.
ARIERT % AT D PNH SRIMERAS, ik o k{kic
PRI R I A e 20, i, GPEAP Gz i &
DM ET PIGT ORI & - Th, PNH 2R T 5
Z EHRAR E Y, EGN MY R PNH fEIR A S L
T, PIGAIZAERN S D 6T, GPEAP &6
BbhLMEFHOET s o= L A& ol b O
A, GPL b5 A7 2 H DS Cdh 5 PIGT i#
HFIZBWT, ANFOOERESRIC PNH 2 1 7Bk
F5 B TR RIS 2 AR S A S AT B I LS &
Nz,

PNH 77 ti— 2 Ofi RIS, o siils o PIGA
BRFARIZT TR TH L T EAHMIIL Ty

B0 R BRI (aplastic anemia, AA) A {CZE
ET AR R E L LI AN MEBTd 5 2

&, AA BEE OF 509 1 e PNH fitek (>0.003%)
AMHE NS & EY, AA L DBENEHE) G, AA
1A BN D &2 D I )BTRS AT PNH 27 01— > DA%
RN GRS Wl B L Tnws Eahsd, d7kbhb,

M A 5| & g Oy 4y hE LT
GPLAP 241 L CWwhiE, T2 59 5 i
HEINS ol L, PNH@HEE Z oz eh %
&V, PNH 27 01— 2 O A 2 s % e
KREWE WG TH D, Ui 5 Luzzatto 51, 0
AT D0 & LT, PNH BFICB W THE
l> TCRVB #3814 %5 NKT M iz (CD8+, CD57-+)
SO RS L TWREY, ol b3amkl il
My =ik GPL & b GPL & ] e 25k
M5, GPI 21 CDI1d 12 & - T PNH 3% @ NKT #ilaic
RARENTEMALT B Z &R LAY, GPLT > l— R
A, —8O/@EF TR TR TIEH 5055075
Z &%, PNH B TR, #8o GPLY >l — K|
O—BHEETEZENRMENTEO?, 1 DO 10—
SUERLTH TS, oy o—243, ST UbdIERL
TWBERRSBWI &5, PIGA DERE, B
BPUCIMA, S5 5O MRS OB S R5Ehh
Tz,

6, BRI O B RS O RS R
FCT&H D High-mobility group AT-hook 2 (HMGAZ2) 77,
2HTPNH 70— CEFEICHEBR L, a2
BRTWAEZRELTHED, Z0O%, BYSLIT
BEOBMHMPICEER L/ OE VBT EL O F Y
AWART & —E RN THEETFRBEEZT>/EEZA, B
JOE BETFEEONRT Y13 HUGAZ BEF D1
har3RBAIN, HMGAZ BE TN EFT I FEE
LR, so—2HodEmNEEL, BLdbrES
o, T5IT, HMGA2 BT EHFEHL -7
AEMERT B &, EmEME/ fBHROEE T o—
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HEDPLKEMED BMEE MG L THWDH 2 EHREN
R, IS DD S, HMGAZ 5T O B8 7
Ol AR 2 B 7 58 D E E T 50T, 4
BOE B RaHMTEEH I NS,

PNH D5 #

PNH @A eV O M i, Ardiarses L0
Wit 2 3 KIEIR &8 B 5, FNFNOEEIROBRE &7 0
AR DIN T 2 AR T STk 4 T S, PNH DI
FEROE MEIEA C b 505, ERIBOM OIS 3H 0
fife Fes BLHELE vy (R 7 A <0 L OD 8 A AR 43
ISR & A BND), B <, PNHBEE 3Kk
FERD 7 507, B0, e FREE, B R e E 4
Elogiika 8T 50, Zhb OD‘I*”‘IK;’bfﬁﬂnmﬂfﬂ LT
LT EMFEAEW SN, wEimENHT S &
IWH%%@%<®%%%de%b<&%?éLMﬁ
ENDLIN o DX IEEEEO YT, PNH
AL R 2 iaEsE & UG, Bl iR (eculizu-
mab) AIEE NIz,

1. FR#E PR ER eculizumab (Soliris®,

77 —) OBF

EBculizumab ¥, & - C5 Lo h—T7&fEEL,
C5 i s OEM &P % (Fig. D, Cb &FFRM
WHET A28k, RIEEAT 1 L~ Th% Cha
(TF T2 hFy) ORBERETS LB,
C5b (BRI R (5] &k <k o C5b-9 #WaAk

FTLvoiA

DR B “9*%»7)& WA DA T = AR e G
TRORESITII S E 5 20000, FEUTCH 2

B 5E 838 (complementarity determining region, CDR)
WROUZAEERDFATITRo TS, —F, BEHEW
#EI% (heavy-chain constant region, CH) 12t b IgG2
Z, CHZ &3 Wb bIlgGd WD Z &2k, Fe b
BT U DR ETEE L 20 Lisindk D12
TREINTNWDDONREHHTH D,

AITOHE 2 Malk AEGIS IZ5EL 5 3 D DK bR
YRSV THRAT LTI Tz, SEETIT OIS 2 3 —
TTROVINA Ty BT, B2 B a g R
ATREINZDD, BlEFERCKTITbNE, AR EH
BT DT 5 RN R T EE MR 3 MR TRIUMPH?
g RHET S IEEME 3 M5 SHEPHERD (97
B OB, w¥ENBELBEBOMBERBRITAD
(TRIUMPH O 7S REESEE), %< ORCEIEE TR
BB TWS, AETH AEGIS #lE (29 #1) 4% 2008
FIZHRBEN, lﬂii’“@ﬂzfﬁ%&ﬂ - DA B & et
MAREN, 2010 4F 4 AIRGRITE - 7225, ?’”ﬁ—-f{i‘di
25~45 3 sTEEE T, 600 mg 2 1 H 4 g CiRE

5 EIC 900 mg & #5, ZD#% 2 HEIC 900 mg
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Fig. 1 The complement pathway and these regulatory factors. Eculizumab targets blockade of complement
protein C5%.

RS T 5, BREICETBHBAREICNT Y F
BRI ND
2. &3 AEGIS HERIC BT BIRKAAE

AFRTIL 12 RO ARGIS REr &80, Bl ke 2 £/
Ok TTh N2, AEGIS #5ricid 20 A&m
L, Blio#EETH %5 LDH O EHEIE, #55ED
1,845 U/l ;5 # 5 12 B#BICIE 399U/ £ TET L2
(P<0.001) (Fig.2A), LDH D {&F X eculizumab # 5
B1IEBMSRoh, BEHMPEOMRIT/EREL L
NEFOEAEBHRERITPRE 76 g/d iz, &5
9g/dl EHERWKE P<0.00) %30, HiEDESE
B2 12 W THhEET 5 &, 520 () 75 15U (EH)
NEFBEREICEA L (P=0.006), 5/ 12 #IiC#mE
DOHo2LFOD B, 144 66%) 3%EH# 1281
BmMEAE SR>~ (P=000D. ZOL3izHmmEN
FERCHAT 200, WilkEN %ﬂ%i‘ﬂ“@%f& RE B
BEFET DI EMhh ol EHEITDNWT FACIT
FAATEZHNWTHERD &, 42’—‘7’ 1%*%’733 TENE AR
W, BRMICEERKELIND 3LV MULEO®E
%, 1BIZ38%, 2WEIZ 62%, 12 HHEIZ 66% DIE
FcEMn - (Fig. 2B)., PNH BFOEEmIc & 5@t
g (CKD) BEELTFEEFTHSM, CKD OF
2T &, 66% (19/29) OFEHIZ CKD 239D
7z (Fig. 20). eculizumab #5% 12T, 19 %0 CKD

