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Fig. 3. Nuclear targeting potenti-
ates the cytostatic effect of PM10. All
peptides used in this study were
purchased from GL Biochem Ltd.
(Hiroshima, Japan) with confirmed
purities >90% by HPLC and mass
spectrography. The sequences of
these peptides were GLFEAIEGFIE-
NGWEGMIDGWYGYGRKKRR-
QRRR for HA2-Tat, ETFSDLWKLL
for PM10, ETFSDLIWKLLYGRKK-
RRQRRR for PM10-Tat and
PKKKRKVETFSDLWKLLY GRKK-
RRORRR for NLS-PM10-Tat. Tat
and NLS are shown in boldface and
underlined, respectively. A549 or
WI-38 cells were seeded into 96-well
tissue culture plates (Nalge Nunc
International) at 1.0x10* cells/well.
After incubation for 24 h at 37 °C, the

{1PMI0
{HPM10-Tat
MANLS-PM10-Tat

4+ HA2-Tat

cells were treated with PM10, PM10-Tat or NLS-PM10-Tat at 6 uM (for A549 cells) or 12 pM (for WI-38 cells) in the
presence or absence of HA2-Tat (5 uM). After 6 h (for A549 cells) or 24 h (for WI-38 cells), cell viability was determined with
the use of WST-8 assay (Nakalai Tesque Inc., Kyoto, Japan) according to the manufacturer’s protocol. Data are presented as
the mean+SD of triplicate assays. Statistical treatment of the data was performed according to Student’s f test for two

populations (*p<0.01).

microscopy (Fig. 2). Co-treatment of HeLa cells with
NLS-VENUS-Tat and HA2-Tat resulted in nuclear
localization of VENUS, co-localized with Hoechst
33342-stained nuclei. This finding documents that
Tat—cargo can be selectively delivered to the nucleus
by using HA2 and NLS peptides. Although several
groups have attempted to deliver macromolecular
drugs to specific organelles, they used PTDs con-
jugated only with an organelle-targeting si3gnal, such
as NLS or mitochondria-targeting signal.> ** * Our
data revealed that NLS-VENUS-Tat was entrapped
within the endosomal vesicles, with no detectable
fluorescence derived from VENUS found in the
nucleus. This indicates that organelle targeting by
signal-fused PTD—cargo alone does not allow efficient
migration into the targeted organelle in the absence of
an endosome-escape strategy. Although the influence
of the use of different cell types, fluorescent dye, cargo,
incubation time and so on could not be excluded as
contributing to targeting inability, we found that
nuclear transport efficiency could be augmented by
combining PTD, HA2 and NLS peptides. Further-
more, our results imply that macromolecules could be
delivered into other organelles, such as mitochondria,
endoplasmic reticulum and peroxisomes, using dif-
ferent organelle-targeting signal sequences. To this
end, we are currently developing novel intracellular
drug delivery systems that can target macromolecules
into different organelles in a manner analogous to our
nuclear targeting techniques.

Nuclear targeting enhances the
cytostatic activity of anti-MDM2 peptide
aptamer

Next, we tested the utility of our nuclear targeting
method using the MDM2-binding peptide aptamer,

PM10, which is a p53-derived peptide correspond-
ing to a sequence within the MDM2-binding
domain. Kanovsky et al. reported that PTD-
mediated intracellular delivery of PM10 could
reactivate p53 and induce p53-mediated apoptosis
of tumor cells with wild-type p53."' Under physio-
logical conditions, growth-suppressive and proa-
poptotic activity of p53 is inhibited by MDM2,
which binds p53 and negatively regulates its activity
and stability.!® Recent reports indicated that pre-
vention of p53-MDM2 binding activates the p53
signaling pathway and induces p53-dependent
apoqtosis in cancer cells possessing wild-type
p53.12141% In addition, the abrogation of p53-
MDM2 binding mediates a cytostatic effect and
cell cycle arrest in proliferating normal cells."> ">
Because PM10 seems to bind nuclear-localized
MDM2 and inhibits MDM2-inducible ubiquitination
and degradation of p53, we hypothesized that the
nuclear targeting method using HA2 and NLS
peptides would enhance its cytotoxicity. To test
this, we investigated the effects of treatment with
PM10 on cell viability using A549 (human lung
adenocarcinoma) and WI-38 (human lung-derived
embryonic fibroblast) cells, which possess wild-type
p53 (Fig. 3). In A549 and WI-38 cells treated with
PM10, Tat-fused PM10 (PM10-Tat) grew vigorously.
However, co-treatment with HA2-Tat and PM10-
Tat together markedly inhibited A549 and WI1-38 cell
growth. Furthermore, A549 and WI-38 cells co-
treated with HA2-Tat and NLS-fused PM10-Tat
(NLS-PM10-Tat) showed greater growth inhibition
compared with those treated with NLS-PM10-Tat
alone. According to a report from the developers of
PM10, although transduction of PTD-fused PM10
(PM10-PTD) into cancer cells could induce tumor
cell death in vitro and in vivo, a high concentration of
PM10-PTD was required to see an effect on cancer
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cells.”?® In contrast, our nuclear targeting techni-
que using PTD, HA2 and NLS peptides markedly
enhanced the nuclear localization of the cargo and
the PM10-mediated cytostatic effect at low concen-
trations of PM10. To the best of our knowledge, this
is the first report that nuclear targeting of MDM2-
binding peptide aptamers can lead to augmentation
of cytostatic activity.

In the present study, we aimed to develop a novel
cancer therapeutic approach by controlling apoptotic
pathways using peptide-based drugs. Recently, the
use of intracellular antibodies (intrabodies) directed
to a specific target antigen present in the cell has also
been suggested as a therapeutic lead to control the
apoptotic pathway.?”-*® Our organelle-targeting strat-
egy does seem able to deliver intrabodies directly to
the specific organelle in which disease-related pro-
teins reside. Furthermore, we have generated anti-
bodies for various targeted antigens using a non-
immune phage scFv library.* Thus, we are also
currently developing a novel approach to intracellular
therapy combining an organelle-targeting strategy
and antibody engineering.
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The M13 phage display system is a powerful technology for engineering proteins such as functional
mutant proteins and peptides. In this system, it is necessary that the protein is displayed on the phage
surface. Therefore, its application is often limited when a protein is poorly displayed. In this study, we
attempted to understand the relationship between a protein’s properties and its display efficiency using
the well-known plil and pVIH type phage display system. The display of positively charged SV40 NLS
and HIV-1 Tat peptides on plll was less efficient than that of the neutrally charged RGDS peptide.
When different molecular weight proteins (1.5-58 kDa) were displayed on pill and pVlil, their display
efficiencies were directly influenced by their molecular weights. These results indicate the usefuiness
in predicting a desired protein’s compatibility with protein and peptide engineering using the phage

display system.

1. Introduction

Phage display systems have attracted much attention as
the best technology to create functional mutant proteins
and peptides ever since Smith et al. reported that random
peptides could be displayed on the surface of filamentous
M13 phage (Smith 1985). Many researchers have applied
this system in attempts to create human antibodies and
tissue-specific peptides (Schier etal. 1996; Maruta et al.
2003; Imai et al. 2006). Indeed, we have been successful
in creating a useful mutant TNF to be used as a drug
(Shibata et al. 2004; Yamamoto etal. 2003). Thus, the
phage display system has a wide range of applications
(Stich et al. 2003; Gourdine et al. 2005; Takashima et al.
2000).

Filamentous M13 phage has a circular single stranded
DNA and takes the form of a long tube that consists of
eleven kinds of proteins. This virus effectively proliferates
upon infection of E. coli (Sidhu 2001; Bayer and Feigen-
son 1985; Kuhn 1987). In the phage display system, a
fusion protein composed of target-molecule and coat pro-
tein is derived from a phagemid vector, and wild-type
phage composition proteins (pI-pXI) are derived from a
helper phage genome. These components can make phage
libraries that display target-molecules by assembling with-
in the periplasm of E. coli. The most useful characteristic
of this system is that protein libraries can be displayed
easily on the phage surface by inserting gene libraries
within the phage genome. Target-molecules are obtained
rapidly by the use of an in vitro affinity panning proce-
dure that selects and amplifies specific phage clones
(Smith 1985).

