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Homeostatic Proliferation of Naive CD4" T Cells in
Mesenteric Lymph Nodes Generates Gut-Tropic Th17 Cells

Takeshi Kawabe,* Shu-lan Sun,* Tsuyoshi Fujita,* Satoshi Yamaki,* Atsuko Asao,*
’!n}:

Takeshi Takahashi,®' Takanori So,* and Naoto Ishii*

Homeostatic proliferation of naive T cells in the spleen and cutancous lymph nodes supplics memory-phenotype T cells. The
“systemic” proliferative responses divide distinctly into fast or slow cell division rates. The fast proliferation is critical for
generation of effector memory T cells. Becaunse effector memory T cells are abundant in the lamina propria of the intestinal
tissue, “gut-specific” homeostatic proliferation of naive T cells may be important for generation of intestinal effector memory
T cells. However, such organ-specific homeostatic proliferation of naive T cells has not yet been addressed. In this study, we
examined the gut-specific homeostatic proliferation by transferring CFSE-labeled naive CD4* T cells into sublethally irradiated
mice and separately evaluating donor cell division and differentiation in the intestine, mesenteric lymph nodes (MLNs), and other
Iymphoid organs. We found that the fast-proliferating cell population in the infestine and MLNs had a gut-tropic oyf," Th17
phenetype and that their production was dependent on the presence of commensal bacteria and OX40 costimulation. Mesenteric
lymphadenectomy significantly reduced the Th17 cell population in the host intestine. Furthermore, FTY720 treatment induced
the accumulation of a7 TL-17A" fast-dividing cells in MLNs and eliminated donor cells in the intestine, suggesting that MLNs
rather than intestinal tissues ave essential for generating intestinal Th17 cells. These results reveal that MINs play a central role in

inducing gut-tropic Th17 cells and in maintaining CD4* T cell homeostasis in the small intestine. The Journal of Immunology,

2013, 190: 5788-5798.

ature T cells circulate through the peripheral lym-
phoid and extralymphoid organs, forming peripheral
T cell compartments (1). These compartments are
homeostatically regulated (2-4) and consist of three groups of
T cells that are phenotypically distinguished by surface Ags:
naive T (Th) cells (CD44'™¥CDE2LMMY, central memory T (Ten)
cells (CD44"EPCDEL™), and effector memory T (Tew) cells
(CD44MECDE2L%) (1, 5, 6). Ty and Tey cells migrate across
high endothelial venules into secondary lymphoid tissues such
as lymph nodes, Peyer's patches (PPs), and the spleen (1, 6). In
contrast, Ting cells preferentially accumulate in extralymphoid
organs, notably in the mucosal tissues of the intestine, lungs, and
genital surfaces (6-8). Because most pathogens infect mammalian
hosts through mucosal surfaces, Tgpy cells provide a first line of
defense against reinfection (6, 9).
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In the small intestine, CD4™ Ty cells are primarily found in the
lamina propria and CD8" Ty cells in the epithelium (10). The
T cell population in the intestine induces pathogen-specific im-
munity and inhibits inappropriate responses to self and harmless
Ags, ensuring intestinal homeostasis (10, 11). The effector and
memory T cells that populate the intestine are reported to be
produced in PPs and mesenteric lymph nodes (MLNs) (6, 11, 12).
In PPs, M cells in the epithelium transport laminal Ags to the
apical side (13), where dendritic cells wait for them (14-16).
These dendritic cells prime and activate Ty cells that enter the PP
and induce the expression of w435, a gut-homing receptor, on the
T cells (17). A certain population of these activated T cells moves
from the PPs to MLNs through draining lymphatic ducts, then into
the bloodstream through the thoracie duct, and finally accumulates
in the intestinal mucosa (11, 18), In contrast, lamina propria-
derived CD103" dendritic cells bearing luminal Ags captured in
the intestine (19-21) migrate into MLNs (22, 23), where they
activate and induce a3y expression on Ty cells (24-26). Gui-
tropic T cells generated in MLNs collect in the intestine via
recireulation (11). However, the distinet roles for PPs and MLNg
in generating gut-homing T cells and maintaining intestinal ho-
meostasis have not been clarified.

The CD4* T cell population in the small intestine includes
a significant number of Thi7 cells (27). Th17 cells produce the
cytokine TL-17A, which is critically involved not only in pro-
tecting mwucosal tissues from pathogenic infection (28, 29) but
also in pathogenesis for immune disorders, such as inflammatory
bowe] diseases (IBDs) and graft-versus-host disease (GVHD)
(30). To understand Thi7-mediated immune responses and its
disorders, it is important to understand where and how these Th17
cells are generated. Although some types of dendritic cells criti-
cally contribute to generating or maintaining the Th17 cell pop-
ulation in the intestine (31), it is not known whether these den-
dritic cells produce Thi7 cells in the lamina propria or whether
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T cells in MLNs differentiate into Th17 cells after being primed
by migrating dendritic cells.

Homeostatic proliferation is a proliferative T cell response
elicited by lymphopenia (2, 4). This systemic proliferative re-
sponise contributes not only to maintenance of T cell homeostasis
(2, 4) but also to pathogenesis Tor inflammatory discases including
IBDs and GVHD (32-35). The systemic homeostatic proliferation
has been studied by transferring T cells into lymphopenic hosts,
such as sublethally irradiated or Rag-deficient mice, and exam-
ining division and differentiation of donor cells in the spleen and/
or cutancous lymph nodes (36-39). Because the homeostatic
proliferation of donor Ty cells supplies a memory—-phenotype
T cell pool (40-45), this system can be used to determine the
origin of intestinal Tga cells, including Th17 cells. It is important
to note that in the systemic homeostatic proliferation under lym-
phopenic conditions, cell populations can be divided into two
groups by their division rate—slow, in which cells divide ouly
once or twice per week, and fast, in which cells divide more than
seven times within 7 d (46, 47). Slow proliferation depends on
IL-7, occurs in secondary lymphoid organs, and produces a cell
population that retains the CD44'“*CD62L"#" naive phenotype
and has limited differentiation potential (2). Tn contrast, fast
proliferation produces cells that robustly differentiate into the
CDA4MENCDE2LY Ty —phenotype cells (46, 47). However, it
is unclear whether the two distinct types of homeostatic pro-
liferations may also occur in an organ-specitic fashion such as in
the intestine and MLNs. Aud if so, the question of where and how
fast proliferation occurs, and which organs accumulate the fast-
dividing cells, has not yet been resolved.

Inn this study, we examined the gut-specific homeostatic prolif-
eration in MLNs and intestinal tissue and demonstrated that the
fast-dividing population derived {rom donor CD4" Ty cells accu-
mulates in the host’s small intestine. Fast proliferation occurs in the
MLNs dependently of OX40 costimulation and requires the pres-
ence of commensal gut flora, which leads to production of gut-
tropic T cells. Although PPs affect T cell accumulation in the in-
lestine, they are dispensable for genevating «yf3;" T cells. MLNs,
however, play a critical role in priming intestinal Th17 cells. This
study identifies MLNs as an essential site of fast homeostatic pro-
liferation and shows that MLNs are essential in regulating Th17 cell
homeostasis in the small intestine.

Materials and Methods
Mice

Ly5.2" CS7BL/6 mice between 6 and § wk of age were purchased from
Japan SLC (Hamamatsu, Japan), Ly3.1" C57BL/6 mice have been de-
seribed previously (35). Aly/aly mice were purchased from CLEA Japan
(Tokyo, Japan). All mice were maintained under specific pathogen-free
conditions at the Institute for Animal Experimentation, Tohoku Univer-
sity Graduate School of Medicine, All procedures were performed ac-
cording to protocols approved by the Institutional Committee for the Use
and Care of Laboratory Animals of Tohoku University.

Generation of PP-deficient mice

PP-deficient (PPX) mice were generated following the protocol described
by Nishikawa and colleagues (48). Briefly, 2 mg A7R34, a mAb against
the 1L-7R «-chain, was administered i.v. to pregnant C57BL/6 mice at
14.5 d posteoitus. Control rat {gG (Lite Technologies Tapan, Tokyo, Japun) was
injected to generate control mice. A7R34 was a gift from S. Nishikawa
(Center for Developmental Biology, RIKEN, Kobe, Japan). PP defi-
ciency in the offspring was confirmed by mactoscopic inspection of
unirradiated mice.

Intestinal surgery

Mesenteric lymphadenectomy was performed following the procedure by
Pabst and colleagues (49). In brief. a median incision was made in the

5789

abdomen, exposing the MLNs, vessels, and intestine from the end of the
duodenum to the colon, and mesenteric lymphadenectomy was performed by
microdissection along the length of the superior mesenteric artery to the
aortic root, Branch vessels supplying the nodes were cauterized with
a Gemini Cautery System (Roboz Surgicat Instument, Gaithersburg, MD).
protecting the superior mesenteric artery, vein, and branch vessels supplying
the intestine. The abdomen was closed with a 6-0 silk suture (Natsume
Seisakusho, Tokyo, Japan). For sham operations, the same procedure was
performed without removing the MLNs. These mice were used for each
transfer experiment 10 d after the surgery. When these mice were sacrificed,
MLN deficiency was confirmed by careful macroscopic inspection.