EHHEF D D B 12 F (63%) KBWTHRBONEZR
O (Fig.2D), ZOHRERRL, EED CKD (1~2
) CBWTLOHEETH >z, SFICBWTIR - &
BOBAEZED N, 12 HORSHM P CmE - 88
BRRE L ERI RN o7, 29 FFF 11 41 (38%) 2P
WT, DAY —OEEHENSETH -0, 54
(45%) 2 5% 12 BETEEMHICEL 2 P<0.00D.
MAE D FEHFRIBICDWTIE, BKFITEIOEETH >
7z B TITDbNE 3 DOMBEKREZ & DB kiR
BT D, RERRO MREFEREICET 2%
HoEIc & - T, eculizumab 12 & % MR FH R4
PRFEID sl (D 195 FIC DWW T, RERETE TIie R
FRIEMERE (B&/100JERI4E) 2T 5 &, JARERT 74
HL, BEZILILEEAERTHDRZRD &
(P<0.001),
FEZEHZDIFEAE (983%) 13, BE~PEETHH-
7‘:0 AR O TH, BEBRICEDPHEN, K
RRYE, BEAOERE, BRREREORBELR
75\3 oo BEEAFEEESELTL B REEENE
WTCERWHEAN 1 FREXNEZOATH o7z, FiE
ERELTI, Em 62%), BEERX W%) RUE
D @21%) BET, SEREHRAIL BHADS S 14 FliTHE
EHA1 24 BREICANICREIR Uiz, TN TOEBIIBE
~HEET, BEOHEBETCHUMNETH> 2, 2EM
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Fig. 2 Clinical improvement by Eculizumab® . A) Effects on hemolytic marker LDH. B) Improvement in FACIT
fatigue score. C) Chronic kidney diseases (CKD) in Japanese PNH patients. D) Improvement in CKD stage.

I R SRR ORI B & hE TR ORI, ohE
TOBKDOREREFETH D, KBTS eculizu-
mab DA &, B 0%, AAESHERS
iz. 2002 FEICHEE TN Dy bikraspig =, BE
1210 FELL B LT D, JEEITTIRIR S Mz 79 BT D
WTEHEFEREMT U & 25, @, MERRER
O b=V BEE NN, VR - ARSIk & D
MAEFEIR DR AP BN T E DD LW DT
THMBEED B, eculizumab 120D PNH #3# D 4ETE
AU &> ThlE TR,

Eculizumab Kl & C5 BEFZE

1. AFE 2 HEE AEGIS & eculizumab RIGH

AH AEGIS #HBRICBWTH INE TORMBEEE,
FaEIEERRICIA, EEAEGEDR, T
B QOL 59 Hrn E 4 4 IR R B AR X /=28,
B O TdH 2 Mg LDH 2 <{KF U 7RWARRE
Z 29 il th 2 WC O 7~ (Fig. 3A)%, Eculizumab @ Ifi
FEGEETH S 35 ug/ml id, WINO eculizumab #
BEMiE (E—2/b57) KBWTHHEEINTHEY,
INBIMTFIT LD in vito WP TIE, RIGHTRE
EELVIMHENZOIL, R 2 BT E R
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Mol Fig 3B)Y, % 2T, eculizumab % 5 L iz
eculizumab RN & 2 BE ARG BT o/ & Z
A, AdH N & RSN 12,5 pg/ml TR & 417288, R
B 2 BT 2,000 pg/ml OEEETHMGI S RN 2
(Fig. 30)*, Eculizumab & CB5 & ML O 570 % fifk
N19/8 % Ml = il B T, RIS 2 01 & i A
S &R E e (Fig. 3D)Y, #2°C, C5ilfR
TFOMBRIZRE L LIS, RISEOLTS Y > 21
AN DR 2654 G>A %38, p.Arg885His & HH
FE N, RIS 7 NI EEREZ D> Y,
2. ZR C5 BROBAERTE"

fRAR U e, B9A4E8Y C5, Z8BIM CH WIS in vitro T
oy in R Mg 2R U/, eculizumab &EfEE L, ecu-
lizumab 12 & > THEMAHIHI S N2 OB EB C5 D H
THoi (Fig. 4. N19/8 Filfizxf L Tid &8, 248
HMATHO CHIC ko THE I MRS R
Nz,
3. T F o RESERY

TIOTRTNE T 2 EERD eculizumab “RISAE S
FHORENEZ, BRI 2T 2E 25, DT
BT AT OER c2653C>T #58%, p.Arg885Cys
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Fig. 3

Analysis of 2 poor responders in AEGES clinical study®. A) Effects on hemolytic marker LDH. B) In
vitro hemolytic activity using serum on Eculizumab (peak/trough). C) In vitro hemolytic activity using
exogenous Eculizumab. D) In vitro hemolytic activity using a different anti-C5 antibody (N19/8). (@)
(O), poor responders; ([1), responder in AEGIS; (&), typical responder; (B), healthy individual
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Fig. 4 Effect of Japanese C5 polymorphism on the functional properties of C5%. (+C5),wild

type; (rC5 m),mutant

BFRE NIz,

4. C5(Arg885)ZEREDANERX S~ % (Table )?
AT eculizumab KFEE, X BIT 9 FIORITIES T

HEN, £FTc2664G>ANTOERZHAL-, H

AANDOERE AN 288 A B 200 A, 8 A) T

C2654 G>ABRDAI Y =20 TR Tol&El A, N

FTOREREZ 288 AHF 10 A (35%) @Dk, A

M PNH BEOERFEHR (345 #1141 32%) &
BEETH> 7, S5, ZOSENIREEERERIC
BWTHRERI N, —FH, TIEIFUVEBECRWE
N7z c2653C>T A BRI, 100 FIETE O TII3EE
A, FEERE AFaRFERLTHIZBWTHEE
ENT, FEERNE S IEWITREEINRE X N,
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Eculizumab { PNH O (45 A 2 5 i il 4%
DO, s S O T 2280, IR
B FE DGR ETET D, CORELLFERELT,
PNH B2 4SE GhW sl e s, Bz
FEHLL A AR A OGEER RS T w A", §ab
5, eculizumab Z 5 U s 2 &0, G RS
CIWi A TH % C3b A PNH MER~HERIL, 47V
b LT riEin s S L bh o LRI h 5
(Fig. Do O M E N2 GEIRT 2 Bk & f e,
Wik Lz 7y —2 (CR2/CD2D) & H K FOREENT
BB TTI0M M CIIChE G U OBERE & [T 2 BHR A
TFRCH DT A F 2 OFEEE Cpd0”, MM
MBI (HAE) OREEE S UTREEINTHS CL
A b — (CINHY /4 & OBahisEanc k5, i