760

In the phage display system, target-molecules can be dis-
played on coat proteins (pIll, pVl, pVII, pVII, pIX),
though generally they are displayed on plII or pVIII. Dis-
playing 0—1 molecule per phage in the pIIl type phage
display system is suitable for isolating high-affinity mole-
cules (Chasteen et al. 2006; Keresztessy et al. 2006). Al-
ternatively, ten molecules can be displayed on a phage
particle in the pVIII type phage display system to select
low-affinity molecules (Verhaert et al. 1999; Kneissel et al.
1999; Lowman 1997).

As described, the phage display system is the most useful
tool to create bioactive peptides and functional mutant
proteins. However, because the efficiency of display is in-
fluenced by the properties of the target protein (molecular
weight, electric charge, etc.), poor display often limits its
application. Despite this problem, there is little research
examining the relationship between display efficiency and
a protein’s properties. Thus, studies are warranted in order
to apply the phage display system effectively. In this re-
port, we prepared phages that displayed proteins of differ-
ent molecular weights and electric charges to ascertain the
relationship between display efficiency and protein proper-
ties.

2. Investigations, results and discussion

In this study we examined the relationship between pro-
tein properties (molecular weight, electric charge etc.) and
the efficiency of display with pIll and pVIII coat proteins
of the filamentous M13 phage display system (Fig. 1). To
begin with, we prepared phages that displayed different
electrically charged peptides on pII (Fig. 2B) and evalu-

Pharmazie 63 (2008) 10
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pY03'-FLAG pill pY10-FLAG

Phage displays protein of interest Phage displays protein of interest
on pHI on pVHI
B)
Inserts Molecular weight (Da) pl
Fig. 1: RGDS peptide (RGDS) 443 6.4
Construction of phagemid vectors encoding SV40 NLS pepti—ae (PKKKRKV) 883 11.9
different proteins or peptides. Tat : YGRKRRRORRR 1
A) Different inserts were cloned into pY03'- E;XZTZ peptide ( G—@E—Q————) 1’15830 lgg
FLAG and pYI10-FLAG phagemid vectors. . KDR scF 5 ’ :
Phage particles displaying proteins fused to anti- R scev 5,000 5.0
plil and pVII were prepared from pYO03'- Importin-ct 58,000 5.1
FLAG and pY10-FLAG, respectively. B) Dif-
ferent inserts and their molecular weights
A)
3
2.5
g 2
S
z‘r,
8 15
1
0.5
Fig. 2:
Influence of the efficiency of peptide-display

by the jonic charge of peptides. 0
The efficiency of peptide-display on pHl was ix1om 1x10% 1x10° Ix108
assessed by phage ELISA. Displayed peptides
were fused to FLAG-tag — plll on the phage
particle and captured by immobilized anti-
FLAG antibody. After washing, the number of
captured phage was assessed by anti-M13 HRP B)
conjugate. Two positively charged peptides (Tat
peptide; O and SV40 NLS: @) and a neutral sequence M.W. (Da) pl
peptide (RGDS; W) were used in this experi-
ment (n=3). Each data value represents the

Phage titer (CFU)

iy Tat peptide YGRKKRRQRRR 1,559 12.8
mean + S.D. B) Sequences of displayed pep- A A
tides and their pls. Cationic amino acids @ SV40 NLS‘ PKKKRKV 883 11.9
are underlined. All pI values were calculated m  RGDS peptide RGDS 433 6.4

by Expasy Compute p/Mw tool (http://
au.expasy.org)
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Fig. 3: Comparison of the efficiency of protein-display using pIH type
phage display.
The efficiency of protein-display on plII was assessed by phage
ELISA. Proteins with different molecular weights (approximately
400-58,000 Da) were displayed on phage particle as pllI fusion
proteins. This experiment was performed using the same method as
Fig.2 (n =3). Each data value represents the mean +S.D. O,
RGDS-pHI phage; ©, LacZ-plll phage; A, scFv-plll phage; O,
Importin-a-plII phage

ated the relationship between electric charge and display
efficiency using FLAG tagged ELISA (Fig. 2A). The dis-
play of positively charged SV40 NLS and HIV-1 Tat pep-
tides were less efficient than that of the neutrally charged
RGDS peptide. Generally, positively charged peptides are
easy to adsorb onto various surfaces (Gaillard et al. 1999),
and they repulse each other. Therefore, positively charged
peptides may interfere with phage assembly in the peri-
plasm.

Second, we examined the relationship between molecular
weight and display efficiency again using FLLAG tagged
ELISA (Fig. 3). Because the display of positively charged
sample was less efficient (Fig. 2), we used the neutrally
charged proteins (pI 5.0-6.4) MW 1.5-58 kDa) dis-
played on plll to examine the influence of molecular
weight on display. Phage displaying the low molecular

weight RGDS peptide bound to anti-FLAG antibody at a
concentration of 10°-10° CFU. The higher molecular
weight importin-a (58 kDa) displayed on the phage sur-
face could not bind at the same concentration, needing
10°—10'! CFU. In general, the amount of phage prepared
by following the standard protocol was approximately
102-10'3 CFU (Imai 2006). To create functional mutants
using a phage library, it is desirable to use an amount of
phage in excess (more than 100-fold) of the phage library
(approximately 10°~10° CFU). When proteins display on
the phage surface efficiently, the experiment can proceed
without bias. However, our result suggests that a phage
library displaying high molecular weight proteins may be
of low quality simply because the levels of the desired
proteins are not sufficiently expressed for screening. This
introduces a selection bias for those proteins that can be
expressed at the proper level.

To examine the efficiency of pHl-display in greater detail,
we quantified the number of molecules displayed on the
phage surface by electrophoresis analysis using CsClI puri-
fied phage (Fig. 4). These results (Fig. 3, 4) demonstrate
that the efficiency of RGDS peptide-display on pIII was
the best (approximately 2 molecules/phage). The display
efficiency decreased as the molecular weight of the target
protein increased. Because the titer of all phages prepared
in this experiment was determined, we suggested that the
display of different molecular weight proteins did not af-
fect the efficiency of phage-preparation (data not shown).
Additionally, the proteins used in this experiment (RGDS,
LacZ, scFv and importin-a) were expressed efficiently in
E. coli. Therefore, we suggest that the efficiency with
which a protein is displayed on plll is directly related to
its molecular weight.

Finally, we examined the efficiency of pVIIl-display by
Western blot and confirmed that it also decreased as the
molecular weight increased (Fig. 5). Interestingly, this re-
sult shows that scFv (25 kDa) could be displayed on pVIIl
efficiently. Because the pVIII phage display system is gen-
erally believed to be limited in its application precisely by
the molecular weight of displayed protein, many used it
only for display of peptide libraries (Verhaert etal. 1999;
Kneissel et al. 1999; Lowman 1997; Gaillard et al. 1999).
However, our result suggests that the pVIII system could
be applied to larger molecules. This could provide useful

A)

RGDS - plil
phage

LacZ - pIlI
phage

scFv - plil
phage

Impa - pHI

phage

lane 1

2 3 4 5 6 7 8 9 101112 13 14 15 16 17 18 19 20 21 22

M moleclar weght standard

Fig. 4:

Calculated quantity of plll displayed proteins
using Sypro* Ruby staining.