Antibiotic treamment and 168 rRNA gene quantitative PCR
analysis

Mice were treated with ampicillin (1 g/), neomycin (1 g/), vancomyein
(0.5 g/My. and mewonidazole (I g¢/l) (Sigma-Aldrich, St. Louis, MO) in
drinking water for 3 wk. For the determination of gut microflora, bacterial
genomic DNA was isolated from feces using QlAamp DNA Stool Mini Kit
(Qiagen, Hilden, Germany), and real-time PCR was done using SYBR
Premix Ex Taq {Takara Bio, Otsu, Japan). Quantitative PCR analysis was
carried out using a 7500 real-time PCR system (Life Technologies Japan).
The real-time PCR program started at an initial step at 95°C for 10 s,
followed by 40 cycles of 30 s at 95°C, 30 s at 60°C, and 36 s at 72°C. Data
were acquired at the final step at 72°C. Relative quantity was caleulated by
a ACt method and normalized to the amoumt of GAPDH, the amount of
which was not affected by antibiotic weatment (data not shown), and
presented as relative fold change to an external sample. The following
primer sets were used: total bactetia, 5'-GGTGAATACGTTCCCGG-3" and
S'TACGGCTACCTTGTTACGACTT-3"; Clostridium leptian, 5'-CCTTCC-
GTGCCGSAGTTA-3' and 5'-GAATTAAACCACATACTCCACTGCTT-3";
segmented filamentous bacteria (SFB), 5-AGGAGGAGTCTGCGGCACA-
TTAGC-3" and 5'-CGCATCCTTTACGCCCAGTTATTC-3"; Buctervides,
5'-CCAGCAGCCGCGGTAATA-3 and 5'-CGCATTCCGCATACTTCTC-
3%, and GAPDH, §'-CCAGGTTGTCTCCTGCGACTT-3' and 5'-CCTGT-
TGCTGTAGCCGTATTCA-3'.

Adoptive transfer

CD4" Ty cells (CD44™CD62L"#") were purified from the spleen of Ly5.1*
C578L/6 wmice by cell sorting using a FACSAxia 1 (BD Biosciences, San
Jose, CA). The purity was >99%. CD4* Ty cells were labeled with CFSE
(Life Technologies Tapan), and 1.5 X 10% cells were transferred intrave-
nously into Ly3.2* recipient C537BL/6 mice that had been subjected 10
sublethal irradiation (5 Gy) 1 d before the wansfer. In some experiments, 300
g blocking ani-OX40 ligand (OX40L)Y mAb (50) or control rat TgG was
injected i.p. into recipient mice every 2 d, beginning 1 d before the transfer,
FTY720 (1.0 mg/kg body weight; Cayman Chemical, Ann Arbor, MI) dis-
solved in PBS, or control PBS alone, was administered i.p. to recipient mice
cach day, beginning | d after the transfer.

Isolation of lymplocyies

Single-cell suspensions were prepared from the spleen, PPs, and peripheral
Iymph nodes. Lymphocytes from the lamina propria of the small intestine
were isolated following the method described by Honda and colleagues
(51). Briefly, the small intestine was opencd lengthwise, washed to remove
fecal content, and cut into small picces. The pieces were stirred in RPMI
{640 medium containing 2% FCS and 2 mM EDTA for 20 win at 37°C.
After epithelial cells and intracpithelial lymphocytes were removed. the
tissues were cul into much smaller pieces. These pieces were stirred in
RPMI 1640 medium containing 2% FCS, 400 Wml collagenase type 1V,
and 0.2 mg/ml DNase T (Sigma-Aldrich) for 20 min at 37°C, twice.
Lymphocytes were then purified from the digested tissues by density—
gradient centrifugation using Lympholyte M (Cedartane Labs, Burlington,
ON. Canadu).

Flow cytometiy

Cells from the small intestine, peripheral lymph nodes, spleen. and PPs were
prepared and suspended in PBS containing 2% FCS and 0.02% NaNj. Cells
were incubated with a CD16/32 mAD (2.4G2) and stained for 30 min on
ice with Abs against cell surface markers, CD4-PE (RM4-5), CD4-Pacific
Blue (RM4-5), CDOAL-FITC (MEL14), CD44-allophycocyanin (IM7),
CD43.1 (Ly5.1)-PE (A20). anti-IFN-y-allophycocyanin (XMG1.2), anti-
[L-17A-BrilliantVioletd21 (TCT1-18H10.1), anti-CCRY-AlexaFluor647
(CW-1.2), and anti—CCR6-BrilliantVioletd21 (29-21.17) were purchased
from BioLegend (San Diego, CA). CD44-PE-Cy7 (IM7) and anti-osf3+-
allophycacyanin (DATK32) were obtained {rom eBioscience (San Diego, CA).
Anti-OX40-biotin (OX86) was obtained irom BD Biosciences. Anti-OX40L
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FIGURE 1. The small intestine harbors numerous intestine Lung
CD4* Teay cells in the lamina propria. Lymphocytes H :
were harvested from organs of 10-wk~old unimmunized
wild-type mice, and the Ty, Tenr, and Trag populations
in CD4" T cells in the indicated organs were deter-
mined by flow cytometry. Numbers in the FACS plots
show the percent frequency of the T population in
CD4* cells for each organ. Representative results are
shown for four mice in each group. Bar graph: the
percent frequency (mean @t SD) of T, Ty and Tin
populations in CD4™ T cells in the indicated organs (1 =
4 mice per group). Ty frequency in the spleen was
statistically examined by comparison with the tre-
quency in other organs. Similar results were obtained in
four independent experiments, *¥¥p < 0.001.
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(MGP34) was as described previously (50). Streptavidin-allophycocyanin Results

(I.ESD Biosciences) was used to visualize blonn-lal‘)‘eled Abs. '1.0 detect in- The small intestine harbors mumerous CD4* Tias cells under
traceliular IFN-y and IL-174, lymphocytes were stimulated with 20 ng/mi toadys g

PMA and I p.g/ml fonomyein (Sigma-Aldrich) in the presence of monensin steady-state conditions

(}30 Bwscxenc;g) for :n. h. (,cl‘ls wcrc}hen s(am?d with S}ll‘f&{ce markers, Ty and Teyy cells are reported to circulate through secondary
fixed, permeabilized using a Cytofix/Cytoperm kit (BD Biosciences), and lvmnhoid tissues. whereas T ls accamulate i talymohoid
stained with fluorochrome-conjugated anti-IFN-y and anti~IL-17A mAbs. ymphotd tissues, whercds Dry cells accumuiate in extralymphol
Flow cytometry was performed with a FACSCanto 11 (BD Biosciences), and organs, including the small intestine (1, 6). To confirm this, we
the data were analyzed with FACS Diva (BD Biosciences) and FlowJo (Tree looked for naive and memory CD4” T cell phenotypes, identified by

Star, Ashland, OR) software. CD44 and CD62L, in various organs under steady-state conditions.
Of the CD4"* T cells found in secondary lymphoid tissues including
Statistical analysis the spleen, inguinal lymph nodes (ILNs), and MLNs, ~70% had
Statistical analysis was performed by Student 7 test. The p values <0.05 a Ty phenotype and 20-30% had a Tey phenotype (Fig. 1). Only
were considered significant. a small proportion of Teyy cells were detected in these tissues. In
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FIGURE 2. Fast-proliferating donor cells preferentially accumulate in the small intestine during homeostatic proliferation. Purified donor LyS.17CD4*
Ty cells were labeled with CFSE and transferred into sublethally irradiated Ly5.2" recipient inice. CFSE intensity in donor cells from the indicated organs
was analyzed on the indicated days after transfer. (A) Numbers in FACS panels show the percent frequency of fast-proliferating (CFSE™) cells among the
donor cells in each organ. Representative resulis from five mice are shown. Graph: the percent frequency (mean ® SD) of the fast-proliferating population
among donor cells in the indicated organs from five mice on the days indicated. The frequency of the fast-proliferating population among donor cells in the
intestine was statistically examined by comparison with the frequency in other organs. (B) The number of fast-proliferating (dotted line) and slow-pro-
liferating (solid line) cells (mean = SD) among donor cells in the indicated organs from five mice on the indicated days. Similar results were obtained in
five independent experiments, ¥p < 0.05, #%¥p < 0.001.
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PPs, the frequencies of Ty and Ty populations were slightly lower
and higher, respectively, than those in the other secondary lymphoid
tissues (Fig. 1). By contrast, in the lung and in the lamina propria of
the small intestine, >60% of CD4" T cells had a Ty phenotype
(Fig. 1). These data confirm that Ty cells preferentially accumu-
late in extralymphoid organs, including the small intestine.

Fast-dividing cells accumulate in the small intestine through
homeostatic proliferation

Newly generated peripheral CD4% T cells emerging from the
thymus are naive. This suggests that the Tgy~phenotype CD4™
T cells found in the small intestine might be activated elsewhere
and that the intestine may have a mechanisim to preferentially
collect and maintain these CD4* Tgy cells. To investigate how
Truv—phenotype CD4™ T cells accumulate in the intestine, we
organ-specifically examined homeostatic CD4* T cell prolifera-
tion in several lymphoid tissues and the small intestine,

Donor Ly5.17CD4* Ty cells were sorted by FACS. labeled with
CFSE, and adoptively transferred into syngeneic Ly5.2% recipient
mice that had been sublethally irradiated. We separately harvested
cells from the intestine, MLNs, ILNs, PPs, and the spleen at 3, 6,
9, and 12 d after transter and analyzed the population and CFSE
dilution of donor cells in the respective tissues. Two distinct
populations of donor cells even in the intestine and MLNy were
distinguished by CFSE dilution—a slow-dividing, CD62L."e"
population with onc or two cell division(s) per week, and a fast-
dividing, CD62L'" population with more than seven cell divi-

>

wild type
FIGURE 3. Gut-specific homeostatic proliferation of ‘709
donor T cells requires secondary lymphoid organs. (A ORI
and B) Defective accumulation of donor cells in the ::7’; :

5
¢

intestine of aly/aly mice. Purified CFSE-labeled Ly5.1"
CD4" Ty cells were wansferred into sublethally irra-
diated Ly3.2" wild-type (A, left panel; B, 8) or aly/aly

in

(A, right panel; B, &) mice. CFSE intensity was ana- &
lyzed in CD4*Ly5.1" donor cells harvested from the £
intestine and the spleen 9 d after the transfer, (A) @D ion4

Numbers in the FACS panels show percent frequency
of fast-proliferating populations in CD4*Ly5.1* donor
cells: representative results for three mice are shown.