PRI A A C3 SR R b lG N TH Y,
I35 OFEFL eculizumab FARYEIC HEE EE X ON,
SR ORI~ Ot B a s,

Bbulc

HAA (F27) BAAO CSBETEM 2654 G>A
H, C5 i IR 2SS h0nbh o,
eculizumab O#EGIZ BB T HHBE LR TH D, 0
i, BEHIRIRtE e & T S AN, O &,
FEAGHE P 3V B3 P20 108, B 2 Ta Bt L T8
HENTWSBURERED EIG 2T 5 BT, BT
BWLRBSRTHEL ZEERBLTHD (Fig. 5). A
1) % eculizumab O JHILKIZEY, RINEBHML

RO EC < i, i, RO OBEOL D,

Table 1 Ethnic distribution of genetic variants in C5,

Analyzed Japanese Argentinianc.
Origin num};é%s ¢. 2651G > A 2653C>T
p. Arg885His p. Arg885Cys
10
Japanese 288 35%) -
British from 100 0 0
England and Scotland ' 02%) 0%)
Han Chine 120 ! ©%)
5 0.8%) ’
Native Mexican 9 0 0
American ) 0%) 0%)
Responders  Antibody
_®
eren Reaction

&

Lt

(3

Blocking the binding of the ligand to the target

Poor responders Insufficient binding of the antibody to the target

¢
~H (

Target with
polymorphism

Fig. 5 The mechanism of poor response to antibody therapeutics by genetic

Ligand

Reaction proceeds - hemolysis in PNH {

polymorphisms of the target molecule.
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The C5 gene polymorphism in patients with PNH

Jun-ichi NisHIMURA, Yuzuru KANAKURA

Osaka University Graduate School of Medicine, Department of Hematology and Oncology

Key words ; Paroxysmal nocturnal hemoglobinuria, Complement mediated intravascular hemolysis, Eculizumab,

Gene polymorphism

This review is a commentary on an article entitled “Genetic variants in C5 and poor response to eculizamab” (N Engl
J Med. 2014; 370: 632-639). The molecular basis for the poor response to eculizamab in Japanese patients is unclear. Of
345 Japanese patients with paroxysmal nocturnal hemoglobinuria (PNH) who received eculizumab, 11 showed a poor
response. All 11 had a single missense C5 heterozygous mutation, ¢.2654 G> A, which predicts the polymorphism
p.Arg885His. The prevalence of this mutation among patients with PNH (3.2%) was similar to that in healthy Japanese
persons (3.5%). This polymorphism was also identified in a Han Chinese population. Non-mutant and mutant C5 both
caused hemolysis i vitro, but only non-mutant C5 bound to and was blocked by eculizumab. In vitro hemolysis due to
non-mutant and mutant C5 was completely blocked by N19-8, a monoclonal antibody that binds to a different site on C5
than does eculizumab. The functional capacity of the C5 polymorphism p.Arg885His, together with its failure to undergo
blockade by eculizumab, accounts for the poor response to this agent in patients who carry this mutation.
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Mammals have evolved to protect their offspring during early fetal development. Elabo-
rated mechanisms induce tolerance in the maternal immune system for the fetus. Female
hormones, mainly estrogen, play a role in suppressing maternal lymphopoiesis. How-
ever, the molecular mechanisms involved in the maternal immune tolerance are largely
unknown. Here, we show that estrogen-induced soluble Frizzled-related proteins (sFRPs),
and particularly sFRP5, suppress B-lymphopoiesis in vivo in transgenic mice. Mice over-
expressing sFRP5 had fewer B-lymphocytes in the peripheral blood and spleen. High
levels of sFRP5 inhibited early B-cell differentiation in the bone marrow (BM), resulting
in the accumulation of cells with a common lymphoid progenitor (CLP) phenotype. Con-
versely, sFRP5 deficiency reduced the number of hematopoietic stem cells (HSCs) and
primitive lymphoid progenitors in the BM, particularly when estrogen was administered.
Furthermore, a significant reduction in CLPs and B-lineage-committed progenitors was
observed in the BM of sfrp5-null pregnant females. We concluded that, although high
sFRP5 expression inhibits B-lymphopoiesis in vivo, physiologically, it contributes to the
preservation of very primitive lymphopoietic progenitors, including HSCs, under high
estrogen levels. Thus, sFRP5 regulates early lympho-hematopoiesis in the maternal BM,
but the maternal-fetal immune tolerance still involves other molecular mechanisms that
remain to be uncovered.
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Introduction

Adult lymphopoiesis is dramatically suppressed during pregnancy.
However, its physiological significance and underlying mecha-
nisms have remained elusive [1, 2]. Our previous studies demon-
strated that gonadal hormones, particularly estrogen, play pivotal
roles in suppressing maternal B-cell lymphopoiesis [3-6]. In the
present study, our primary goal was to identify molecules that
participate in this process.

Global analyses of estrogen-inducible genes in bone marrow
(BM) stromal cells have led to the identification of members of the
secreted Frizzled-related protein (sFRP) family [7]. The five mam-
malian sFRPs are agonists or antagonists of the canonical Wingless
and Int-1 (Wnt) signaling pathway [8, 91. We previously showed
that sFRP1 expression in hematopoiesis-supporting stromal cell
lines correlated with their inability to promote lymphopoiesis [7],
and the recombinant sFRP1-fusion protein selectively blocked lym-
phocyte formation in culture. Furthermore, sFRP1 levels were ele-
vated in response to estrogen treatment. Thus, it was proposed
that sFRP1 might function within the BM to control the number
of new lymphocytes that are produced during both the steady
state and pregnancy. In support of this idea, the elimination of the
sFRP1 gene was shown to elevate B-cell numbers in the BM and
blood [10]. The quality of hematopoietic stem cells (HSCs) was
also affected, indicating additional roles for sFRPs.

SFRPs contain a cysteine-rich domain (CRD) in the N-terminal
region, which shares homology with the CRD of “Frizzled” recep-
tors and serves as a binding surface for Wnt proteins [8, 11]. Wnt
proteins play vital roles in various biological activities, including
development and immune system function [12, 13]. Because the
Frizzled receptors initiate Wnt signal transduction in both canon-
ical and noncanonical pathways, sFRPs that modulate the associ-
ation between Wnt and Frizzled receptors are presumed to have
biological importance. However, sFRP1 and the other four mem-
bers of the sFRP family have remained unstudied with respect to
their roles in the regulation of lymphopoiesis during pregnancy.
Herein, we report that sFRP5 expression is strongly upregulated by
estrogen and preferentially influences B-cell progenitors in vivo.
SFRPS5 is a potent regulator of maternal lympho-hematopoiesis,
but not as we originally hypothesized.

Results

Overexpression of sFRP1 and sFRP5 in vivo reduces
B-lineage cells

We previously performed global analyses of estrogen-inducible
genes in BM stromal cells and identified the sFRP family [7]. Estro-
gen treatment markedly upregulated the expression of sFRP1 in
BM stromal cells, and a sFRP1-immunoglobulin (Ig)-fusion pro-
tein inhibited differentiation of B-lineage cells that originated
from BM-derived hematopoietic stem/progenitor cells in culture
[7]. Conversely, sFRP1 deficiency in vivo causes dysregulation
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of HSC homeostasis in BM and aberrant increase of peripheral
B-lymphocytes [10]. Therefore, we generated sFRP1-transgenic
(TG) mice that produced high levels of circulating sFRP1 in vivo.