A) The efficiency of display on plll was quan-
tified using CsCl purifed phages. RGDS-pIIl

B) (lanes 2—6), LacZ-plll (lanes 7—11), scFv-pHI
(lanes 13-17) and Impa-plll phage (lanes

RGDS-pilf  LacZ-plll  scFv-pIlll  Impa-plil 18-22) were used in this experiment. Molecu-

lar weight standard was loaded in lanes 1 and

M.W. of displayed protein (kDa) 1.5 11 25 58 12. Starting from the left, 1x 10 vp,
M.W. of pIIl fusion protein (kDa) 52.5 62 76 109 33101 vp, 1.1 x 1012 vp, 3.7 x 10'" vp and
Number of displayed proteins/phage 2.7 1.0 0.12 ND. 1.2x10°" vp were loaded. B) The number of

displayed proteins per one phage particle was

N.D.; Not Detectable

calculated by fluorescence image analysis.
Fluorescence intensity was quantified by Ty-
phoon image analyzer
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RGDS LacZ scFv Impat
-pVIIL -pVil -pvil -pVill
M phage phage phage phage

15 | L ¥

23 4 56 78 9 101 12131415 16 17
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lane 1

Fig. 5: Comparison of the efficiency of pVIII display protein on phage
patticles.
The efficiency of display on pVIII was assessed by anti-FLAG
western blot. PEG-purified RGDS-pVHI (lanes 2-5), LacZ-pVIII
(lanes 6-9), scFv-pVII (lanes 10-13) and Impa-pVII phage
(lanes 14—17) were used in this experiment. Molecular weight stan-
dard was loaded in lane 1. Starting from the left, 1.5 x 10! cfu,
5% 101 cfu, 1.7 x 10' cfu and 5.5 x 10° cfu were loaded

additional information by expanding the application of
phage display systems to create various mutant proteins.
In this study, different kinds of sample peptides (SV40
NLS, HIV-1 Tat, RGDS) and proteins (RGDS, LacZ,
scFv, importin-) that could be readily expressed in E.
coli were used as model molecules. The display of posi-
tively charged SV40 NLS and HIV-1 Tat peptides on pIll
was less efficient than that of the neutrally charged RGDS
peptide. When different molecular weight proteins (1.5-
58 kDa) were displayed on pIII and pVIH, their dis-
play efficiencies were directly related to their molecular
weights.

When comparing the efficiency of display between the
four model proteins, additional factors (i.e. refolding effi-
ciency, etc.) may account for the differences. These results
show at least that the electric charge affected the effi-
ciency of phage display and that high molecular weight
proteins could not be displayed on the phage surface suc-
cessfully. Recently, it was reported that improving the pha-
gemid vector provided better efficiency of protein refold-
ing in E. coli and enhanced protein display on the phage
surface (Guo et al. 2003). Consequently many hope that
the display efficiency of various molecules could be im-
proved using this methodology. However, while this meth-
od improves the quality of fusion protein expression, it
does not take into account the efficiency of protein assem-
bly for the construction of phage particles. Therefore, it is
still important to be able to predict the molecules that will
be compatible for protein and peptide engineering using
phage display by understanding the properties of this sys-
tem as they were described in this report.

3. Experimental

3.1. Phagemid vectors and inserts

The pY03'-FLAG phagemid vector was modified from pCANTAB-5E (GE
Healthcare Ltd.). To create this vector, the E-tag from the original vector
was changed to a FLAG tag (DYKDDDDK). The pY10-FLAG phagemid
vector was constructed by replacing the plil gene in pY03'-FLAG with the
pVIII gene. Genes encoding peptides (RGDS, HIV-Tat, SV40 NLS) were
synthesized by Operon Biotechnologies Inc., USA. The lacZ-u gene had
already been cloned into pY03'-FLAG and pY10-FLAG. The anti-KDR
scFv gene was isolated from an optimized non-immune phage antibody
library previously described (Imai et al. 2006). The human importin-a gene
was amplified from a human bone marrow cDNA library (TAKARA Bio.
Inc.). These inserts were digested and cloned into each phagemid vector.
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3.2. Phage preparation

Phage was prepared by following a standard protocol. Briefly, phage parti-
cles were prepared from Escherichia coli (TG strain, Stratagene corpora-
tion) by co-infection with M13KO7 helper phage (Invitrogen Corporation).
Amplified phage in culture media was roughly purified by PEG precipita-
tion. Part of the purified phage was added to the TGl bacteria, and the
phage titer (cfu) was calculated by counting infected TG! colonies. If ne-
cessary, additional purification using a CsCl gradient was performed as
described below.

3.3. Phage ELISA

Immunoplates (Nalge Nunc International) were immobilized with anti-
FLAG M2 antibody (Sigma-Aldrich Corporation) diluted to 5 pg/ml in bi-
carbonate buffer (Sigma-Aldrich Corporation). Plates were blocked with
2% block ace (Nakarai Tesque Inc.) for 2h at 37 °C. Phage solution
(PEG-purified) in 0.4% block ace was serially diluted and applied to the
wells. After a | h incubation at room temperature, the binding phage was
detected by anti-M13 HRP conjugate (GE Healthcare Ltd.).

3.4. Purification of phage particles under CsCl gradient

Amplified phage was purified by PEG precipitation. Phage pellets were
resuspended in TBS buffer. CsCl powder (IWAI chemicals company) and
additional TBS buffer were added to the phage solution up to 31%. After
CsCl gradient ultracentrifugation at 400,000 x g at 5 °C for 20 h, the con-
centrated phage band was isolated. TBS (five volumes) was added to the
purified phage and centrifuged again at 400,000 x g at 5°C for 4 h to re-
move the CsCl. The obtained phage was resuspended in TBS and used for
experiments.

3.5. Sypro Ruby staining

After purifying the phage under a CsCl gradient, the number of phage
particles (vp/ml) was estimated from its absorbance according to the stan-
dard protocol. Serially diluted phage samples were resolved by SDS —
poly acrylamide electrophoresis (SDS-PAGE). Gels were incubated in
SYPRO®™ Ruby protein gel stain reagent (Pearce Biotechnology, Inc.,
USA) overnight at room temperature. After washing with wash buffer
(10% methanol and 7% acetic acid) for 30 min, fluorescence was detected
using the Typhoon Variable Image Analyzer (GE Healthcare Ltd.). The
number of surface-displayed proteins was calculated from fluorescence in-
tensity using ImageQuant TL software (GE Healthcare Ltd.) assuming that
one phage particle contained five pIll coat proteins on its surface.

3.6. Anti-FLAG western blotting

SDS-PAGE was performed using serially diluted phage purified by PEG
precipitation, Phage protein in the gel was transferred to PVDF membrane
(GE Healthcare Ltd.) using the Hoefer TE 70 semi dry transfer unit (GE
Healthcare Ltd.). Membranes were blocked in 4% block ace for 1h.
FLAG-tagged pVIII fusion protein was detected with anti-FLAG M2 anti-
body (Sigma-Aldrich Corporation) and anti-mouse IgG HRP conjugate
(Sigma-Aldrich Corporation). After detection by ECL plus reagent (GE
Healthcare Ltd.), its luminescence was quantitated using the LAS-3000
Lumi Imager (Fujifilm Corporation).
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Organizer-Like Reticular Stromal Cell Layer Common to
Adult Secondary Lymphoid Organs’
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Mesenchymal stromal cells are crucial components of secondary lymphoid organs (SLOs). Organogenesis of SLOs involves spe-
cialized stromal cells, designated lymphoid tissue organizer (LTo) in the embryonic anlagen; in the adult, several distinct stromal
lineages construct elaborate tissue architecture and regulate lymphocyte compartmentalization. The relationship between the L.To
and adult stromal cells, however, remains unclear, as does the precise number of stromal cell types that constitute mature SLOs
are unclear. From mouse lymph nodes, we established a VCAM-1*ICAM-1"MAdCAM-1" reticular cell line that can produce
CXCL13 upon LTBR stimulation and support primary B cell adhesion and migration in vitro. A similar stromal population
sharing many characteristics with the LTo, designated marginal reticular cells (MRCs), was found in the outer follicular region
immediately underneath the subcapsular sinus of lymph nodes. Moreover, MRCs were commonly observed at particular sites in
various SLOs even in Rag2~/~ mice, but were not found in ectopic lymphoid tissues, suggesting that MRCs are a developmentally
determined element. These findings lead to a comprehensive view of the stromal composition and architecture of SLOs. The