(B) Absolute numbers (inean * SD) of fast- and slow- C CO'WO’
dividing populations in each organ indicated (1 = 3 738

mice/group). Similar results were obtained in three
independent experiments. (€ and D) Reduced accu-
mulation of both fast- and slow-dividing donor cells in
the intestine of PPX mice. PPX or wild-type (control)
recipient mice were used as described in (A) and (B).

Intestine

(C) Numbers in FACS plots show percent frequency of 5
s Q
fast-dividing cells among donor cells: results shown are G
%)

representative of six mice. (D) The number of fast- and

(1 = 6 mice/group). Similar results were obtained in six
independent experiments. (E and F) Defective accu-
mulation of fast- but not slow-dividing donor cells in
the MLX mouse intestine. Recipient MLX or sham-
operated (control) mice were used as described in (A)
and (B). (E) Numbers in FACS plots show percent
frequency of fast-dividing cells among donor cells;
results are representative of seven mice. (F) Counts of
fast- and slow-proliferating cells (mean £ SD) in each
organ indicated (n = 7 wmice/group). Similar resuits
were obtained in seven independent experitients. *p <
0.05.
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sions per week (Fig. 2A; data not shown), as was previously
shown in the spleen and/or cutaneous lymph nodes (46, 47). The
donor cell population was hardly detected in PPs (data not shown).
Both slow- and fast-dividing populations increased during ho-
meostatic proliferation in the intestine, MLNs, ILNs, and the
spleen (Fig, 2A, 2B). Slow-dividing cells predominated in lym-
phoid tissues but were greatly outnumbered by fast-dividing cells
in the intestine (Fig. 2A, 2B). These resuits indicate that fast-
proliferating, Tgn—phenotype cells preferentially accumulate in
the small intestine during homeostatic proliferation,

The fust-dividing cell population in the small intestine depends

on PPs and MLNs

We next examined whether the homeostatic proliferation of the
donor T cells specifically found in the gut requires lymphoid organs
such as PPs and MLNs or whether it occurs in the small intestine
itself, We transferred donor Ty cells into irradiated aly/aly mice, in
which PPs and peripheral lymph nodes (including MLNs) are
defective (52, 33), and monitored the donor cell population in the
lamina propria of the small intestine. Although the homeostatic
proliferation of donor cells was almost intact in the spleen of aly/
aly mice, very few donor T cells could be recovered from the
intestine (Fig, 3A, 3B). This suggests that the accumulation of
homeostatically proliferating T cells in the small intestine depends
on PPs and/or MLNs.

To identify differences in the roles of PPs and MLNs in accu-
mulating donor T cells in the intestine, we generated PPX mice by
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injecting a mAb against the IL-7R «-chain into pregnant mice (48).
PPs were absent in the offspring at § wk of uge, but T cell pop-
ulations in other lymphoid organs were unchanged (data not
shown). Slow-dividing donor cells were absent in the small in-
testine of PPX mice, whereas the fast-dividing population was
only marginally smaller than that in control mice (Fig. 3C, 3D). In
contrast, donor cell proliferation in the spleen was comparable
in PPX and control mice. These results indicate that the slow-
dividing population in the small intestine is strongly dependent
on PPs, whereas the fast-dividing population is only partly regu-
lated by PPs.

To evaluate the role of MLNs in the homeostatic T cell response
in the intestine, donor Ty cells were adoptively transferred into
mesenteric lymphadenectomized (MLX) mice in which MLNs
had been surgically resected along the superior mesenteric artery
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GUT-SPECIFIC HOMEOSTATIC PROLIFERATION

1o the aortic root. Although the fast-dividing T cell population in
the small intestine was significantly smaller in MLX mice than
in mice that underwent a sham operation, the slow-dividing
population was unchanged (Fig. 3E. 3F). Homeostatic prolifer-
ation in the spleen was comparable in MLX and sham-operated
mice.

Collectively, these results suggest that the slow-proliferating
T cell population in the small intestine depends on PPs but not
on MLNs. whereas the fast-proliferating population is mediated by
both PPs and MLNs.

MLNs but not PPs are essentiul for generating gut-homing
T cells

The integrin ayf7 and chemokine receptors CCRY and CCRG6 are
required for the T cell migration into the intestine (12, 54). We
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FIGURE 4. Fast homeostatic proliferation generates gut-tropic T cells in MLNs. (A) Flow cytometry measurement of oy 3. CCRY, and CCR6 on splenic
CDATCDA4CDE2LY" Ty and CDA*CD44M M CDE2LIY Tyyy cells in unimmunized wild-type mice under steady-state conditions. Filled histograms:
negative control staining. Similar results were obtained in three independent experiments. (B) Purified, CFSE-labeled Ly3.17CD4* Ty, cells were transferred
into sublethally irradiated LyS.2* mice, and o 37 {top panel), CCRY (middle panel), and CCR6 (hortom panel) expressions on CD4'Ly5.1"CESE™ donor
cells in the indicated organs on day 9 were examined by flow cytometry. Numbers in FACS panels show percent frequency of ayf7", CCR9Y, or CCR6™

iyt CCRYY, or CCRG" cells in CFSE™ donor cells (mean = SD) from three recipient mice. The frequency of ayfly”, CCRY*, or CCR6™ cells among
CFSE™ donor cells in the indicated organs was statistically examined by comparison with the frequency in MLNs. Similar results were ubtained in three
independent experiments. (C and D) MLNs are essential for the optimal generation of ayf7" cells. Purified Ly5.17CD4" Ty cells were labeled with CFSE
and transferred into sublethally irradiated LyS.2" PPX (C) or MLX (I)) mice. The «,83," donor celi population in the fast-dividing cells was analyzed as
showu in (B). The numbers in FACS panels show the percent frequency of ayB57" cells wmong fast-proliferating (CFSE ™) donor cells. Representative results
for six mice are shown. Bar graph: the percent frequency (mean = SD) of asf37* donor cells in CFSE™ donor cells (i1 = 6 mice/group). Similar results were
obtained in six independent experiments. #p < (.05, *¥p < 0.01, #**p < 0.001.
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thus examined ayf7, CCRY, and CCR6 levels on donor cells
undergoing homeostatic proliferation. Before transfer, splenic
CD4™ Ty cells expressed intermediate levels of oy f but un-
detectable levels of CCR9 and CCR6 (Fig. 4A). After transfer,
some donor T cells acquired significant levels of o, CCRY, and
CCR6 through fast division (Fig. 4B). Tn particular, fast-dividing
cell populations from the small intestine and MLNs contained
larger proportions of the gut-homing receptor-expressing donor
cells than did those recovered from the spleen or ILNs (Fig. 4B). In
contrast, the slow-dividing populations in these organs retained
their initial levels of these receptors (data not shown). These results
suggest that the gut-tropic T cells may develop in the small in-
testine or GALTs during the homeostatic proliferation.

To examine whether PPs and MLNs are required for generating
the gut-homing T cells, we determined the frequencies of o 37"
donor cells in PPX and MLX mice. The oy84" proportion was
unchanged in fast-dividing cells recovered {rom the small intestine
or spleen of PPX mice (Fig. 4C), but the proportion was signifi-
cantly reduced in MLX mice (Fig. 4D). These findings suggest
that MLNs but not PPs are essential for generating o+ cells
through fast cell division.

Donor T cells in the small intestine derive from a ;" cells
generated in MLNs via fust proliferation

Having found that MLNs are important for generating fast-
proliferating ;85" cells, we postulated that donor CD4* Ty
cells that settle in MLNs rapidly proliferate, acquire the ;"
phenotype, and migrate to the small intestine via recirculation. We
tested this by examining homeostatic proliferation in mice treated
with the immunomodulatory drug FTY720, which depletes STP,
on lymphocytes, thus preventing their emigration from secondary
lymphoid orguns and inducing their accumulation in lymph nodes
(55~57). FTY720 wreatment significantly increased the number of
Byt cells and decreased the number of «,f;” cells in fast-
dividing cells recovered from MLNs (Fig. 5A, 5B). In contrast,
the number of ayf3;" cells was markedly reduced in the spleen,
whereas the a;35 cell population was unaffected (Fig. 5A, 5B).
Therefore, fast proliferation in MLNs may criticatly contribute to
the generation of circulating oyf7" cells that are found in the
spleen. Furthermore, FTY720 treatment strongly reduced the
number of donor cells, including «,85" cells, in the small intestine
(Fig. 5C, 5D). These results suggest that c,B," cells may arise
from fast-proliferating cells in MLNs and then migrate into the
small intestine through recirculation.

