presence of GFP' T reg cells on days O (before treatment), 2, 10,
14, 21, and 28, and the mice were sacrificed and analyzed on
day 28 after injection.

Accession number. RINA-seq data are available in the NCBI Gene
Expression Omnibus database under the accession no. GSE76132.

Acute graft-versus-host response. Spleen and LNs were iso-
lated from C57BL/6 (H—Zb; CD45.2) mice, pooled, and in-
jected i.v. (3 X 107 cells/mouse) into nonirradiated (B6xFVB)
F, recipients (H—2b/H—2q; CD45.2/CD45.1). Spleens were
harvested and analyzed 1 wk later. For antibody blockade
studies, 200 pg of control IgG, anti-mPD-L1 (10E9G2), or
anti-mPD-1 (RMP1-14) were injected i.p. on the same day
before graft transfer on days 0,2,and 5,and analyzed on day 7 or 8.

Online supplemental material. Fig. S1 shows the definition of
DC progenitor populations. Fig. S2 shows the definition of
DC progenitors in FIt3"™”"™” mice. A supplemental dataset,
available as an Excel file, shows differentially expressed genes
between FIt3'"™”"* and Flt3"" cells in each DC subset. Online
supplemental material is available at http://www.,jem.org/cgi
/content/full/jem.20150642/DCI1.
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