Journal of Immunology, 2008, 181: 6189-6200.

arious types of secondary lymphoid organs (SLOs),? sit-

uated at strategic sites throughout the body, play impor-

tant roles in triggering adaptive immunity (1). Lymph
nodes (LNs) and the spleen are connected with the lymphatic and
blood vascular system, respectively, to filter and detect Ags in
body fluids. Mucosal-associated lymphoid organizations such
as Peyer’'s patches (PPs), nasal-associated lymphoid tissues
(NALTS), isolated lymphoid follicles (ILFs), and cryptopatches
(CPs) play crucial roles in mucosal surveillance. Although each
SLO has a unique architecture closely associated with the sur-
rounding anatomy, the various SLOs share some common features:
for instance, the accumulated immune cell subsets are distributed
into a regular pattern to form subcompartments (1). The most
prominent feature of SLOs is the segregation of B and T lympho-

*Center for Genomic Medicine. Graduate School of Medicine and *Graduate School
of Biostudies, Kyoto University and *Translational Research Center, Kyoto Univer-
sity Hospital, Kyoto, Japan: SLaboratory for Stem Cell Biology. RIKEN Center for
Developmental Biology, Kobe. Japan: WL aboratory of Immune Cell Regulation, Na-
tional Institute of Biomedical Innovation, Ibaraki; and "Department of Molecular Ge-
netics, Institute of Biomedical Science, Kansai Medical University, Moriguchi. Japan

Received for publication July 8. 2008. Accepted for publication September 3, 2008.

The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked advertisement in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.

! This work was supported in part by Grants-In-Aid for Science Research on Priority
Areas from the Ministry of Education, Culture, Sports, Science and Technology of
Japan.

2 Address correspondence and reprint requests to Dr. Tomoya Katakai, Department of
Molecular Genetics, Institute of Biomedical Science, Kansai Medical University,
Moriguchi 570-8506, Japan. E-mail address: katakait@takii.kmu.ac.jp

3 Abbreviations used in this paper: SLO, secondary lymphoid organ: CP, cryptopatch:
ECM., extracellular matrix; FAE. follicle-associated epithelium; DC, dendritic cell:
EDC., follicular DC: FRC, fibroblastic reticular cell: LT, lymphotoxin: LTi/o, lym-
phoid tissue inducer/organizer; MRC. marginal reticular cell: NALT. nasal-associated
lymphoid tissue: PP, Peyer’s patch: SCS, subcapsular sinus; LN, lymph node; NIK,
NF-«B-inducing kinase; ILF, isolated lymphoid follicle: TRANCE, TNF-related ac-
tivation-induced cytokine: DAPI, 4.6-diamidino-2-phenylindole: PTx, pertussis toxin;
MAACAM-1, mucosal addressin cell adhesion molecule 1; FAE. follicle-associated
epithelium.

Copyright © 2008 by The American Association of Immunologists. Inc. 0022-1767/08/$2.00

www.jimmunol.org

cytes. B cells form follicles (B zone) and occasionally develop
germinal centers during antigenic stimulation, while the majority
of T cells accumulate adjacent to the follicles (T zone) and survey
cognate Ags presented by dendritic cells (DCs). Such tissue ge-
ometry is supported by mesenchymal stromal cells, which not only
provide a foothold for immune cells’ movement and interactions
but also have the ability to regulate their homeostasis. The reticular
network, composed of fibroblastic reticular cells (FRCs) and ex-
tracellular matrix (ECM) bundles, is the chief framework support-
ing the whole tissue architecture (2—4). Several findings have sug-
gested that the reticular network acts as a system for transporting
materials through a *“conduit” consisting of ECM bundles wrapped
with FRCs. (5, 6). Two distinct stromal cell types, residing in
different compartments and producing specific chemokines, play
key roles in the localization of lymphocytes: in the B zone, fol-
licular dendritic cells (FDCs) expressing CXCL13 and in the T
zone, FRCs expressing CCL19 and CCL21 (7-9).

Organogenesis of SLOs is considered to progress essentially
through two sequential steps: first, the early formation of anlagen
and, second, the maturation of tissue architecture by lymphocyte
accumulation (1). LNs and PPs develop from embryonic anlagen
in a similar way (10, 11), while postnatally constructed NALT and
ILFs are formed through slightly different processes (12, 13). Or-
ganogenesis of the spleen is more complicated because it consists
of distinct tissues, a lymphoid compartment (white pulp) and the
red pulp (14). The initial key event in LN and PP organogenesis is
the intimate interaction between hematopoietic CD45%CD4™
CD3" lymphoid tissue “inducer” (LTi) cells and specialized mes-
enchymal “organizer” (LTo) cells expressing VCAM-1, ICAM-1,
and mucosal addressin cell adhesion molecule 1 (MAdCAM-1)
(15-18). LTi cells express lymphotoxin (LT) «182, which trans-
mits signals through lymphotoxin B receptor (LTSBR) on LTo cells,
leading to the activation of NF-«B transcription factor complexes,
not only RelA/p50 (canonical pathway) but also RelB/p52 (non-
canonical pathway) via NF-«B-inducing kinase (NIK) (11, 19).
In LTo cells, this cascade up-regulates VCAM-1, ICAM-I1,
MAdCAM-1, and homeostatic chemokines, driving a positive
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feedback loop by further attracting LTi cells. Mice lacking the
above signaling components exhibit various degrees of SLO defi-
ciency and malformation (19). Generation of LTi cells from fetal
liver progenitor involves 1d2 and ROR+t; mice deficient in these
gene products show a complete loss of LTi cells and lack all LNs
and PPs (20-22). TNF-related activation-induced cytokine
(TRANCE), a key factor in osteoclastogenesis, participates in the
proliferation and differentiation of LTi cells, particularly in the LN
anlagen (23); hence, all LNs but not all PPs are absent in mice
deficient in TRANCE or its receptor TRANCE-R (24, 25). Con-
versely, IL-7Ra expressed on LTi cells and its downstream sig-
naling pathway are essential for the development of PPs but not
LNs (16, 26). Formation of splenic white pulp does not require LTi
cells, but the maturation of the tissue structure depends on LTa1£2
produced by lymphocytes and LTBR signaling (14). Therefore,
despite some similarities, the developmental program and molec-
ular requirements of each SLO are clearly different.

Even after the maturation of SLOs, continuous interplay be-
tween lymphocytes and stromal cells is likely to be required for the
maintenance of tissue architecture and characteristics of adult stro-
mal cells. Despite their importance in the spatiotemporal regula-
tion of immune cell behavior, however, only limited information
about the cytological nature of adult stromal cells has been ob-
tained so far. It remains unknown how many different mesenchy-
mal stromal cell types exist in particular SLOs. The relationship
between embryonic LTo cells and such different types of stromal
cells in adult SLOs, i.e., the postnatal fate of LTo cells, is also
unclear. It is possible that LTo-like cells might still exist in the
adult and play some role in the maintenance of SLOs. Since vari-
ations in stromal cells might account for the differences in both
developmental program and local immune responses, it is impor-
tant to clarify the common features and differences between the
various SLOs.

In this study, we report the detailed characterization of a retic-
ular stromal cell line derived from adult mouse LN, which can
produce CXCL13 upon LTBR signaling. We also found a layer of
unique reticular cells underneath the subcapsular sinus lining of
the LNs. These specialized mesenchymal cells share many char-
acteristics with LTo cells and are commonly observed at certain
places in various types of adult SLOs. Taken together, our obser-
vations provide new insights into the development and tissue or-
ganization of SLOs.