Intestinal bacteria promote fust proliferation in MLNs

Fast division during systemic homeostatic proliferation is driven
by foreign Ags such as commensal bacteria (46). To determine
whether the fast population in MLNs may be induced by commensal
bacteria, we examined gut-specific homeostatic proliferation in
antibiotic-treated hosts. The removal of commensal bacteria in the
hosts™ feces by antibiotic treatment was confirmed by quantitative
real-time PCR (Fig. 6A). As expected, antibiotic treatment signif-
jcantly suppressed the generation of fast-proliferating o7 but not
ayP;” cells in MLNs (Fig. 6B, 6C). Furthermore, administration of
antibiotics strikingly reduced the number of donor cells, including
By fust-dividing cells, in the small intestine (Fig. 6D, 6E).
Therefore, the commensal microffora is critically involved in the
fast proliferation in MLNs,

OX40 signaling is critical for fast proliferation in MLNs

The in vivo blockade of T cell costimulatory signals mediated
through 0X40, which belongs to the TNF receptor superfamily,
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FIGURE 5. FTY720 inhibits cyf8,* donor cell immigration from MLNs
to the small intestine. Purified CFSE-labeled Ly5.17CD4" Ty cells were
wansferred into sublethally irradiated Ly5.2* mice treated daily with PBS
@) or FTY720 (@). (A and B) FTY720 treaiment induced c,B;" cells to
accumulate in MLNs, Levels of o fy on fast-proliferating donor cells
recovered from MLNs and the spleen 9 d after transfer were evaluated as
described in Fig. 4. (A) Numbers in FACS panels show the percent
frequency of oagB;" cells among CFSE™ donor cells. Representative
results are shown for five mice in each group. (B) Graph: the numbers

organ (n = 5 mice/group). (C and D) FTY720 treatment markedly di-
minished donor cells in the intestine. The donor cell population in the
intestine of PBS- or FTY720-wreated mice was evaluated by flow
cytometry 9 d after transfer. (C) The number in each FACS plot indicates
percent frequency of donor cells. Results shown are representative data
from five mice in each group. (D) Graph: numbers of total, fast-prolif-
erating, and 43, donor cells (mean = SD) in the intestine (7 = 5 mice/
group). Similar results were obtained in five independent experiments.
#n < 005,

improves experimental colitis by suppressing the homeostatic
proliferation of pathogenic CD4™ T cells (34, 35). Therefore, we
cxamined OX40 expressed on donor T cells in MLNs during ho-
meostatic proliferation and found OX40 on fast- but not slow-
proliferating cells (Fig. 7A). To clarify the role of OX40 in fast
proliferation, we treated recipient mice with an inhibitory anti-
OX40L mAb and monitored donor cell proliferation in MLNs.
Treatment with the anti-OX40L mAb significantly inhibited the
generation of fast-proliferating ay8;" cells in MLNs, without af-
fecting slow cell division (Fig. 7B. 7C). Treatment with the anti-
OX40L mAb also strongly reduced the total, fast-proliferating, and
437" donor T cell populations in the small intestine (Fig. 7D).
This indicates that OX40 costimulation is required for generating
gut-tropic, fast-dividing cells in MLNs.
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FIGURE 6. Intestinal commensal bacteria are re-
quired for fast proliferation in MLNs and the accumu-
lution of donor cells in the intestine. (A) Antibiotic
wreatment deleted commensal gut flora. Bacterial DNA
was extracted from feces of antibiotics-treated or non-
treated mice, and quantitative PCR analysis for 16s
rRNA-coding DNA was carried out. The quantities of total
bacteria, Clostridinm, SFB, und Bacteroides (mean = §I)
are indicated (n = 4 mice/group). Similar results were
obtained i two independent experiments. (B-E) Anti-
biotics significantly reduced wyf3y” fast-dividing donor B
cells in MLLNs and diminished donor cells in the intes-
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tine. Nine days after adoptive transfer of CFSE-labeled 8.2
CDA4™ Ty cells to antibiotic-treated or control mice, do- :
nor cells in MLNs and the intestine were examined by
flow cytometry. (B) The number in each FACS panel
indicates the percent frequency of 33" population

G4By

. Antibiotics

v

o

among donor cells in MLNs, Results shown are repre- W
sentative data of three mice per group. Graph: the percent
frequency (mean = SD) of «,B+" or 0y population
among donor cells in MLNs (n = 3 mice/group). (O

Graph: the number (mean £ SD) of a,B+" cells among Control

a,B," cell number (x10°%)
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aB;  aby

&>
o

Antibiotics

CFSE™ fast-proliferating donor cells in MLNs (1 = 3
mice/group). (D) The number in each FACS plot indi-
cates percent frequency of donor cells in the intestine.
Results shown are representative data from three mice in
each group. (E) Graph: numbers of total, fast proliferai- ]
ing, and rx,;[S-,.*' donor cells (mean & 8D) in the intestine CD_Z
(n = 3 mice/group). Similar results were obtained in two

independent experiments, *p < 0,05, #¥p < 0.01.

Gur-tropic Thi7 cells arise in MLNs during homeostatic
proliferation

The CD4" T cell population in the small intestine includes a sig-
nificant number of Th17 cells (27). Therefore, we measured TFN-y
and IL-17A cytokine levels in donor cells recovered from the
small intestine, spleen, and MLNs. Neither cytokine was produced
by the slow-dividing population, whereas the fast-dividing pop-
ulation expressed both (Fig. 8A; data not shown). When gating on
the fast-dividing population, un IFN-y profile was dominant in the
spleen (Fig. 8A, spleen), but in the intestine, I.-17A-producing
cells greatly outnumbered IFN-y-producing ones (Fig. 8A, intes-
tine). In MLNs, IFN-y and IL-17A were detected at equal levels
(Fig. 8A, MLN). These results indicate that Thi7 cells are gen-
erated through fast proliferation in an organ-specific manner and
that gut-specific Th17 cells may arise in MLNs or the small in-
testine.

FTY720 weatment caused oy, cells to accumulate in MLNs
and strongly depleted donor cells in the intestine (Fig. 5). Theve-
fore, if fast homeostatic proliferation in MLNs is responsible
for the differentiation of gut-associated Th17 cells, FTY720
treatment should induce donor Thi7 cells to accumulate in MLNs,
As expected, FTY720 treatment increased the [L-17A" popula-
tion and decreased the TFN-y* population in MLNs (Fig. 8B,
MLN). However, FTY720 increased the IFN-y™ population but
did not affect the minor TL-17A" population found in the spleen
(Fig. 8B, spleen). These results suggest that CD4* T cells that
produce TL-17A are almost exclusively generated by MLNs and
those producing IFN-v by the spleen. This result is supported
by our finding that MLN-derived y37" and spleen-derived o3~
populations included IL-17A" and IFN-y™ cells, respectively (data
not shown). Furthermore, removing MLNs from recipient mice
significantly reduced the IL-17A" but not the IFN-y* popula-
tion in the small intestine (Fig. 8C). Collectively, these results

I
o o

<0.1i

PRy
o

<

Absolute number (x10°%)

Donor  Fast  a,B;"

demonstrate that MLNs are essential for the generation of gut-
tropic Th17 cells through fast homeostatic proliferation.

Discussion

In this study, we examined the homeostatic proliferation of CD4*
Ty cells in an organ-specific manner and found that the two dis-
tinct types of homeostatic proliferation, fast and slow, which were
discovered in the spleen and cutaneous lymph nodes (46, 47), also
occur in MLNs and intestinal tissue. Furthermore, we demon-
strated that the fast homeostatic proliferation of CD4™ Ty cells in
MILNs critically contributes to the generation of gut-homing Tgpy—
phenotype Thi7 cells, indicating an important role of the fast gut-
specific proliferation. CD4™ Ty cells, including Thi7 cells, re-
present a significant portion of the intestinal T cell population
(27), and control bacterial infections in the gut (28, 29). Thercfore,
the present results may further our understanding of gut-homing
Tew cell differentiation in vivo.

Homeostatic proliferation is a physiological proliferative T cell
response induced by an emergent immunological status such as
lymphopenia (2). For example, in clderly people. patients thy-
mectomized during early childhood, or patients infected with HIV-
{, who are all situated under ymphopenic conditions, homeostatic
proliferation contributes to matntaining the T cell number (58).
Besides, neonatal mice, which do not yet have sufficient T cells,
show the homeostatic proliferation to increase the T cell number
up to the physiological status (59, 60). Although we induced
lymphopenia by irradiation, the gut-specific homeostatic prolif-
eration may contribute to generation of intestinal Th17 cells under
a certain physiological condition.

Several studies have reported that slow homeostatic proliferation
is mediated by self peptides/MHC and IL-7 in secondary lymphoid
organs (2, 46, 47). Consistent with these studies, we found the
slowly proliferating population to be present mainly in secondary
lymphoid organs, including the spleen, MLNs, and ILNs (Fig. 2).
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FIGURE 7. Blockade of OX40L~0X40 interactions inhibits fast pro-
liferation in MLNs and the accumulation of donor cells in the small
intestine. (A) Nine days after adoptive transfer of CFSE-lubeled CD4"
Ty cells, OX40 expression on the fast (CFSE™) and slow (CFSE"#")
populations in donor cells in MLNs was examined by flow cylometry.
Filled histograms show negalive control staining, Similar results were
obtained in two independent experiments. (B-D) Recipient mice were
treated with blocking anti-OX40L mAb or with control rat TgG. Donor
cells in MLNs and the intestine were examined by flow cytometry 9 d
after ransfer. (B) The number in each FACS panel indicates the percent
frequency of fast-proliferating cells among donor cells in MLNs. Results
shown are representative data of six mice per group. (C) Graph: the
number (mean & SD) of fast-proliferating cells among donor cells in
MLNs (11 = 6 mice/group). (D) Graph: the numbers of total. fast prolif-
erating, and «yf3" donor cells (mean £ SDY in the intestine (n = 6 mice/
group). Similar results were obtained in six independent experiments,
Fp < 0.05. #4p < .01

However, less has been known about where fast proliferation
occurs. Our results show that the cyB;" fast-proliferating pop-
ulation is generated mainly in MLNs and that it may contribute to
gut-tropic Th17 generation. The organ-specific proliferation may
contribute to generation of organ-specific Ty cells.