Since induced expression of sFRPs is known to disturb normal
embryonic development [14], we designed a TG system in which
sFRP1 was overexpressed after birth so that we could specifically
examine the influence of sFRP1 on adult lymphopoiesis (Fig. 1A)
[15]. Furthermore, we generated sFRP5-TG mice using the same
procedure to determine whether there were functional differences
or redundancies between sFRP1 and sFRP5, which are the two
most closely related isoforms in the sFRP family (Fig. 1B) and
are known to play similar roles during embryonic development
[16]; however, their physiological function in the adult immune
system is largely unknown. Our initial experiments indicated that
both sFRP1 and sFRP5 genes were highly responsive to estrogen
exposure in adult murine BM (Fig. 1C).

The number of B-lymphocytes, identified by the expression
of CD45R/B220 and/or CD19, was significantly reduced in the
spleen but not in the peripheral blood of sFRP1-TG mice when
examined at 10 weeks of age (Fig. 2A~C). Unexpectedly, a more
dramatic reduction of B-lineage cells was found in sFRP5-TG
mice, even in the peripheral blood. The frequency of B220*
B cells, which typically account for approximately 50% of periph-
eral leukocytes of WT mice, was reduced to less than 20% in
the sFRP5-TG mice, whereas the absolute numbers of myeloid,
erythroid, T-lineage lymphoid, and NK cells remained unaffected
(Fig. 2D). Notably, the magnitude of this suppressive effect on
B-lineage cells differed among individuals and in a subgroup
of the sFRP5-TG mice that exhibited severe B-lymphocytopenia
(Fig. 2E).

We further analyzed the phenotypes of the sFRP1-or sFRP5-TG
mice. Both strains were fertile and thrived. The body size of sSFRP1-
TG mice did not significantly change compared with their WT lit-
termates (data not shown); however, sSFRP5-TG mice were slightly
but significantly smaller (Fig. 3A). The total number of spleen cells
was reduced twofold and the organs themselves appeared small in
sFRP5-TG mice (Fig. 3A-B), while the total number of thymus cells
was slightly but not significantly decreased (Fig. 3A). The white
pulp of WT spleens contained lymphoid follicles with a few germi-
nal centers, but germinal centers were obliterated in the follicles
of the sFRP5-TG spleens (Fig. 3B, right panel). Instead, the white
pulp of sFRP5-TG spleens developed marginal and perifollicular
zones. Consistent with the structural changes in the spleen, the
ratios between T- and B-lineage cells were unbalanced (Fig. 3C,
left panel). Although the T-cell population exhibited a compen-
satory increase in terms of percentage, the absolute numbers were
slightly lower than those in the WT controls (Fig. 3C, right panel).
Furthermore, the absolute numbers of B-lineage cells dramatically
decreased in the spleens of sFRP5-TG mice (Fig. 3C, right panel).

Splenic B-cell lineage cells can be fractionated into subcate-
gories according to the expression patterns of cell surface anti-
gens. AA4.1 marks newly formed cells migrating from the BM
to the spleen, and these cells can be further divided into transi-
tional 1-3 (T1-T3) fractions according to the expression of IgM
and CD23 [17]. The AA4.1" population was significantly reduced
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Figure 1. Generation of sSFRP-TG mice and comparison of sFRP1 and sFRPS. (A) Transgenic strategy targeting the endogenous Igk locus. (Upper) WT
endogenous Igk locus: 5 E, Igk intronic enhancer; 30°E, Igk 3'-enhancer; RS, recombining sequence. (Lower) Targeting construct. The transcriptional
unit that consists of the Igk-promoter, sFRP ¢DNA, and Igk-poly(A) signal is flanked downstream by a puromycin-resistance (puro’) gene. The
construct was inserted downstream of the Ck exon. The recombining sequence (RS) of WT mice was replaced by a G418-resistance (neo’) cassette
in the targeting allele. (B) Phylogenetic tree based on the coding sequences of members of the mouse and human sFRP families was generated
using the neighbor-joining method. (C) Quantitative real-time PCR analyses were performed to evaluate the levels of sFRP1 and sFRPS expression
in BM before and after estrogen treatment. Data are representative of two independent experiments, with n = 3 samples/group.

in the spleens of sFRP5-TG mice (Fig. 3D, left panels), and the
newly immigrated T1 fraction was the most affected (Fig. 3D,
middle panels). In contrast, the proportion and absolute number
of AA4.1~ cells were affected to a lesser degree. Among the AA4.1~
fraction, cells possessing the IgM™ IgD~/* marginal-zone pheno-
type were proportionally preserved (Fig. 3D, right panels). Simi-
lar to the marginal-zone B cells, B1-B cells, characterized by CD5
expression, participate in innate immunity by rapidly respond-
ing to antigenic challenges in a T cell-independent manner [18].
Interestingly, we found that cells with the B1-B characteristics
were comparatively retained even in the spleen of sSFRP5-TG mice
from which B-lineage cells were almost depleted (Fig. 3E).

Overexpression of sFRP5 blocks a distinct early stage
in B-lymphopoiesis

We then chose to focus our efforts on lympho-hematopoiesis in
the sFRP5-TG mice because they exhibited more remarkable phe-
notypes than those of the sFRP1-TG mice. Because the num-
bers of newly formed B cells were reduced in the spleens of

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

SsFRP5-TG mice, we consequently examined BM, where mam-
malian B-lineage cells develop throughout life from HSCs through
progressive stages of differentiation (Fig. 4A) [19].

We observed a dramatic reduction in CD43" B220+ AA4.1+
surface IgM~ PreB and CD43~ B220" AA4.1+ surface IgM* imma-
ture B cells in SFRP5-TG mice (Fig. 4B-C). While the total number
of BM mononuclear cells was slightly decreased in SFRP5-TG mice
probably because of the reduction of body size, the reduction
in B-lineage precursors was more significant (Fig. 4C). We also
observed that IL-7-responsive lymphoid progenitors decreased in
sFRP5-TG mice, whereas myeloid/erythroid progenitors propor-
tionately increased in clonal assays (Fig. 4D).