Materials and Methods
Mice

Mice were maintained at the animal facility in the Center for Genomic
Medicine (Kyoto University). aly/aly mice were purchased from CLEA
Japan. Experimental procedures involving animals were approved by the
Animal Research Committee, Graduate School of Medicine, Kyoto Uni-
versity and conducted according to the guidelines for animal treatment of
the Institute of Laboratory Animals (Kyoto University).

Cells

BLS4 and BLS12 cells were established from peripheral L.Ns of BALB/c
mouse as described previously (4). Cells were maintained in DMEM sup-
plemented with 100 U/ml penicillin, 100 pg/ml streptomycin, and 10%
FCS. For ECM network formation, confluent BLS12 cells grown on 8-well
chamber slides (Nalgen Nunc International) were cocultured with 2 X 10°
LN cells for 6 days and examined for matrix production. Stable transfec-
tants overexpressing human NIK were made using a retrovirus vector sys-
tem (4). Primary B and T cells were isolated from spleen and LNs using a
MACS B or T cell isolation kit (Miltenyi Biotec).

Abs and reagents

Primary Abs used for immunohistochemistry or flow cytometry were as
follows: as primary reagents, ER-TR7 (BMA), FITC-anti-B220 (RA3-
6B2), anti-CR1 (8C12) (BD Pharmingen), anti-MAdCAM-1 (MECA-367,
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Serotec), biotin-anti-CXCL13 (BAF470), biotin-anti-VCAM-1 (BAF643),
anti-LYVE-1 (AF2125), anti-LTSR (AF1008; R&D Systems), anti-VCAM-1
(MK2; Immunotech), biotin-anti-CD3e (145-2C11), PE-anti-CD4 (GK1.5),
anti-ICAM-1 (YN1/1.7.4), anti-PDGFR 8 (APBS5), anti-TRANCE (IK22/5;
eBioscience), anti-fibronectin (H-300), anti-RelB (C-19; Santa Cruz Bio-
technology), anti-laminin (LSL), anti-podoplanin/gp38 (HG-19), FITC-
peanut agglutinin (PNA; Sigma-Aldrich), anti-FcyRIVIII (2.4G2), anti-
CD44 (KM201), anti-gp38 (8.1.1; Ref. 27), anti-FDC-M2 (209; Ref. 28),
and biotin-anti-BP-3 Ab (29) (hybridoma supernatants or purified Abs); as
secondary reagents, PE-anti-rat IgG, allophycocyanin-anti-rat IgG, biotin-
anti-rat IgG, FITC-anti-hamster IgG (Caltag Laboratories), FITC-anti-
rabbit IgG, CyS-anti-rabbit IgG (The Jackson Laboratory), Alexa Fluor
488-anti-rabbit IgG, Alexa Fluor 488-anti-goat IgG, PE-streptavidin, and
allophycocyanin-streptavidin (Molecular Probes). Abs against integrin o
(KBA2) and «, (PS/2) were purified from hybridoma supernatants.

Immunohistochemistry

Tissues isolated from animals were embedded in OTC compound (Sakura
Finetechnical) and then frozen in liquid nitrogen. Frozen sections (10-um
thick) were fixed with cold acetone. BLS12 cells plated on chamber slides
(Nalgen Nunc International) with or without coculturing or factor treatment
were fixed with 3% paraformaldehyde-PBS and then permeabilized with
0.2% Triton X-100. After blocking with 1% BSA/0.05% Tween 20-PBS,
sections or cells were stained with Abs. Nuclear DNA was stained with
4,6'-diamidino-2-phenylindole (DAPI; Sigma-Aldrich). Sections or cells
were examined using a confocal laser scanning microscope (TSC-SP2;
Leica). Digital images obtained were prepared using Adobe Photoshop
software (Adobe Systems).

Flow cytometry

BLS12 cells were harvested from culture dishes using 0.02% EDTA-PBS.
After blocking with PBS containing 1% BSA, the cells were stained with
Abs by direct or indirect methods, counted using a FACSCalibur flow
cytometer (BD Biosciences), and analyzed using CellQuest software (BD
Biosciences).

ELISA

Confluent BLS12 cells in 24-weli culture plates were stimulated with
mouse TNF-a (10 ng/mi; PeproTech), human TNF-8 (LTa3, 10 ng/ml;
PeproTech), and/or polyclonal goat anti-mouse LTBR Ab (0.5 ug/ml;
R&D Systems). Production of CXCL13 and CCL19 in culture supernatants
was detected by sandwich ELISA using DuoSet (R&D Systems) according
to the manufacturer’s recommendations.

RT-PCR analysis

RT-PCR analysis was performed as described previously (30). Specific
primer pairs used in this study were as follows: GAPDH, 5'-CCATCA
CCATCTTCCAGGAG-3’ and 5'-CCTGCTTCACCACCTTCTTG-3';
CXCL13, 5'-TTGAACTCCACCTCCAGGCA-3' and 5'-CTTCAGGCAG
CTCTTCTCTT-3'; CCL3, 5'-TCTGAGACAGCACATGCATC-3' and 5'-
CCTAGCTCATCTCCAAATAG-3'; CCL19, 5'-GCACACAGTCTCTCA
GGCTC-3' and 5'-CTCTCTTCTGGTCCTTGGTT-3'; CCL21, 5'-AGCT
ATGTGCAAACCCTGAG-3" and 5-TCATAGGTGCAAGGACAAGG-
3’; CXCL12, 5'-AAACCAGTCAGCCTGAGCTAC-3" and 5'-TTACTTG
TTTAAAGCTTTCTC-3'; IL-7, 5-TCCTCCACTGATCCTTGTTC-3’
and 5'-TTGTGTGCCTTGTGATACTG-3'; and BAFF, 5'-TCGTGGAAT
GGATGAGTCTG-3' and 5'-TCTGTTTCCTCTGGTCCCTG-3'.

Lymphocyte adhesion to BLS12

The in vitro adhesion assay was performed as described previously,
with slight modifications (31). BLS12 celis were plated on fibronectin-
coated (20 pg/ml) 96-well plates and cultured for 2-3 days to form
monolayers. Twenty-four hours before the assay, the confluent BLS12
monolayer was stimulated with agonistic anti-LTBR Ab (0.5 ug/ml).
Primary lymphocytes were labeled with 1 pg/ml 2',7'-bis-(2-carboxy-
ethyl)-5-(and-6)-carboxyfluorescein (Molecular Probes) at 37°C for 20
min. Labeled lymphocytes were applied to the BLS12 monolayerat 5 X
10° cells/well and incubated at 37°C for 30 min with or without 20
wug/ml blocking Abs. Alternatively, lymphocytes were pretreated with
0.2 pg/ml pertussis toxin (PTx) or B oligomer (Calbiochem) at 37°C for
2 h. Nonadherent cells were removed by five consecutive washes. Input
and bound cells were measured using a fluorescence multiwell plate
reader (Cytofluor4000; Applied Biosystems).
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FIGURE 1. Basic characterization of adult LN stromal cell line BLS12. A, BLS12 cells show fibroblastic morphology. A phase-contrast view of growing
cells on plastic dishes is shown. Bar, 50 um. B, BLS12 produces reticular matrix via contact with lymphocytes. BLS12 monolayers on chamber slides were
cocultured with LN cells for 6 days. After fixation and permeabilization, cells were stained with Abs against laminin, ER-TR7, and VCAM-1, counterstained
with DAPI, and examined by confocal microscopy. Bar, 100 pm. C, Cell surface markers expressed on BLS12 cells. EDTA-harvested BLS12 cells were
stained for the indicated surface markers and analyzed by flow cytometry. Histograms show overlays of stained (filled histograms) and control (open
histograms). D, No significant expression of CR1 or FcyRIVIII is induced in BLS12 by dual signaling through TNFR and LTBR. Cells were stimulated
with or without TNF-a (10 ng/ml) and agonistic anti-LTBR Ab (0.5 pg/ml) for 2 days. Harvested cells were stained for CR1 and FcyRII/HI and analyzed
by flow cytometry. E and F, BLS12 constitutively expresses TRANCE mRNA, but TRANCE protein is undetectable at the cell surface. The transcript for
TRANCE was detected by RT-PCR (E). The amounts of PCR products amplified from 5-fold serial dilutions of BLS12 ¢cDNAs were standardized relative
to GAPDH. Another reticular cell line, BLS4, was used as a control and showed little expression of TRANCE mRNA. Cell surface TRANCE protein was
analyzed by flow cytometry (F). G, BLS12 displays carbohydrates recognized by PNA. Cells were stained with FITC-PNA in the presence or absence of
0.2 M galactose and analyzed by flow cytometry. Addition of galactose markedly diminishes the PNA binding to BLS12 cells, indicating that most of the

binding is mediated by the lectin activity of PNA.