To our knowledge. this study reveals for the first time that, in
addition to commensal bacteria, OX40 costimulation is crucial for
inducing fast proliferation. In particular, both commensal bacteria
and OX40 arc required for fast proliferation in MLNs and for gut-
wopic T cell accumulation in the lamina propria of the intestine.
Srudies in several animal models have demonstrated that OX40-
OX40L interactions mediate the development of IBDs and GVHD,
both of which are pathogenically associated with the homeostatic
proliferation of CD4" Ty cells (34, 35, 61). Therefore, it is likely
that auB7" Th17 cells generated through fast homeostatic prolif-

5795

eration in MLNs are also involved in the pathogenesis of these
diseases in an 0X40-dependent manner. This possibility led us to
examine the OX40L expression on several types of CD11¢"MHC
IT* dendritic cells, which may probably present Ags of intestinal
commensal bacteria to T cells, in the MLNs of recipient mice,
because OX40L is thought to be expressed on APCs such as
dendritic cells and B cells (62-64). Because blockuding OX40L
significantly reduced the number of w,f3;* cells in the MLNs (Fig.
7C), we speculated that CDI03" dendritic cells, which are im-
portant for inducing ayf;" T cells (26). might express OX40L,
Unexpectedly, we did not find OX40L-cxpressing dendritic cells
in the MLNs of recipient mice, even when the mice were sub-
jected to sublethal irradiation (data not shown). Therefore, a cell
population other than CD1 [c” dendritic cells may express OX40L.
and mediate fast proliferation in MLNs. The precise role of OX40
signaling in inducing gut-homing Th17 cells requires further
study.

Several studies have demonstrated that MLNs and PPs are
important for generating gut-tropic T cells, which express specific
markers such as «yf37, CCRY, and CCRG6 (12, 54). Previous
studies showed that MLN-derived T lymphoblasts preferentially
accumulate in the intestine (63, 66). A recent study using a T cell
transfer method revealed that donor T cells acquire «yf35 in the
MLNs upon in vivo Ag stinwlation (24). Other reports found that
dendritic cells from MLNs and PPs are capable of inducing 87"
T cells invitro (17, 25, 67, 68). However, a study using a virus-
specific TCR-transgenic T cell system showed that a sufficient
number of ayB7" T cells were generated in the spleen in response
to viral infection, even in mice treated with FTY720), suggesting
that MLLNs and PPs are dispensable (69). Despite the controversy
on the roles of MLLNs and PPs, our present study clearly shows
that MLNs, but not the spleen or PPs, are essential for generating
qut-tropic ayB4" effector T cells. because g+ donor cells in the
intestine were markedly reduced in MLN-deficient PP-intact MLLX
mice (Figs. 3E, 3F, 4D), and a fast-proliferating population was
found in the intestine even in MLN-intact PP-deficient PPX mice—
but not in MLN-deficient PP-deficient aly/aly mice (Fig. 3A-D).
Indeed, the donor cell number in PPs was less than 1/50th of that
in ML.Ns 9 d after transfer (data not shown). Therefore, MLNs, but
not PPs, may be the main place for gut-tropic T cell proliferation
in our model. although the presence of PPs crucially contributed to
distribution of slow proliferating donor cells in the intestine (Fig.
3C, 3D). Furthermore, FTY720 treatment induced o, donor
cells to accumulate in MLNs, consequently depleting them in the
intestine and spleen (Fig. 5); this finding also suggests that MLNs
are critical for inducing gut-homing T cells. Tt is still unclear,
however, whether Ag stimulation is required for the homeostatic
proliferation-induced generation of gut-tropic T cells despite the
indispensability of intestinal flora. The contribution of MLNs to
the generation of gut-homing T cells may differ in the context of
homeostatic proliferation or Ag-specific activation.

The generation of Th17 cells has been thought to occur in the
lamina propria of the intestine (31) in part because the frequency of
these cells is much higher in the intestinal lamina propria than in
PPs or ML.Ns (70, 71). Indeed, the lamina propria of the colon is
rich in CX3CRITCD1037CD70"¥'CD11¢!Y cells, which have
the capacity to generate Th17 cells in vitro (70). It was also re-
cently reported that CD11c E-cadherin®™ cells in the colonic
lamina propria and in inflamed MILNs promote Th17 differentia-
tion in vivo (72). However, it is unlikely that the donor Ty cells
directly entered the lamina propria of the intestine to be primed for
Th17 differentiation by intestinal APCs in our experimental set-
tings, because donor T cells were not found in the intestinal
lamina propria of aly/aly mice (Fig. 3A, 3B), and because FTY720
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FIGURE 8. Gut-tropic H.-17A™ donor cells arise during fast homeostatic proliferation in MLNs, Nine days after tanster, donor cells were collected
from the indicated organs of recipient mice and were stimulated ex vivo with PMA and ionomycin. Intracellular expression of TFN-y and 1L-17A in fast-
proliferating donor cell populations was examined by flow cytometry. (A) Frequency of TFN-y— or TL-17A~producing cells among fast-proliferating donor
cells in each of the indicated organs. Graph: the mean % SD from five mice per group. Similar results were obtained in five independent experiments. (B)
FTY720 tweatment, as described in Fig. 5; FACS results shown (/eft panel) ave representative of three mice per group. Numbers in FACS histograms
indicate percent frequency of IFN-y— or IL-17A-producing cells among the fast proliferating donor cells in cach organ. Graph (vight panel): the percent
frequency of TFN-y-- or IL- 17 A~producing cells (mean = 8D) among fast-proliferating donor cells in each organ (1 = 3 mice/group). Similar results were
obtained in two independent experiments, (€) MLX or sham-operated control recipient mice. Numbers in FACS histograms indicate percent frequency of
cells producing [FN-y or IL-17A among the fast proliferating donor cells in the lamina propria of the small intestine. Results shown are representative of
five mice per group. Graph (right panel) represents the percent frequency (mean £ SD) of TFN-y— or [L-17A-producing cells among fast-proliferating

donor cells in the intestinal lamina propria (n = 3 mice/group). Similar results were obtained in five independent experiments. *p < 0.03,

<< (0.001.

treatment or mesenteric lymphadenectomy depleted donor T cells,
including Thl7 cells, from the intestine (Figs. 5C, 5D, 8C). Thi?7
cells may be generated in MLNs, after which they may migrate
and accumulate in the lamina propria of the small intestine.
Intestinal Th17 cells are induced by SFB, an intestinal com-
mensal bacterium (27). Consistently, the gut-tropic oy," pop-
ulation, which were rich in Thi7 cells (data not shown), was
markedly reduced by antibiotic treatment that removed almost all
conunensal bacteria including SFB (Fig. 6A-C). Therefore, gut-
homing Th17 cells are gencrated dependently of commensal
bacteria. By contrast, mechanisms for generating Thl cells, which
were at least in part generated in the spleen (Fig. 8B), are unclear.
Because the auf; fast population, which was rich in the Thl
cells (data not shown), was not affected by antibiotic treatment
(Fig. 6B), the Thl cells may be induced by a different mechanism
from Thi7 cells, which require intestinal commensal bacteria. Fur-

< 0,01,

ther studies on the distinct mechanisms between Thl and Th17 gen-
erations will be needed.

In summary. our results clearly demonstrate that gut-specific fast
homeostatic proliferation plays a critical role in inducing gut-
homing ayB7'TL-17A" T cells, which is dependent on 0X40
signals. Although the systemic inhibition of OX40 signals, either
in OX40L-knockout mice or by treatment with an anti-OX40L
mAb, drastically ameliorates several types of [BDs and GVHD
(34, 35, 61), our study revealed that the OX40-OX40L inter-
actions necessary for generating intestinal Th17 cells may occur in
the MLNs. Therefore, it may be possible to develop therapeutic
strategies for IBDs and GVHD by controlling the OX40-0X40L
interactions in MLNs. Tn addition. the finding that the role of
MLNs in developing gut-homing Tgy cells, including Th17 cells,
is distinct from that of the PPs or spleen may contribute to a
deeper understanding of intestinal mucosal immunity.
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Y Chromosome-Linked B and NK Cell Deficiency in Mice

Shu-lan Sun,* Satoshi Horino,* Ari Itoh-Nakadai,” Takeshi Kawabe,* Atsuko Asao,*
Takeshi Takahashi," Takanori So,* Ryo 14’0111337;111131,§ Motonari Kmmdo,e[I Hirotomo Saitsu,’
Naomichi Matsumoto,' Keiko Nakayama,® and Naoto Ishii*

There are no primary immunodeficiency diseases linked to the Y chromosome, because the Y chreniosome does not contain any
vital genes, We have established a novel mouse strain in which all maleslack B and NK cells and have Peyer’s patch defects. By 10 wk of
age, 100% of the males had evident immunodeficiencies. Mating these immunodeficient males with wild-type females on two
different genetic backgrounds for several generations demonstrated that the immunodeficiency is linked to the Y chromosome and
is inherited in a Mendelian fashion, Although multicolor fluorescence in situ hybridization analysis showed that the Y chromo-
some in the mutant male mice was one third shorter than that in wild-type males, exome sequencing did not identify any
significant gene mutations. The precise molecular mechanisms are still unknown, Bone marrow chimeric analyses demonstrated
that an intrinsic abnormality in bone marrow hematopoietic cells causes the B and NK cell defects. Interestingly, fetal liver cells
transplanted from the mutant male mice reconstituted B and NK cells in lymphocyte-deficient I2re™" recipient mice, whereas
adult bone marrow transplants did not. Transducing the EBF gene, a master transcription factor for B cell development, into
nnitant hematopoietic progenitor cells rescued B cell but not NK cell development both in vitro and in vivo. These Y chromosome—
linked immunodeficient mice, which have preferential B and NK cell defects, may be a useful model of lymphocyte development.