The expression of c-kit, a stem cell factor receptor, and
the absence of lineage-related markers (Lin) define primitive
hematopoietic progenitors. The frequency of these Lin™ c-kit™ pro-
genitor cells significantly increased in the BM of sFRP5-TG mice
(Fig. 4E). We also observed an approximate 1.2-fold increase in
the fraction of Lin~ Scal™ c-kit" myeloid progenitors. The fre-
quency and absolute numbers of the HSC-enriched Lin~ Sca-17
c-kith (LSK) F1t3~ fraction remained unaffected, and the same was
true for the LSK FIt3* fraction, including multilineage progenitors
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Figure 2. Overexpression of sFRP reduces the number of peripheral B-lymphocytes. (A) Peripheral blood samples from 10-week-old sFRP1-TG
heterozygous females (n = 7) and their WT littermates (n = 10) were analyzed. White blood cells (WBCs), red blood cells (RBCs), hemoglobin (Hb),
hematocrit (Ht), mean corpuscular volume (MCV), mean corpuscular hemoglobin (MCH), mean corpuscular hemoglobin concentration (MCHC),
and platelets (PIt) were counted using a blood cell analyzer (Sysmex KX-21). The proportion of Macl™ myeloid, B220* B, CD3* T, and NK1.1* NK
cells was determined using flow cytometry for each individual mouse. Absolute cell numbers were calculated by multiplying WBC counts by their
percentages. Data are shown as mean = SEM and are pooled from three independent experiments. (B) Total splenocyte counts of the sSFRP1-TG
heterozygous females and their WT littermates are shown. (C) The proportion of B220* B cells of the TER119~ fraction was determined by FACS.
The absolute numbers were calculated by multiplying splenocyte counts by the percentages of B220* cells. Data are shown as mean -+ SEM
and are pooled from three independent experiments (*p < 0.05, unpaired two-tailed t-tests). (D) Peripheral blood data of 5~7-week-old sFRP5-TG
heterozygous females (n = 9) and their WT littermates (n = 9) are shown. Data are shown as mean + SEM and are pooled from three littermate
pairs. The proportion of each lineage was determined using the same method applied to sFRP1-TG mice as described in (A). (E) Representative
profiles of severe B lymphocytopenia observed in peripheral WBCs of sFRP5-TG (right) and their WT littermates (left). Cells were stained with
antibodies against Mac1, B220, and CD19. The percentage of the gated fraction of the total number of WBCs is shown in each panel. Plots are
representative of three independent experiments.

(MLPs) and early lymphoid progenitors (ELPs) (Fig. 4F). By mat-
ing Ragl/GFP reporter mice to sFRP5-TG mice, we also demon-
strated that SFRP5 overexpression did not affect Ragl/GFP* ELPs
(Fig. 4G).

Notably, among the Lin~ c-Kit* cells, we detected a signifi-
cant increase of the Lin~ c-kit® Scal=/™ Flt3*+ IL7Ra* fraction,
which was originally described as common lymphoid progenitors

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

(CLPs) [20], in the BM of sFRP5-TG mice (Fig. 4H). These results
suggest that high levels of sFRP5 block the differentiation of the
B-lineage cells between CLPs and Pro/PreB cells, but spare the
more primitive hematopoietic cells and mildly skew their differ-
entiation potential in the direction of myeloid lineage cells. When
CLPs were harvested from the transgenic mice, washed, and placed
in culture, they were found to normally differentiate to generate
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B-lineage lymphocytes (Fig. 41). These findings enable us to infer

the arrested stage and indicate that differentiation is no longer
blocked when sFRP5 is removed.

SFRP5 deficiency has no obvious impact on peripheral
B-lymphocytes

Considering the elevated number of B-lymphocytes in sFRP1-
knockout (KO) mice [10] and the potent B-lineage suppression
observed in the sFRP5-TG mice, we expected to see increased
B-lymphocyte formation in sFRP5-deficient animals. Surprisingly,

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

SFRP5.-TG independent experiments.

however, B220™ cells in the peripheral blood of sFRP5-KO mice
were found to be within the normal range (49.9 + 3.4%; n = 8).
Furthermore, no remarkable differences were observed in spleen
sizes or BM B220™ cell counts between WT and sFRP5-KO mice.
These findings called into question the influence of sFRP5 in
normal, steady-state B-lymphopoiesis, and we wondered if the dif-
ferences observed between sFRP1 and sFRP5 were related to their
constitutive levels. Previous studies demonstrated that sFRP1 is
a product of osteoblasts and can be detected using immunohis-
tochemical staining or real-time RT-PCR [7, 21]. Indeed, while
sFRP1 was abundantly expressed in steady-state BM and only
slightly upregulated by our TG system, sFRP5 levels in normal
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MZ  MZP+FLII

CD45R/B220

BM were very low, but significantly upregulated in the TG mice
(Supporting Information Fig. 1). In addition, transcript levels of
sFRP5 in vivo were found to be approximately 100-fold lower
than those of sFRPI (Supporting Information Fig. 2). As shown
above, sSFRP5 was markedly induced when mice were injected with
p-estradiol (Fig. 1C). Thus, these two proteins may have over-
lapping functions but may become functionally dissimilar under
different circumstances in vivo.

SFRPS deficiency influences early B-lymphopoiesis
under elevated estrogen conditions

The above results suggest that the physiological expression of
sFRP5, particularly when induced by high levels of estrogen, could
influence the production of immune cells. To test this hypothe-
sis, we injected water-soluble B-estradiol into WT or sFRP5-KO
mice at 1 mg/day for 4 days and evaluated early lymphoid dif-
ferentiation in BM 12 h after the last injection. Continuous and
lengthy treatment with estrogen causes hypermineralized bone
with small BM cavities, resulting in a decreased number of BM
cells, including lymphoid progenitors [3]. However, the 4-day
estrogen treatment performed in this study did not significantly

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 3. Continued

affect the number of BM cells (BM cell counts in 1 femur + 1
tibia: WT treated with saline alone, 37.4 & 1.1 x 10°; WT treated
with p-estradiol, 35.5 & 0.9 x 10%; sFRP5-KO treated with saline
alone, 36.6 4 0.8 x 10%; and sFRP5-KO treated with p-estradiol,
33.3 4 1.5 x 10°%; n = 7 for each group).

While the HSC-enriched LSK F1t3™ cells of WT mice decreased
after short-term estrogen treatment, the corresponding fraction
in sFRP5-KO mice was more significantly suppressed (Fig. 5A).
Although the MLP-, ELP-, and CLP-enriched fractions were drasti-
cally reduced in both strains, the lymphoid progenitors of sFRP5-
KO mice were unexpectedly more sensitive to estrogen than those
of WT (Fig. 5A). We also evaluated the numbers of ProB, PreB, and
immature B cells in WT and sFRP5-KO mice after estrogen treat-
ment and found that those B-cell precursors were not significantly
affected in sFRP5-KO mice (Fig. 5B). Thus, we concluded that
estrogen-induced sFRP5 counteracts the negative effect of estro-
gen at the very early stage of lymphopoiesis when hematopoi-
etic stem/progenitor cells initiate differentiation toward the
B-lymphoid lineage.