B cell migration on BLS12 monolaver

BLS12 cells were seeded on fibronectin-coated (20 ug/ml) AT dish
(Bioptechs) and cultured for at least 5 days to construct a monolayer. The
confluent BLS12 monolayer was stimulated with agonistic anti-LTBR Ab
(0.5 wg/ml) for 24 h. Primary B celis (5 X 10°) were loaded onto activated
BLS12 monolayers in RPMI 1640 medium supplemented with 8% FCS
and 10 mM HEPES. After 3 h of incubation, phase-contrast images were
obtained every 30 s for 30 min at 37°C on a LSMS510 confocal laser micro-
scope (Zeiss) equipped with a heating stage system for AT dishes (Bioptechs).
Blocking Abs (final concentration, 20 pg/ml) were added 30—-60 min before
commencement of image capture. Alternatively, lymphocytes were pretreated
with 0.2 pug/ml PTx or B oligomer (Calbiochem) at 37°C for 2 h. Image data
were analyzed using Image-Pro Plus software (Media Cybernetics). In each
field, 40-50 randomly selected cells were manually tracked to measure mean
velocity and displacement from starting point.

Fc chimeric proteins

LTBR-Fc and [I-6 TCRVa-Fc chimeric proteins were produced as de-
scribed previously (26, 30). Specifically, X63.653 myeloma cells were
stably transfected with each vector construct, and chimeric proteins were
purified from culture supernatants or ascites fluid using a protein G- Sepha-
rose column (Amersham Biosciences). Mice were i.v. injected weekly with
100-200 wpg of chimeric proteins and were sacrificed 2-4 wk later to
obtain SLOs.

Results
Stromal cell line BLS12 is reticular fibroblast with the ability to
produce CXCLI3 upon LTBR-NIK signaling

We previously established a series of stromal cell lines from adult
mice LNs (4). One of these, BLS12, showed typical fibroblastic

morphology (Fig. lA). When cocultured with lymphocytes, BLS12
showed the ability to produce ECM meshwork that contains lami-
nin, fibronectin, and ER-TR7-Ag (Fig. 1B and data not shown),
indicating that this cell line preserves FRC features. It is worth
noting that BLS12 constitutively expressed MAdCAM-1 and BP-3
(CD157), in addition to FRC markers such as VCAM-1, ICAM-1,
and gp38 (podoplanin) on the surface (Fig. 1C). BLS12 also ex-
pressed LTBR, CD44, and a mesenchymal marker, PDGFR (Fig.
10). In contrast, FDC markers CR1 (CD35) and FeyRIV/III (CD 16/
32) were undetectable. and were virtually uninducible even when
the cells were simultaneously stimulated with TNF-« and agonistic
anti-LTBR Ab (Fig. 1D) or cocultured with lymphocytes (data not
shown). Although surface expression of TRANCE protein was un-
detectable in BLS12, the mRNA was readily detected, in contrast
to another FRC line, BLS4, in which TRANCE mRNA was almost
undetectable (Fig. 1, E and F). In addition, BLS12 cells displayed
cell surface carbohydrates recognized by PNA (Fig. 1G).

Of prime importance, BLS12 cells exhibited the ability to ex-
press CXCL13 upon LTPBR ligation and a substantial amount of
CXCLI13 protein was detected in the culture supernatant (Fig. 2, A
and B). Although TNFR ligands, TNF-« or LT«3, did not induce
CXCLI13 on their own, both of these cytokines markedly aug-
mented the LTBR-induced CXCL13 expression. The stable over-
expression of NIK in BLSI2 cells resulted in spontaneous
CXCL13 production (Fig. 2. C and D), suggesting that excessive
NIK is sufficient for inducing CXCL13 in this cell context. We
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FIGURE 2. BLSI2 produces CXCL13 upon LTBR-NIK signaling. A and B, BLS12 but not BLS4 produces CXCL13 in response to LTSR ligation. BLS
cells were stimulated with TNF-a, LTa3, anti-LTBR Ab, or combinations of these stimulants for 5 days. CXCL13 protein in the supernatant was measured
by ELISA (A). The results are shown as means = SD. Note that TNF-« and LTa3 used in our experiments exert almost equivalent enhancing effects on
LTBR-mediated CXCL13 production. The transcript for CXCL13 was detected by semiquantitative RT-PCR analysis 2 days after the stimulation (B). C
and D, Overexpression of NIK induces spontaneous CXCL13 production in BLS12. BLS12 stably transfected with control (vector) or NIK was stimulated
with LTa3 (or TNF-q), anti-LTBR Ab, or combinations thereof for 2 days. CXCL13 expression was analyzed by ELISA (C) and RT-PCR (D).

also detected CCL19 mRNA only when BLS12 cells were simul-
taneously stimulated with LTa3 (or TNF-«) and agonistic anti-
LTPBR Ab (Fig. 3); however, the secreted protein level was nearly
undetectable (data not shown). In contrast, no CCL21 expression
could be detected irrespective of the presence or absence of any
stimuli tested (data not shown). BLS12 cells also expressed factors
required for lymphoid homeostasis, such as IL-7, BAFF, and
CXCL12 (Fig. 3).

BLS12 supports the motility of primary B cells

To investigate the interaction between lymphocytes and BLS12, we
first examined the adhesion of B cells to BLS12 cells. Approximately
20% of freshly isolated B cells adhered to an unstimulated BLS12
monolayer after several hours of incubation; this adhesion was much
more effective than to BLS4 monolayer, which bind only below 5%
of primary B cells (Fig. 44). Prestimulation of BLS12 cells with ag-
onistic anti-L.TBR Ab slightly augmented the adhesion. The adhesion
of B cells to BLS12 cells was markedly inhibited by anti-«, integrin
Ab and weakly inhibited by anti-«, integrin Ab (Fig. 4B). The mixture
of the two Abs blocked almost all of the adhesion. The pretreatment
of B cells with PTx also dramatically inhibited the adhesion, while B
oligomer, the noncatalytic subunit of PTx, showed virtually no effect
(Fig. 4C). Taken together, these data indicate that Gai-dependent
signaling and integrins mediate B cell adhesion to BLS12 in this ex-
perimental setting.

We next addressed whether primary B cells are motile on the sur-
face of BLS12. For this purpose, B cells were loaded onto a mono-
layer of LTBR-stimulated BLS12 and incubated for several hours in
a heating chamber system. Under such conditions, time-lapse image
analysis revealed that the B cells actively migrated on BLS12, show-
ing significant displacement from the starting point with an average
velocity of 5-6 um/min (Fig. 4, D-F, and video 1*). Addition of Abs
against integrins (Fig. 4, D—F, and videos 2 and 3) or pretreatment of
B cells with PTx (Fig. 4, G-I, and videos 4 and 5) significantly re-

*The online version of this article contains supplemental material.

duced both velocity and displacement, suggesting that the motility of
B cells on BLS12 is partially mediated by Ged-dependent signaling
and integrins, while residual motile activity is driven by unknown
cues. Taken together, the data demonstrate that BL.S12 has the unique
property of supporting the motility of B cells.