The Journal of Immunology, 2013, 190: 6209-6220.

ost primary immunodeficiencies are inherited dis-
orders. For example, mutations of the common cyto-
BV kine receptor y-chain (/I2rg) gene, which is locared on
the X chromosome, cause X-linked SCID, which is characterized
by T and NK cell deficiencies and functionally impaired mature
B cells. Mutations of the recombinase-activating genes Rag/ and
Rag? induce T and B cell deficiencies while retaining functional
NK cells. These immunodeficiencies are caused by gene muta-
tions on an autosome or an X chromosome (1, 2). No hereditary
Y chromosome-linked immunodeficiencies have been reported in
humans.

The Y chromosome s one of two chromosomes that pair with
the X chromosome and determine sex in most mammals. The mouse
Y chromosome is 16-Mb long and contains 54 genes; the human
Y chromosome is 58-Mb long and encodes 86 genes. It is appar-
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ent that Y chromosomes do not contain genes essential for life. be-
cause females do not have the Y chromosome. Only two studies
showed the male mice—specific disorder thut is Y chromosome linked.
One is Yaa (Y-linked autoimmune accelerator). Yaa mice develop
a discase similar to systemic lupus erythematosus, and the inci-
dence and onset are much higher in males than in their female
littermates in certain mouse strains, including BXSB and MLR (3).
Recent studies have shown that in Yaa mice, the part of the X
chromosome pseudoautosomal region containing the TLR7 gene is
translocated onto the Y chromosome. Therefore, the duplication of
TLR7, which may render B cells hypersensitive to self-Ags con-
taining RNA, contributes to the BXSB strain’s Y-linked autoimmune-
prone phenotype. However, the Yua mutation alone is not sufficient
to fnduce autoimmune disease in CS6BL/6 male mice: additional
genetic mutations are required. In this context, the autoimmune dis-
ease agsociated with the Yae mutation is not a Y-chromosomal Mende-
lian disease. Another study showed a mouse strain i which Vol
NKT cell is absent in the male mice (4). However, they did not
analyze the Y chromosone, so the mechanism of Y chromosome—
linked NKT deficiency is still unknown.

B cells are lymphocytes that play a large role in humoral im-
mune responses. Murine B cell development is initiated in the fetal
liver cells and relocates to the bone marrow after birth. B cell
development requires the coordinated cfforts of wanscription factors
and cytokines, particularly 1L-7 (5). 1L.-7 regulates early B cell tran-
scription factor (EBF) expression in the adult bone marrow (6).
EBF is a B cell—specific transcription factor that regulates crucial
genes affecting B cell development, such as AS, Vpre B, and mb-1
(7, 8). EBF cooperates with E2A to positively regulate Pax5 ex-
pression. These transcription factors, along with PUT, are indis-
pensable for B cell development (9-11).

NK cells are a distinct lymphocyte subset with a central role in
innate immunity (12). Early studies suggested that NK cells, like
B cells and myeloid-lineage cells, develop primarily in the bone
marrow. NK precursor (NKP) cells derived from hematopoietic
stem cells (FSCs) give rise to immature NK (iNK) and then
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mature NK cells. Several transcription factors, such as Ets-1, 1d2,
PU.T, Ikaros, T-bet, E4BP4, and Irf-2 are required for NK cell
maturation (12-14), Among these, PU.1, Tkaros. and Ets-1 are
critical for generating NKPs, and the other factors become in-
volved after cells are committed to the NK cell lineage. For ex-
ample, 742”7 mice have normal numbers of NKP and iNK cells
but significantly fewer mature NK cells (15). However, these
factors are not necessarily specific to the NK lineage. because
their individual deletions sometimes cause defects in other he-
matopoietic cell lineages.

In this study, we established a novel immunodeficient mouse
strain characterized by Y chromosome-linked hereditary B and
NK cell deficiencies. B and NK cells gradually diminished after 3
wk of age and disappeared by 10 wk of age in 100% of the males
of this strain. B cell development was arrested at the prepro-B cell
stage, and NKP cells were almost undetectable in these mutant
mice. Although intensive genomic analyses failed o reveal the pre-
cise molecular mechanisms of this Y-linked lymphocyte deficiency,
the mouse phenotype suggests that a mutation of one gene may cause
B and NK cell deficiency without affecting T cell development.
Therefore, this novel mouse strain may be a useful model for dis-
tinguishing the developmental processes of B, T, and NK cells, which
are thought to derive from common lymphoid progenitor cells.

Materials and Methods
Mice

B cell-deficient mice on a C57BL/6N background were bred and main-
tained under specific pathogen-free conditions. Unless otherwise indicated,
age-matched (3-20 wk old) and female littermates were used as con-
trols. All procedures were performed according to protocols approved by
Tohoku University’s Institutional Commitiee for the Use and Care of Lab-
oratory Animals.

Flow cytometry

Single-cell suspensions were prepared and cells immunostained as previ-
ously described (16). Dead cells were positively stained by propidium
iodide and excluded from analysis. Lymphocyte suspensions from the
spleen, bone marrow, peripheral blood, and fetal liver were incubated with
a CD16/32 mAb (2.4G2) and stained for 30 min on ice with a combination
of the following mousc-specific Abs: FITC-CDI19 (6D3: BioLegend, San
Diego, CA), Ph-anti-IgM (eBI121-15F9; eBioscience, San Diego, CA),
PE-CD3 (eBio5S00A2; eBioscience), Pacific Blue-CD4 (RM4-3: BD
Pharmingen, San Diego, CA), allophycocyanin-CD8 (53-6.7; BioLegend).
FITC-CD11b (M1/70; BD Pharmingen), PE-anti-NKI.1 (PK136; BD
Pharmingen), allophycocyanin—-anti-B220 (RA3-6B2; Biol.egend), FITC-
CD90.2 (53-2.1; BD Pharmingen), FITC-CD43 (§7; BD Pharmingen), PE-
anti-LyS.1 (6¢3; BioLegend), Pacific Blue-CD24 (M1/69; BioLegend), FITC-
CD34 (RAM34; BD Pharmingen), allophycocyanin-CD(17 (2B8; Bio-
Legend), PE/Cy7-anti-Sca-1 (D7; BioLegend), Biotin-CD127 (ATR34:
BioLegend), Biotin-CD122 (TM-p1: BioLegend), PE-CDS (53-7.3; BD
Pharmingen), FITC-Gr-1 (RB6-8CS: BD Pharmingen), PE-Ter1 19 (TER119;
BioLegend), FITC-CD71 (RI7217; Biol.egend), allophycocyanin-CD3 (145-
2clt; BioLegend). and PE~anti-IgM (cB121-15F9; eBioscience). Biotinylated
Abs were visualized by BD Horizon V450 streptavidin (BID Pharmingen).
Samples were analyzed with an FACSCanto IT or LSRFortessa system (BD
Biosciences); data were analyzed with Flowlo flow cytometry analysis
software (Tree Star).

Radivactive proliferation assay

Splenic T cells were first separated by CD90.2 Microbeads (Miltenyi Biotec,
Bergisch Gladbach., Germany). A total of 1 X 10° cells was then seeded in
the wells of a 96-well plate precoated with 10 pg/mi anti-mouse CD3e mAb
(145-2CT1) in a RPMT 1640 containing 10% FCS. 200 U/mi swreptomycin,
200 U/ml penicillin, 50 pM 2-ME. and 1 pe/ml anti-mouse CD28 mAb.
After 48 h stimulation, 1 pCiAvell [PHjthymidine was added, and the in-
corporation of’ [31{]tl1)'111idinc was measured by a y-scintillation counter.

Real-time PCR

Prepro-B (B220°CD437CD24 Ly517) cells were puritied from bone
marrow cells using an FACSAria 11 cell sorter {(BD Biosciences) and lysed

MALE-SPECIFIC B AND NK CELL DEFICIENCY

with 1 ml TRIzol reagent (Invitrogen, Carlsbad, CA). Total RNA was pu-
rified from the cells. The ¢cDNA was then synthesized with SuperScript
Reverse Transcriptase and Random Primers (Invitrogen). The ¢cDNA was
then amplified over 40 cycles on a 7500 Real-time PCR system using
SYBR Premix EXtaq (TaKaRa Bio, Shiga. Japan), ROX Reference Dyell
(TaKaRa Bio), and primer sets. All samples were normalized to GAPDH.
The PCR primers for E12, E47, EBF, PU.1, 1d2, Tkaros, and GAPDH were
as follows: E12 forward, 5 -GGGAGGAGAAAGAGGATGA-3" und re-
verse, 5'-GCTCCGCCTTCTGCTCTG-3"; E47 forward, 53'-GGGAGGA-
GAAAGAGGATGA-3" and reverse, 3'-CCGGTCCCTCAGGTCCTTC-3,
PU.1 forward. 5'-GAACAGATGCACGTCCTCGAT-3' and reverse, §'-
GGGGACAAGGTTTGATAAGGGAA-3": EBF forward, 5'-CTACAG-
CAATGGGATACGGAC-3': reverse, S-TTTCAGGGTTCTTGTCTTG-
GC-3"; 1d2 forward, 5 -CTCCAAGCTCAAGGAACTGG-3" and reverse,
5'-ATTCAGATGCCTGCAAGGAC-3"; Tkaros forward, 5'-TGTGTCA-
TCGGAGCGAGAG-3' and reverse, 5'-GGAAGGCATCCTGCGAGTT-
3", and GAPDH forward, 5'-CCAGGTTGTCTCCTGCGACTT-3" and
reverse, 5'-CCTGTTGCTGTAGCCGTATTCA-3'.