To explore the physiological roles of sFRP5 in lymphopoiesis
during pregnancy, we evaluated the proportion and absolute num-
ber of B-lineage progenitors in pregnant sFRP5-KO mice. To avoid
the possible influence of fetal-produced sFRP5 on maternal lym-
phopoiesis, we mated WT females with WT males and sFRP5-KO
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Figure 4. Early stages of B-lymphocyte differentiation are sustained in sFRP5-TG mice. (A) Schematic of B-lymphocyte differentiation in BM.
B-lineage cells generated from HSCs are characterized by the rearrangement of immunoglobulin genes, resulting in the expression of surface IgM
(sIgM)-positive immature B cells (Imm B). The phenotypes of each stage are shown below. (B) The cells in the B220* CD43!° sigM~ PreB and B220M
CD43~ sIgM* immature B fractions were significantly reduced in the BM of sFRP5-TG mice. FACS profiles for 7-week-old female sFRPS-TG (right)
or WT littermates (left) are representative of three independent experiments. (C) Absolute numbers of BM cells of the sFRP5-TG mice (black) and
their WT littermates (white) are shown in the left panel. BM cells were collected from two fermurs and two tibias. Frequencies of pro-B, pre-B, and
immature B cells were calculated (n = 7 for each genotype) and are shown in the right panel. (D) Data acquired using methylcellulose colony assays
(left, CFU-IL7; right, CFU-myeloid and/or erythroid) are shown (WT, white; SFRPS-TG, black). (E).The frequencies of Lin~ c-Kit* cells among BM
cells are shown in upper panels. The frequencies of LSK cells among the Lin~ ¢-Kit* fraction are shown in lower panels. Plots are representative
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females with sFRP5-KO males, Pregnant females of both strains
were analyzed on gestation day 17.5. We found that the frequen-
cies and absolute numbers of cells in the HSC and MLP -+ ELP
fractions were markedly increased by pregnancy in both strains
(Fig. 5C).

Although no apparent differences were detected between WT
and sFRP5-KO pregnant mice with respect to the HSC or MLP
and ELP fractions, the proportion and absolute number of CLPs
in pregnant sFRP5-KO mice were significantly lower than those
in pregnant WT mice and nonpregnant sFRP5-KO mice (Fig. 5C).
On the other hand, the frequencies and absolute numbers of ProB,
PreB, and immature B cells were dramatically decreased by preg-
nancy in WT mice, but the decrease was not significantly changed
in sSFRP5-KO mice (Fig. 5D). It is noteworthy that in the absence of
sFRPS during pregnancy, the level of expression of the other four
sFRPs was increased in the BM (Supporting Information Fig. 3).
These results suggest that, although estrogen-inducible sFRP5
might play some roles in early B-lymphopoiesis during pregnancy,
other unknown mechanisms are still involved in the suppression
of maternal B-lymphopoiesis.

Discussion

The adaptive immune system is not replenished during preg-
nancy; however, how and why this happens is still unclear.
Although elevated sex steroids are partly responsible for this
phenomenon, multiple cell types, and hormone-regulated pro-
teins also appear to be involved. Here, we teased out and com-
pared two associated proteins, sFRP1 and sFRP5, by manipu-
lating their levels using transgenic animals and gene targeting.
While both sFRP1 and sFRP5 are elevated under high estrogen
conditions and can suppress B-lymphopoiesis, these structurally
related proteins have discrete roles and do not account for all
pregnancy-related changes. Our results provide novel insights into
the functional differences between the sFRP family members in
vivo and underscore the importance of the complexities associ-
ated with pregnancy. .

Our previous study identified sFRP1 as an estrogen-inducible
gene in BM stromal cells [7]. While we observed that the levels
of sFRP1 in stromal cells correspond to their inability to support
B-cell differentiation, an alternate study demonstrated that high
sFRP1 expression correlates with the ability to maintain HSCs
[10]. Furthermore, both studies suggested that sFRP1 is neces-

4
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sary to stabilize the canonical Wnt signaling pathway, which is
important for stem cell integrity [22]. Based on these findings,
we inferred that sFRP1 is important for maintaining the quality of
HSCs by inhibiting their differentiation. Thus, we speculated that
sFRP1 overexpression would increase HSCs by inhibiting their dif-
ferentiation to B-lymphocytes.

Surprisingly, sFRP5 overexpression caused a much greater
reduction in the number of B-lymphocytes in vivo than sFRP1.
On the other hand, gene targeting of sFRP1 but not sFRP5 in oth-
erwise normal animals increased the peripheral B-cell number.
These contradictory results may be attributed to several factors.
It is possible that the observed difference is caused by the sub-
stantially different physiological amounts of sFRP1 and sFRP5, as
shown in this study. While sFRP1 is, to some degree, constitu-
tively produced, sFRP5 is more likely to be an inducible protein.
Physiological amounts of sFRP5 under homeostatic conditions
may be lower than the functional threshold required to suppress
B-lymphopoiesis.

Alternatively, it is possible that sFRP5 functionally differs from
sFRP1 in regulating lymphopoiesis. Indeed, while changes at the
stem cell and myeloid progenitor levels were recorded in sFRP1-
KO mice, sFRP5 appeared to be primarily involved at a later,
committed stage of lymphoid differentiation. CLPs are not only
spared but they also accumulate in sFRP5-overexpressing mice.
Moreover, in contrast to the sFRP1-TG mice, sFRP5 overexpres-
sion severely deprived the peripheral blood of B-lineage popu-
lations. Thus, although both sFRP1 and sFRP5 act as negative
regulators for B-lymphopoiesis, there are substantial differences
between the two with respect to their target cells and biological
activities.

Wnat signaling has been linked to self-renewal and integrity of
HSCs and progenitors, and a delicate balance seems to exist in Wnt
signaling based on the physiological demand [23, 24]. It is possible
that sFRP1 and sFRP5 modify the same Wnt signaling pathway
in different ways to regulate hematopoietic cell differentiation.
Early studies identified sFRPs as Wnt antagonists since they bind
to Wnts via the Frizzled receptor-like CRD [25-27]. However,
accumulating evidence suggests that sFRPs are not merely Wnt
antagonists but have a wider range of biological functions than
previously expected [14, 28-31].

In the case of Wnt signaling regulation, sFRPs can serve as
agonists or antagonists depending on the context, concentration,
and expression pattern of Frizzled receptors in target cells {32].
Because the CRD of sFRPs can directly interact with the CRD of

<

of three independent experiments with 7-week-old female littermates. (F) The frequencies of the LSK Flt3~ HSC-enriched or LSK FIt3* MLP and
ELP-enriched fraction among total BM cells are shown. (G) Ragl/GFP heterozygous mice with or without the sFRP5 transgene were obtained by
mating Ragl/GFP homozygous males and sFRP5-TG females. At 10 weeks of age, BM cells were collected and analyzed using flow cytometry.
The LSK fraction was gated and further resolved using Ragl/GFP and Fli3 intensities. Numbers in each panel represent percentages of the Fit3~
Ragl/GFP~ HSC-enriched, F1t3* Ragl/GFP~ MLP, or Flt3* Ragl/GFP+ ELP fractions among the LSK cells and are shown as averages with SD (n=3
in each). Data are representative of two independent experiments, with similar results. (H) Frequencies and cell counts of the Lin~ c-kit!® Scal~/l®
F1t3* IL-7Re* CLP fraction in whole BM are shown. Statistically significant differences are indicated by p values. (I) Lin~ c-kit!® Sca1~% Flt3* IL-7Ra*
CLPs were obtained from WT or sFRP5-TG mice and cultured in stromal cell-free serum-free conditions. After 7 days of culture, recovered cells
were counted and analyzed by flow cytometry. Absolute numbers of recovered cells were divided by the numbers of CLPs used to initiate the
cultures to obtain the yield per input values shown in the left graph. (C, D, F, H, and I) Data are shown as mean + SEM and are representative of
three independent experiments.