Marginal reticular cell (MRC) layer is a unique stromal
network in adult LNs

From the aforementioned results, we noticed that BLS12 cells
share some characteristics with FDCs, e.g., the expression of
MAdCAM-1 and BP-3, LTBR-dependent CXCL13 production,
and the capacity to support B cell behavior. However, these cells
express neither CR1 nor FcyRIVIIL, both of which are crucial and
functional markers of FDCs (32). In addition, FDCs are generally
weak producers of reticular fibers (3). These facts prevent us from
considering BLS12 to be a FDC line.

To obtain a clue about the origin of BLS12, we examined in detail
the stromal structure of the LNs. As has been well established, the
FDC network was clearly observed at the center of the follicles, which

BLS4 BLS12

L¥a3 - + - + - + - +
ani-LTpR - - + +

+ + - -
N Ep iy iy ) Mgy hy “w

ot o

cxcuts [
cero [
iLr
BAFF

FIGURE 3. BLSI12 cells express some lymphoid homeostatic factors.
BLS4 and BLS12 cells were stimulated with LTa3, anti-LTSR Ab, or
combinations thereof for 2 days. Transcripts for the indicated factors were
detected by RT-PCR. The amounts of PCR products amplified from 5-fold
serial dilutions of cDNAs were standardized relative to GAPDH.
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mary B cells adhere to BLS12. Adhe-
sion of fluorescence-labeled B cells to
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of incubation was measured. Results
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highly expressed CR1, MAJCAM-1, BP-3, and CXCL13, as well as
VCAM-1, ICAM-1, and gp38 (Fig. 5A). The nuclear accumulation of
RelB in this region was also evident (Fig. S5Ad). All of the markers
overlapped well in the follicular center. During the course of careful
examinations, we found that there was a notable stromal cell layer at
the outer margin of the cortex, i.e., the lining of the subcapsular sinus
(SCS). This cell layer was brightly positive for MAdCAM-1,
CXCL13, BP-3, VCAM-1, ICAM-1, and gp38, but not present in
paracortical and medullary sinuses (Fig. 54, red arrows). At most, a
faint expression of CR1 was detected in this region. Stromal cells in
this restricted area strongly expressed TRANCE, in contrast with the
FDC network, which was barely stained for TRANCE (Fig. 54/).
Higher magnification views revealed that the layer is composed of a
kind of reticular cell network (Figs. 5B), which extends several 10s of
micrometers from the abluminal side of the SCS immediately under-
neath the layer of LYVE-1" lymphatic endothelial cells and the base-
ment membrane-like ECM “floor,” indicated by laminin and ER-TR7
(Fig. 5C). CXCL13 was detected in a filamentous pattern concurrent
with the network (Fig. 5Ba). Nuclear RelB accumulation and PNA
binding were also evident in this stromal layer (Fig. 5Ad and data not

anti-al

antind  anfial
+antiod

medium

shown). Taking these observations together, we concluded that this
specialized type of reticular cells represents a distinct population from
stromal cells in the other regions, including FDCs and T zone FRCs,
and hence designated these cells the MRCs (Fig. 5D).

MRC laver is a stromal structure common to different types of
SLOs

It is well known that MAdCAM-1" FRCs, termed the marginal
sinus-lining cells, encircle the inner lymphoid sheath of the splenic
white pulp (Fig. 6A4). This stromal layer expressed almost the same
marker set with MRC in LNs, including CXCL13, TRANCE,
BP-3, gp38, RelB, PNA-binding carbohydrates, laminin, and ER-
TR7 (Fig. 64 and data not shown), suggesting that reticular cells
aligned in this region are equivalent to LN MRCs. The layer was
more obvious in the outer margin of the follicles (Fig. 64, arrows)
than in the interfollicular channel region (Fig. 6A, asterisks).
MRC-like stromal networks were also observed in mucosal SLOs
such as PPs, NALTSs, ILFs (Fig. 6, B—D), and cecal lymph patches
(data not shown). In all cases, MRC-like cells constituted reticular



6194 ORGANIZER-LIKE STROMA IN ADULT SECONDARY LYMPHOID ORGANS

FIGURE 5. A unique reticular
stromal layer in the outer margin of
adult LN. A, Stromal markers are
highly expressed in the subcapsular
region of LNs. Sections of LNs were
stained for various markers and exam-
ined by confocal microscopy. Outer
cortical regions of the LNs are shown.
Red arrows indicate SCS lining. Note
that the network of FDCs is present in
the center of follicles with high
expression of all markers other than
TRANCE. Bar, 200 um. B and C,
Specialized stromal cells constitute
the reticular network underneath SCS
(arrows in B and an asterisk in C).
Higher magnification views of the
subcapsular regions of LNs are
shown. Arrows in C indicate base-
ment membrane-like floor in the SCS
lining. Bars, 50 pm in B and 20 pm in
C. D, Schematic representation of
MRC layer and the cortical stromal
structure of the LNs. Various stromal
cells of mesenchymal, endothelial,
and myeroid origins, as well as matrix
components are included, while lym-
phocytes are omitted for simplifica-
tion. The MRC layer is located at the
cortical side of the SCS lining, under- D
neath the single layer of lymphatic en-
dothelial cells that covers the lurinal

surface of the SCS. BEC, Blood en-
dothelial cell; CA, capsule; FO, folli-

cle; GC, germinal center; HEV, high
endothelial venule; LEC, lymphatic
endothelial cell; Md¢, macrophage;

RF, reticular fiber.

layers restricted to the subepithelial dome region immediately be-
neath the follicle-associated epithelium (FAE; Fig. 6E). In con-
trast, a MRC-like population was not found in ectopic lymphoid
tissues in the stomach induced in mouse models for gastric auto-
immunity (30, 33) (data not shown). These data indicate that the
MRC layer is a common stromal structure in SLOs.

LTo cells in the marginal area of LN anlagen expand to form
the MRC laver during postnatal development

Given that MRCs and LTo stromal cells share many markers, we
speculated that there is some relationship between the two mesenchy-
mal lineages. To address this issue, we examined the transitional pro-
cess of stromal architecture from anlagen to postnatally developing
SLOs. A structural examination of fetal LN anlagen has already been
reported (34) and the authors showed that ICAM-1M¢"VCAM-"#".
MAdCAM- 17" (TVM™e") LTo cells expressing chemokines and
TRANCE are concentrated in the outer region of the anlagen sur-
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rounded by LYVE-1" lymphatic vasculature, while [IVM'"¥ cells are
localized in deeper regions. We confirmed similar histology of LNs
on the day of birth, at which time the LNs still retain the character-
istics of anlagen, as few lymphocytes have yet migrated (Fig. 74).
CD4+CD3™ LTi cells accumulated in the outer region of anlagen
adjacent to presumptive SCS, where stromal cells highly expressing
VCAM-1 and ICAM-1 formed a dense layer (Fig. 7A, a and b). In
addition to blood vessels, these LTo also expressed MAJCAM-1 (Fig.
7Ac). Although TRANCE staining illuminated the whole anlage, a
group of stromal cells with higher TRANCE expression clearly de-
lineated the boundary of the lymphatic sinus (Fig. 7Ad). A faint signal
for CXCL13 was detected in the same cells (Fig. 7Ac). Overall, the
LN anlagen seem to be segregated into roughly outer and inner parts
during ontogeny, and the stromal cells in the former exhibit a pheno-
type typical of LTo.