Adoptive cell transfer

Bone marrow cells were extracted by a pressurized flow of sterile tissue-
culture medium through femurs and tibias dissected from donor mice.
Fetal liver cells were taken from female or male mice st embryonic day (E)
17.5. Recipient Ji2rg™"" mice were irradiated with 5 Gy, and on the fol-
lowing day, 4 X 10% adult bone marrow cells or fetal liver cells were
transplanted into recipients via the tail vein.

Purification of hematopoietic progenitor cells from bone
marrovw and fetal liver

Hematopoietic progenitor cells (HPCs) were purified from adult bone
marrow or BEI7.5 fetal liver cells by staining with the following mouse-
specific, biotinylated lineage mackers: CD3, B220, TER 119, Grl. DX5,
and CDIib. HPCs were negatively separated by anti-Biotin MicroBeads
with auto MACS Columns (Miltenyi Biotec).

In vitro Iymphopoiesis

HPCs collected from adult bone marrow or E17.5 fetal liver cells were
cultured on OPY stromal cells in «-MEM medium containing 20% FCS,
200 U/mi streptomycin, 200 U/ml penicillin, and 50 pM 2-ME or 7 d. For
B cell development, the medium was supplemented with 5 ng/mi stem cell
factor (SCF), 5 ng/ml FIG ligand, and 10 ng/mi 1L.-7; for NK cells, the
medium was supplemented with 5 ng/ml SCF, 5 ng/m! Flt3 ligand, and 30
ng/mi IL-15.

Retroviral transduction

We produced a virus from a packaging cell line, PLAT-E, by wansiently
transfecting the MSCV-EBF-IRES-GFP plasmid (6) and MSCV-IRES-
GFP as control using FuGENE transfection reagent (Roche, Madison,
WI). HPCs from males (Ly5.2) or female Jittermates (Ly5.2) were cultured
in RPMI 1640 containing 10% FCS. 200 U/ml streptomyein, 200 U/l
penicillin, and 50 pM 2-ME supplemented with mouse recombinant
SCF (50 ng/ml), 1L~6 (10 ng/mb), 1L-3 (Sng/ml), FLI=3 ligand (5 ng/ml),
and IL.-7 (5 ng/ml). On the following day, the cells were transferred onto
a RewroNectin-coated (TaKaRa Bio) plate in the presence of retroviral
supernatant. For spin infection, the plate was centrifuged at 2000 X g at
32°C for 2 h once daily on days 1 and 2. Two days postinfection, the cells
were washed and then transferved into irradiated Ly5.1 wild-type mice or
cocultured on OPY cells under B or NK cell differentiation conditions.

Swuistical analysis

Statistical analysis was performed by Stadent ¢ test. The p values < (.05
were considered significant.

Results

Mutant male mice lack NK and B celly and Pever's patches

In our mouse population, a novel mutant strain emerged sponta-
neously, in which all males lacked Peyer’s patches (PP) and mated
these males with wild-type female mice, we observed their off-
spring for the presence or absence of PPs. Although PPs in both
the male and female offspring were visible from 4 to 6 wk after
birth, PPs were completely lacking in the male offspring as they
grew up to 10 wk old (Fig. 1A and data not shown). This indicated
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that the early PP compartimentalization process was normal in the
male mice. Moreover, each male mouse had a normal number of
lymph nodes, although the lymph nodes were abnormally small,
and was outwardly normal in behavior, fertility, and appearance.
To understand the characteristic of these mutant male mice, we
analyzed hematopoietic cells in the spleen. peritoneal cavity,
thymus, bone marrow, and peripheral blood. Interestingly, the

>

Number of PPs

[+ JE SN

vy

FIGURE 1. Mutant male mice specifically lack PPs.
(A) Number of PPs on small intestines of [2-wk-
old males or their female littermates. Frequency and
the absolute number of hematopoietic lineages in the
spleen (B), peritoneal cavity (C), thymus (D), and
bone marrow (F) were analyzed by flow cytometry.
B220%1eM* B cell, CD3™ T cell, CD3*CD4™ T cell,
CD3*CD8* T cell, NKI1.1*CD3™ NK cell, CD11b*
monocyte, and Gr-1" granulocyle populations are
shown. (C) Peritoneal lymphocytes were separated
into the following subsets: total B1, CD19*B220" ™,
Bla, CD19*B220'°™ D5%; and Blb, CD19*B220"™
CD5™, (D) Thymic cells were stained with CD4 and

O

Female Littermates
Lymphocytes
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males had virtually no B (B1 and B2) cells and also had signifi-
cantly fewer NK cells (NKI1.I¥CD37) than their female litter-
mates (Fig. 1B, 1C). NK deficiency was also confirmed with a
different NK cell marker (CD37DX5"FcRel ™) (data not shown).
However, there were no differences in the absolute cell number

of myeloid and erythroid populations in the bone marrow or of

RBCs in the periphery (Fig. 1B, IF, 1G). In addition, the absolute
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number of T cell subsets in the thymus and spleen was comparable
between the mutant males and the female littermate controls (Fig.
1B, 1D), suggesting normal T cell development in the mutant
male mice. When splenic T cells were stimulated with anti-CD3e
mAb. the proliferative responses of T cells in the mutant male
mice were clearly observed but significantly lower than female
controls’ (Fig. 1E).

B and NK cell deficiency is inherited in a Mendelian,

Y chromosome~linked fushion

Because all male pups in this strain were B and NK cell deficient,
we hypothesized that the phenotype might be inherited as a dom-
inant trait linked to the Y chromosome. To confirm this. we mated
PP (B and NK cell)-deficient male mice with wild-type female
mice on a C57BL/G (Fig. 2A, left punel) or BALB/c (Fig. 2A,
right panel) background, and looked for PPs (B and NK cell) in
their 10-wk-old offspring. All male offspring of a mutant male
parent also lucked PPs (B and NK cells). In contrast, there was no
abnormality in PPs or B cells in the female offspring or in males
that inherited their Y chromosome from a wild-type male. The
family wee indicated that the B and NK cell deficiency was
inherited in a Mendelian fashion linked to the Y chromosome.

To determine the Y chromosome’s genetic abnormality, we ex-
amined it by fluorescence in situ hybridization (FISH) analysis.
The Y chromosome in the mutant males (n = 10) was one third
shorter than that in wild-type male mice, suggesting a structural
abnormality (Fig. 2B).

The Yaa mutation, which contributes to a higher incidence of
autoimmune disease in male than in female BXSB mice, is caused
by the novel translocation of a gene locus from the X chromosome
onto the Y chromosome, resulting in the duplication of several
genes. To look for duplication or copy-number abnormalities of
certain genes in our B and NK cell-deficient male mice, we
performed array-based comparative genomic hybridization with
spleen cells and hepatic celly from mutant male and wild-type
male mice on the same genetic background. We found gene-
copy abnormalities of three autosomal gene loci (data not
shown). However, FISH analysis with bacterial artificial chro-
mosome clone probes derived from these three autosomal gene
loci failed to find any evidence of an insertion or translocation of
the loci into the Y chromosome (data not shown).

We also sequenced Y chromosome exomes from B and NK
cell-deficient and wild-type male mice (i = 3 each) from the same
B6 strain. However, we could not find any significant nucleotide
differences, including single nucleotide polymorphisms, between
the Y chromosome exons in mutant and wild-type mice (data not
shown). Thus, the genetic Y chromosome abnormality responsi-
ble for the Y chromosome-linked immunodeficiency remains
unclear.

B and NK cell populations in the mutant male mice decrease
with uge

B and NX cells were absent in the adult male mice of this strain. To
examine whether B or NK cell lymphopenia occurs at birth, we
measured the numbers of B and NK cells in the bone marrow,
spleen, lymph nodes, and peripheral blood at 3, 6, 8, and 12 wk of
age. The B and NK cell populations in males at 3 wk of age were
comparable with those in females, but had decreased to a markedly
lower Ievel at 6 wk of age (Fig. 3A). Interestingly, B1 cells in the
males were markedly reduced compared with those in the female
littermates even at 3 wk after birth and completely disappeared by
12 wk of age (Fig. 3B). Consistent with B cell decline, serum IgG
and IgM dramatically decreased at 6 wk of age (Fig. 3D). In
contrast, T cells increased with age in both males and females and

MALE-SPECIFIC B AND NK CELL DEFICIENCY

A

C57BL/6 | BALB/c

C57BLIG | C57BLI6
1211 z‘&gn 0

2020 |0/22
s 0L 0110

18/18 0/9 8>0f10
O L]

& PP-(B~ and NK cell-) deficient mice
[] &: Normal
O % Normal

B

Wild-type male mouse Mutant male mouse

FIGURE 2, B and NK cell deficiency is inherited in a Mendelian fashion
linked to the Y chromosome. (A) B cell-deficient male mice were mated
with C57BL/6 (Ieft panel) or BABL/e (right panel) wild-type female mice
for several generations. The 10-wk-old offspring were then examined for B
and NK cells in the peripheral blood and for PPs. Mice deficient in PPs (B
and NK cells) are represented by filled symbols and unaftected individuals
by open symbols (squares, males; circles, females). The numbers of im-
munodeficient mice/mumber of offspring are shown. (B) Y chromosomes
from wild-type and B and NX cell-deficient males were analyzed by FISH.
The Y chromosome is presented in yellow: pictures show Y chromosomes
from different cells. Representative resulis are shown (n = 20 cells each).

the thymic development of T cells in the males was normal (Fig.
34, 30).