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.eji-journal.eu
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Figure 5. SFRP5 deficiency influences early lympho-hematopoiesis in vivo. (A, B) B-Estradiol dissolved in saline (E) or saline alone (C) was intraperi-
toneally injected into WT or sFRPS-KO mice (7-8 weeks old) for four consecutive days. Control mice were treated with saline alone. The mice
were killed 12 h after the last injection, and the extent of B-lymphopoiesis was evaluated. Early stages of lympho-hematopoiesis, including LSK
F1t3~ HSCs, LSK Flt3*+ MLPs, and ELPs, and CLPs (A) and late stages of B-lymphopoiesis in BM, including ProB, PreB, and immature B cells (B) were
examined with or without g-estradiol. The frequency of each fraction was determined by flow cytometry and multiplied by the absolute cell counts
obtained from two long bones (one femur and one tibia). (n = 7 in each group). (C, D) WT females (10 weeks of age) were mated with WT males,
and sFRP5-KO females (10 weeks of age) were mated with sFRPS-KO males. Mice that had been successfully mated but were subsequently found
not to be pregnant were used as controls. N: not pregnant P: pregnant (n = 5, WT not pregnant; n = 5, WT pregnant; n = 7, sSFRP5-KO not pregnant;
and n = 5, SFRPS-KO pregnant). Early stages of lympho-hematopoiesis (C) and late stages of B-lymphopoiesis in BM (D) were evaluated as described
above. Data are shown as mean + SEM and are representative of two independent experiments. (*p < 0.05, *p < 0.01; unpaired two-tailed t-tests).

Frizzled receptors independently of Wnts [11, 33, 34], structural
CRD differences among sFRPs could change their association pat-
tern to target proteins, consequently resulting in different biolog-
ical activities. In fact, while sFRP1, sFRP2, and sFRP5 are func-
tionally redundant in embryonic development [16], sFRP1 and
sFRP2 substantially differ with respect to their activity on HSCs
and multipotent progenitors {21]. Thus, within the sFRP family,
sFRP5 may have discrete roles in B-lymphopoiesis. To address this
important issue, sophisticated experimental strategies that enable
the evaluation of in vivo associations among diverse sFRPs, Friz-
zled receptors, and Wnts are required.

Our study focused on the function of BM stromal
cells to uncover factors involved in extrinsic regulation of
B-lymphopoiesis. The present data clearly show that environmen-
tal sFRP5 affects HSCs and early B-lymphopoiesis in response to
high estrogen levels. During the preparation of this manuscript,
Nakada et al. reported that estrogen and pregnancy enhance HSC
division and myelo-erythropoiesis in mice [35]. Interestingly, they

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

demonstrated that estrogen directly influences HSC division via
estrogen receptor-a (ER-a) in female mice but not male mice. We
identified sFRPs as estrogen-inducible molecules in BM stromal
cells via ER-o [7]. Our group also observed that the frequency
and absolute number of HSCs significantly increased in the BM of
pregnant mice at the expense of B-lymphoid progenitors (Fig. 5C-
D), which is consistent with the results of Nakada et al. Estrogen
may directly induce sFRPs or other related molecules in HSCs.
Cell intrinsic and extrinsic mechanisms are not mutually exclu-
sive, and we propose that estrogen and pregnancy affect HSCs
not only in a direct manner but also by affecting BM stromal cells.
Indeed, Nakada et al. demonstrated that the deletion of ER-a from
hematopoietic cells reduces HSC numbers in the spleen but not in
the BM of pregnant mice [35]. This observation indicates that
some environmental factors in the BM compensate for ER-a defi-
ciency of HSCs during pregnancy.

In summary, we identified a novel mechanism in which
estrogen-inducible sFRP5 strongly blocks B-lymphopoiesis.

www.eji-journal.eu
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However, high sFRP5 or even high estrogen cannot explain by
themselves the pregnancy-related changes in the immune system.
Although the amount of sFRP5 in our transgenic model is prob-
ably higher than the physiological level obtained during preg-
nancy, high sFRPS levels did not recapitulate pregnancy-related
changes in many aspects. During pregnancy or estrogen treatment,
T- and B-lymphopoiesis is significantly suppressed, whereas sFRP5
overexpression was found to mainly suppress B-lymphopoiesis.
Pregnancy or estrogen treatment in vivo significantly reduces
Ragl/GFP*™ ELPs in the BM [7], but these cells are preserved
in sSFRP5-TG mice. Furthermore, significant reduction of HSCs, as
well as MLPs 4 ELPs and CLPs, in sFRP5-KO mice treated with
estrogen indicates that sFRP5 deescalates the exhaustion of HSCs
and primitive lymphoid progenitors caused by high estrogen lev-
els. While sFRP5 preserves these primitive stem/progenitor cells
by counteracting the massive impact of estrogen, the same pro-
tein strongly inhibits the later stages of B-lineage differentiation.
Pregnancy involves elaborate and complex mechanisms for main-
taining maternal-fetal immune tolerance, of which only some of
this tolerance can be attributed to sFRPs. Nevertheless, we believe
that our findings on estrogen-inducible sFRP5 will be helpful in
clinical medicine by providing baseline data to develop a new
immune-modulatory method in the future.

Animals

SFRP-TG mice were generated using a previously described
method {151 and backcrossed with the C57BL6/J strain more
than eight times. SFRP5-deficient mice and Ragl/GFP knock-in
mice were previously established [16, 36]. WT C57BL/6 mice were
obtained from CLEA Japan Inc. (Tokyo, Japan). The animal exper-
iments were designed according to the guidelines established by
the animal committee of Osaka University and the design was
approved by the ethics review board (permission number 21-011-
016).

Antibodies

Rabbit polyclonal antibodies to sFRP1 and sFRP5 were obtained
from abcam (ab4193; Cambridge, MA) and Sigma-Aldrich
(HPA019840; St. Louis, MO), respectively. FITC-anti-Macl
(M1/70), Gr-1 (Ly-6G; RB6-8C5), erythroid (TER-119), CD8a (53-
6.7), CD19 (1D3), CD45R/B220 (RA3/6B2), CD5 (53-7.3), IgM
(R6-60.2), CD34 (RAM34), PE-anti-Macl, CD19, CD45R/B220,
CD5, and c-kit (2B8) MoAbs were obtained from BD Bio-
sciences (San Diego, CA). FITC-anti-CD3 (145-2c11), PE-anti-
CD43 (1B11), IgD (11-26c, 2a), IL7Ra (SB/199), and Flt3
(A2F10), Biotin-anti-CD23 (B3B4), IL7Ra, Flt3 MoAb, PE/Cy7-
anti-CD93 (AA4.1), allophycocyanin-anti-CD45R/B220, and c-kit

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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MoAbs were purchased from BioLegend (San Diego, CA). Purified
anti-Macl, Gr-1, TER-119-erythroid, CD3 (145-2C11), CD45RA
(14.8), and CD19 MoAbs obtained from BD Biosciences were
used for depleting lineage-related marker (Lin)* cells, followed
by incubation with goat anti-rat IgG-coated magnetic beads
(Miltenyi Biotec, Auburn, CA).

Flow cytometry and cell sorting

Cells were stained with fluorescence-conjugated MoAbs and ana-
lyzed using FACSCanto or FACSAria (BD Biosciences). HSCs,
MLPs, ELPs, CLPs, ProB, PreB, and immature B cells were identi-
fied based on previously established criteria [19, 20, 37-39]. Adult
BM cells from sFRP5-TG miice and their WT littermates were used
to isolate Lin™ c-kit'® Sca-1' Flt3" IL7Ra* CLPs [20]. In some
experiments, adult BM cells from sFRP5-deficient mice were used
to sort LSK cells and CLPs.

Methylcellulose colony-forming assay

BM cells were prepared from 5-6-week-old sFRP5-TG mice and
their WT littermates. The cells were cultured in Iscove’s Modi-
fied Dulbecco’s Medium-based methylcellulose medium supple-
mented with 1 ng/mL of recombinant mouse (rm) IL-7 (Methocult
M3630; StemCell Technologies, Canada) or 50 ng/mL of rm
SCF, 10 ng/mL of rm IL-3, 10 ng/mL of recombinant human
IL-6, and 3 units/ml of recombinant human erythropoietin
(Methocult GF3434) at a concentration of 5 x 10° cells/mL or
5 x 10* cells/mlL, respectively. The number of colony-forming
progenitors responding to IL-7 (CFU PreB) and CFU myelo-
erythroid cells were enumerated after seven and nine days,
respectively.

Stromal cell-free serum-free lymphocyte culture

CLPs were isolated from 5-6-week-old sFRP5-TG mice and
their WT littermates, cultured in 24-well culture plates (5000
cells/well) with SF-03 medium (Sanko-Junyaku, Japan) contain-
ing 1% bovine serum albumin, 50 £M 2-mercaptoethanol, 2 mM
1-glutamine, 1 ng/mL rm IL-7, 100 ng/mL rm Flt3-ligand, and
20 ng/mL rm SCF, and fed on the fourth day of cul-
ture. After 7 days, cells were counted and analyzed by flow

cytometry.
Statistical methods
Unpaired, two-tailed t-tests were used for intergroup comparisons,

and p values were considered significant if they were less than
0.05. Error bars used throughout indicate SEM.
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‘We have shown that transcriptional noise is
well predicted by molecularly detailed models
for the two most common promoter architec-
tures in E. coli as the various genetic knobs are
tuned. This agreement is not the result of fitting
theory curves to data, because the predicted curves
are generated using physical parameter values
reported elsewhere in the literature and in that
sense are zero-parameter predictions. Earlier re-
ports of “bursty” transcription (5, 21) are based
on the observation that the Fano factor is greater
than 1 for constitutive mRNA production (as well
as direct Kinetic measurements). Various explan-
atory hypotheses have been proposed, including
transcriptional silencing via DNA condensa-
tion by nuclecid proteins (22), negative supercoil-
ing induced by transcription, or the formation
of long-lived “dead-end” initiation complexes
(23). Although our data do not rule out these
hypotheses, we find that extrinsic noise is suf-
ficient to explain the deviation from Fano = 1in
our constitutive expression data (Fig. 2B). Thus,
we find no need to invoke alternative hypothe-
ses to explain the observed “burstiness” of con-
stitutive transcription.

Many interesting earlier experiments make
it difficult to interpret differences between pro-
moters and induction conditions in terms of
distinct physical parameters because of the wide
variety of promoter architectures in play as well
as the diverse mechanisms of induction. We have
instead taken a “synthetic biology” approach of
building promoters from the ground up. By di-
rectly controlling aspects of the promoter archi-
tecture, our goal has been to directly relate changes
in promoter architecture to changes in observed
gene expression variability. We believe that this
work has demonstrated that mutations in reg-
ulatory DNA can alter gene expression noise. This
suggests that gene expression noise may be a
tunable property subject to evolutionary selec-
tion pressure, as mutations in regulatory DNA
could provide greater fitness by increasing (or
decreasing) variability. Demonstrating the rele-
vance of this hypothesis in natural environments
remains an ongoing challenge.
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Detection of self-reactive CD8"

T cells with an anergic phenotype
in healthy individuals

Yuka Maeda,' Hiroyoshi Nishikawa,™ Daisuke Sugiyama,® Danbee Ha,’

Masahide Hamagachi, Takuro Saito,’ Megumi Nishioka,* James B. Wing,!
Dennis Adeegbe,” Ichiro Katayama,” Shimon Sakaguchi®™

Immunological tolerance to self requires naturally occurring regulatory T (T..,) cells. Yet
how they stably control autoimmune T cells remains obscure. Here, we show that T cells
can render self-reactive human CD8" T cells anergic (i.e., hypoproliferative and cytokine
hypoproducing upon antigen restimulation) in vitro, likely by controlling the costimulatory
function of antigen-presenting cells. Anergic T cells were naive in phenotype, lower than
activated T cells in T cell receptor affinity for cognate antigen, and expressed several
coinhibitory molecules, including cytotoxic T lymphocyte-associated antigen-4 (CTLA-4).
Using these criteria, we detected in healthy individuals anergic T cells reactive with a skin
antigen targeted in the autoimmune disease vitiligo. Collectively, our results suggest that
Treg cell-mediated induction of anergy in autoimmune T cells is important for maintaining

self-tolerance.

aturally occurring CD25"CD4" regulatory T
(Treg) cells, which specifically express the
transcription factor FoxP3, actively main-
tain immunological self-tolerance and ho-
meostasis (7). Developmental or functional
anomalies of natural Ty cells can cause auto-
immune diseases (such as type I diabetes), aller-
gy, and immunopathological diseases (such as
inflammatory bowel disease) (1). How Ty, cells
effectively control potentially hazardous self-
reactive T cells in humans remains an open ques-
tion. In particular, it is unknown whether Tyeg
cell-mediated suppression for a limited period
has a critical long-lasting effect on cell fate and an-
tigen reactivity of autoimmune T cells.
To address this issue, we examined proliferation,
cytokine production, and cell fate of antigen-
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specific CD8* T cells in peripheral blood mono-
nuclear cells (PBMCs) from healthy individuals
stimulated in vitro with self-antigen peptide in the
presence or absence of natural FoxP3"CD25CD4*
Treg cells. Melan-A (also known as MART-1) used
in the experiments is a self-antigen expressed by
normal melanocytes and some melanoma cells
and targeted in vitiligo vulgaris, an autoimmune
disease of the skin (2-5). In the absence of Ty
cells, Melan-A-specific CD8* T cells [detectable
by major histocompatibility complex (MHC) tetra-
mers and peptide tetramers] expanded over 10
days from very few cells to a sizable fraction
when cultured with peptide-pulsed autologous
antigen-presenting cells (APCs) (Fig. 1A) (6). Nat-
ural Ty cells, which appeared to be activated by
endogenous self-peptides and class I MHC on
autologous APCs (7-9), suppressed the expansion
of Melan-A tetramer-positive (Tet") CD8* T cells
in a dose-dependent manner. Similar stimulation
with irrelevant peptide NY-ESO-1, another self-
and tumor antigen, failed to induce Melan-
ATet"™CD8" T cells. In cultures containing Ty cells,
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