To rule out the possibility that androgenic hormones were as-
sociated with this phenotype, we compared splenic B and T cells
in 10-wk-old B cell-deficient males that had been either castrated
or subjected to a sham operation at 2 wk of age (Fig. 3D). The
castrated male mice lacked B cells but had normal T cells, indi-
cating that the male-specific B cell defect was independent of
androgen.

Bone marraw ymphopoiesis in the mutant male mice Is

arrested at the prepro-B to pro-B cell transition

Because B cells were depleted in the adult male mutant mice, we
looked at various stages of B cell differentiation to determine which
stage was arrested. The B cell development from HSCs is sub-
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FIGURE 3. B and NK cell deficiencies are restricied to aduits and are not affected by androgens. (A) Number of B cells (B220M), T cells (CD3%), and NK
cells (NK1.1" CD37) from the bone marrow, spicen, inguinal lymph nodes (iLN), and blood. Numbers of B cell subsets in the peritoneal cavity (B) and
number of T cell subset in the thymus {(C) of male and female littermates at 3, 6, &, and 12 wk of age. (D) Serum levels of 1gG and IgM in 3-, 6-, 8-, and 12-
wk-old mice were calculated from absorbance at 450 nm (A 50). Data are from one experiment (n = 4 mice/genotype). Error bars indicate SD (£ SD). (B)
The 2-wk-old male offspring of B cell-deficient male mice were castrated or subjected to a sham operation, and then the percentages of B and T cells in the
spleen were compared at 10 wk of age. Data are from one experiment (n = 2 mice/group). *p < 0.05. #*p < 0.01.

— 231 —

1 pepeojumoQg

t

e
g
o
=
=
=]

Arenue( U0 S[RUWIUY [BIIDUIIadXT 103 JSUT [RnU)) 18 /510 Tountui Ama

C
<

$107°0



6214

divided into Hardy fractions A-F (17), We found decreased
numbers of B cell progenitors in the bone marrow that had un-
dergone the transition from prepro-B to pro-B cells, correspond-
ing to the Hardy fractions A (B220*CD43*BP-17CD247) and B
(B220"CD43"BP-1"CD24"). Tmmature B cells, corresponding to
Hardy fraction E (B220°CD43 IgM ™ 1gD"), were severely defi-
cient (Fig. 4A, 4B).

NK cells are lost in the mutant male mice

NK cells, which develop primarily in the bone marrow, are derived
from HSCs via NKP and iNK cells. Because the very low number of
splenic NKs in the mutant males suggested defective NK devel-
opment, we compared the number of NKP and iNK cells in the bone
marrow of males and their female littermates. The numbers of both
NKP (CDI{b"CD3"NKI1.17CD122%) and iNK (CDI11b™CD3”
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FIGURE 4. B and NK cell developments are arrested. Frequency (A) and number (B) of B cell subsets in the boue marrow at 6 wk of age. Hardy fractions
in the bone marrow were gated as follows: B220"CD43"BP-17CD247 (A); B220"CD43BP-17CD24" (A); B220*CD43"BP-1*CD24* (A); B220"CD43”
IgM™IgD™ (A); B220°CD43 " TaM*TaD™ (A; and B220*CD43 7 IgM™1gD* (B); the € fraction (B220"CD43"BP-1*CD24"™) was not resolved. Data are
representative from three independent experiments of five mice per genotype. Frequency (€) and number (D) of NKp (CD122°CD37CDIB™NKI.17) and
iNK cells (CD122*NKI.1"CD3"CDI1b7) are shown. Data are representative of four or five mice per genotype. *%p << 0.01.
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MALE-SPECIFIC B AND NK CELL DEFICIENCY

NK1.1"CD122%) cells were substantially reduced in the male mice
(Fig. 4C, 4D), suggesting that NK cell development was impaired
in the males.

Abnormal expression of Sca-1 on hematopoietic cells in the
bone marrow

We further examined the lymphoid, myeloid, and erythroid pro-
genitor populations in the bone marrow of the mutant male mice.
As shown in Fig. 5, it appeared that progenitor cells (defined as
lineage ~c-Kit" and Sca-17) of all of the indicated lineages in the
mutant males were markedly reduced. However, Fig. 1B and IF
showed normal number of mature myeloid and erythroid cells in
the mutant male mice. Interestingly, most lineage™ cells in the
mutanl males strongly expressed the Sca-1 marker (top panels of
Fig. 5A), which is commonly used to define the hematopoietic
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progenitor or stem cells. Therefore, due to abnormally high ex-
pression of Sca-1, we may have been unable to exactly evaluate
the hematopoietic progenitor cells in the mutant male mice.

The failure of adult B and NK lymphopoiesis is cell intrinsic

B cells and NK cells can be produced from bone marrow cells
cultured in vitro on stromal cells, such as OP9 cells, in the presence
of TL-7 or IL-15 (18, 19). To determine the cellular origin of the
phenotype of the male mutant mice, we isolated HPCs, identified
as Lin™ (B2207. Thyl™, DX57, Texr1197, Gi-17, CD11b7) bone
marrow cells, from the male mice and their female littermates.
The HPCs were cultured on OP9 cells, with subsequently added
cytokines. HPCs derived from the bone marrow of males did not
produce NK (NK1.1%) cells or B (CD19™) cells, whereas signifi-
cant NK and B cell populations were generated from the HPCs
from female littermates (Fig. 6A).

To confirm this cell-intrinsic abnormality in vivo, we con-
ducted bone marrow chimera experiments by transfusing a mixture
of equal parts of wild-type (Ly5.1") and mutant (Ly5.2%) bone
marrow cells into lymphocyte-deficient 112r¢™"" mice. Consistent
with the in vitro results, LyS.2+ bone marrow cells of mutant
males failed to produce B or NK cells, whereas Ly5.1" wild-type
HPCs fully reconstituted both B and NK cells in the same recip-
ient mice (Fig. 6B). Transplanting wild-type bone marrow cells
into irradiated mutant male mice rescued the B and NK cell de-
ficiency (Fig. 6C), and PPs were also recovered 10 wk after the
transplant (data not shown). This suggests that the PP deficiency is
a result of the B cell deficiency and not an anlage defect. These

A Female littermate Male
i Lin~ W Lin~
ILTR , IL7R
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results clearly indicate that the defect of B and NK cells in the
mutant mice was intringic to hematopoictic cells.

Interestingly, the in vitro lymphopoiesis of B and NK cells from
fetal liver HPCs was the same whether the HPCs were from the
mutant males or their female littermates (Fig. 7A). Furthermore,
the male fetal liver cells reconstituted B and NK cells in vivo,
although at a lower level than cells from female littermates (Fig.
7B). Because fetal liver progenitors from the mutant males could
produce B and NK cells, we compared the fetal B cell subsets and
NK lymphopoiesis in male and female littermates at E17.5, when
TaM™* B cells and iNK are already present in wild-type mice (20,
21). As expected, we did not find a significant difference in the
frequency of B or NK cells in the fetal liver of male and female
littermate embryos (Fig. 7C). However, both B and NK cells de-
rived from the male fetal liver disappeared by 10 wk after trans-
plantation (data not shown). Nevertheless, the above results pro-
vide further evidence that the fetal B and NK cell development in
the males was intact and that the NK and B cells detected in 3-wk-
old males were generated from fetal liver progenitors.

In addition, male fetal liver cells could produce these lympho-
cytes even in male recipients (data not shown), supporting the conclu-
sion that androgen does not contribute to the defect of B and NK cells
in these nutant male mice.

EBF restores the precursor cells’ ability 1o generate
B220% B cells in mutant males

To address the molecular mechanisms for arresting the B cell de-
velopment, we isolated prepro-B cells (Hardy fraction A) from the
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FIGURE 5. Abnormally high expression of Sca-1 on hematopoietic cells in the bone marow. (A) Representative FACS analysis with the bone marrow cells
from 12-wk-old mice are shown, Numbers in the FACS plots indicate the percentages of the indicated populations among total bone marrow cells. Each
progenitor population was defined as bellow. The histogram shows expression of Sea-1 refated to Lin"CID1277 gated cells. (B) The average absolute numbers
of the indicated populations in the bone marrow are shown (7 = 3 each). CLP; Lin"CDI27*Scal*c-Kit"™; CMP: Lin™CD127 "¢-Kit"Scal " CD34*"°CD16/32™
GMP: Lin™CD1277¢-KitScal “CD34YCD16/32*; and MEP: Lin™CD127 7 ¢-Ki""Scal "CD34™CD16/327. #¥p < 0.01.
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A B3V in vitro culture
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FIGURE 6. Cell-intrinsic failure of adult B cell and NK cell development. {A) In vitro differentiation of NK (NK1.1") and B (CD19"%) cells from bone
marrow cells. HPCs (B2207, Thyl™, DX37, Terl197, Gr-17, CD1IbB™) from the bone marrow of adult male or female littermates were cultured on OPY
stromal cells in the presence of exogenous cytokines, Numbers in plots indicate the percentages of live cells. Data are representative from two independent
experiments. (B) B (leff panel) and NK (right panel) cells genevated in the bone marrow 8 wk after the reconstitution of irradiated #2rg™" recipients
tansfused with a [:1 mixtre of wild-type (LyS.1) and wild-type (Ly5.2) or mutant male (Ly5.2) bone marrow cells. Numbers on each gate indicate the
percentage relative to Ly5.1% or Ly5.2% cells. (€) Bone marrow cells from wild-type (Ly5.1) mice were transplanted into irradiated B cell~deficient mutant
male mice (1y5.2). B und NK cells in the bone marrow were analyzed 8 wk after reconstitution. Numbers on gates indicate the percentage relative to Ly5.1*
cells. Data are from two independent experiments (s = 3 or 4 recipient mice per genotype). D, donor; R, recipient.
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