At day 6, the size of LNs markedly increased as the influx of
lymphocytes and their compartmentalization in the cortical arca
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A, Reticular stromal cells in the marginal sinus lining of splenic white pulp
show characteristics of MRCs. Serial sections of spleen were stained for var-
jous markers and examined by confocal microscopy. A composite image of a
section stained for laminin, CD3, and B220 shows tissue architecture and
lymphocyte localization (a). Well-known MAJCAM-1" marginal sinus-lining
cells highly express the set of MRC markers (arrows). The MRC-like layer is
obscure in the interfollicular channel region (asterisks). B—D, Reticular stromal
cells in the subepithelial dome of PP (B), NALT (C), and ILF (D) show char-
acteristics of MRCs (arrows). Arrowheads indicate FAE. Luminal surface of
the epithelia is often nonspecifically stained by anti-CXCL13 Ab. Higher ex-
pression of MAdCAM-1 is observed in FDCs and high epithelial venules.
Bars, 200 pm. E, Higher magnification view of the subepithelial dome region
in the PP. Section was stained with Abs against laminin, CXCL13, and MAd-
CAM-1 and counterstained with DAPI for the visualization of the nucleus.
MRC network is localized immediately underneath the FAE layer (laminin™
CXCLI13"MAdCAM-17). Bar, 100 um.
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FIGURE 7. Continuity between LTo stroma and MRC layer during
postnatal development of LNs. A, Stromal architecture of day 0 mesenteric
LNs (MLN). Serial sections of mesentery, including mesenteric LNs from
day 0 mouse, were stained for the indicated markers. CD47CD3 ™ LTi cells
(a) are accumulated in the marginal region of the anlagen, where LTo
stromal cells with higher expression of ICAM-1, VCAM-1 (b),
MAdCAM-1 (c¢), and TRANCE (d) are condensed underneath presumptive
SCS (arrows). Bar, 200 pum. B, Expansion of the MRC layer in postnatally
growing LNs. Composite images of day 6 mesenteric LNs and peripheral LNs
(PLN) are shown. Presumptive MRC layers highly expressing MAJCAM-1
and TRANCE are observed at the outermost regions (arrows in left and middle
panels). In the right panels, CD4"CD3" mature T cells accumulae in the
inner cortex (asterisks), while CD47CD3™ cells are still present in the outer
cortex (arrows). Note that MAJCAM-1 is still expressed by blood vessels even
in peripheral LNs at this time. Bar, 200 pm.

began (Fig. 7B). The expression of MAdCAM-1 and TRANCE
was markedly reduced in the developing paracortex and medulla,
while the outermost part still retained high expression of the two
molecules in conjunction with the colonization of CD4 CD3™
cells. These observations are consistent with the idea that, with the
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FIGURE 8. Development of the white pulp in spleen. Spleen sections from days 0, 6, and 14 and adult mice were stained for the indicated markers and
examined by confocal microscopy. MRC layer/marginal sinus-lining structure expands and becomes prominent as lymphocytes are accumulated. In day
0 spleen, CD4"CD3™ LTi-like cells are concentrated at presumptive white pulp surrounding large blood vessels (arrows in B). Bars, 200 wm.

expansion of the organ, LTo stromal cells subsequently form a thin
MRC layer in the tissue periphery.

An analogous process occurred in the area surrounding the ceniral
artery in the developing spleen, in which a stromal layer similar to
LTo/MRCs expanded outward as lymphocytes accumulated in pre-
sumptive white pulp; eventually, this layer constituted the lining of the
marginal sinus (Fig. 8). Interestingly, MAdCAM-1" mesenchymal
cells showed relatively diffuse distribution in the day O spleen, but
thereafter became concentrated around the artery at day 6 and then
expanded to form the MRC layer. Accordingly, there is a dynamic
redistribution of MRC lineage in the developing spleen.

Maintenance of MRC property requires LTBR signaling

To address the role of LTBR signaling in the maintenance of the
MRC layer in mature SLOs, LTBR-Fc chimeric protein was in-
jected into adult mice, and SLOs were examined after 2-4 wk of
weekly administration of the chimeric proteins. No discernable
alterations in the architecture of SLOs were observed in control
experiments in which mice were injected with II-6 TCRVa-Fc
chimeric protein (30) or PBS compared with untreated animals
(Fig. 9 and data not shown). Consistent with previous reports, the
structure of splenic white pulp (in particular, follicular assembly}
was disorganized as a result of LTBR-Fc treatment (35, 36) (Fig.
94). FDC networks also disappeared (data not shown). LTBR-Fc

treatment abolished MAJCAM-1 expression and the typical
boundary structure of the marginal sinus, which also caused the
complete disappearance of the MRC layer highlighted by
CXCLI13, TRANCE, and BP-3 staining. Similar views were ob-
tained in the spleen in aly/aly mice, which bear a point mutation in
NIK (37) (Fig. 9A), and the observations are in good accordance
with a previous report showing the absence of sinus-lining FRCs
and MAdCAM-1 expression in the alv/aly spleen (38). These data
indicate that the maintenance of the MRC layer in the spleen
strongly depends on LTBR-NIK signaling.

Although LTBR-Fc treatment dramatically diminished the ex-
pression of CXCL13 and MAdCAM-1 in the MRC layer of the
LNs, TRANCE expression was comparable to or slightly reduced
compared with that in control LNs; furthermore, we found no re-
markable alteration in the structure of the SCS (Fig. 98). As FDC
networks indicated by CR1 and FDC-M2, which are highly depend-
ing on LTBR signaling, disappeared (data not shown), circularing
LTPBR-Fc protein was suggested to reach a high enough level to block
the pathway. This suggests that TRANCE expression in MRCs is
independent of LTSBR-signaling or another TRANCE-expressing cell
types still exist in the case of LNs, although some MRC properties
still depend on this pathway. It is also clear that the LTSR dependence
in MRC layers differs among SLO:s.



The Journal of Immunology

A Spleen
6 O3
ia;::i;in b

B

faminin CXCL13 MAACAM-1 mer;

LIPR-Fo control

aly/aly

aminin TRANCE

laminin CXCL1g MAQCAM-1  merge

TRANCE

laminin

FIGURE 9. LTpBR signaling is involved in the maintenance of MRC
features. A, Inhibition of LTBR signaling or the absence of NIK activity
abolishes MRC layer/marginal sinus-lining structure in the splenic white
pulp. Spleens from control (Va-Fc)-treated mice, LTBR-Fc-treated mice,
or aly/aly mice were examined for the indicated markers. Representative
images for the localization of T and B cells {a) and stromal structures (b
and ¢) in each experiment are shown. MRC layers are absent in LTBR-
Fe-treated or aly/aly mice spleen. Follicular structures are severely disor-
ganized as well (a). B, Inhibition of LTBR signaling abolishes some mark-
ers but has little influence on TRANCE expression in LN MRCs. LN
sections from control (Va-Fc)- or LTBR-Fe-treated mice were examined
for the indicated markers. Substantial expression of TRANCE is still re-
tained in the MRC layer of LTBR-Fe-treated mice (arrow). Bars, 200 pm.

Lymphocytes are dispensable for the formation of MRC layer

To address whether lymphocytes are required for the MRCs in
adult SLOs, we next examined Rag2 ™™ mice. Rag2 ™"~ mice have
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FIGURE 10. MRC layer is present in Rag2™’~ mice SLOs. A, Stromal
cells expressing MRC markers can be observed at the SCS lining in the
rudimental LNs of Rag2 ™'~ mice (arrows). Peripheral LNs from Rag2 ™/~
mice were examined for the indicated markers. Adipose tissues attached to
the LNs are nonspecifically stained by anti-CXCL13 Ab (asterisks). B,
Stromal sacks that express MRC markers are observed at the rudimentary
white pulp surrounding the central splenic artery in Rag2 ™~ mice (ar-
rows). Spleens from wild-type (wt) and Rag2 ™~ mice were examined for
the indicated markers. Bars, 200 wm.

rudimentary LNs due to the lack of lymphocytes; nonetheless, we
could clearly observe the MRC layer in the subcapsular region of
each LN, in which weak but significant expression of CXCL13
was present (Fig. 104). Thus, at least two compartments, i.e., the
MRC layer and inner stroma, are unambiguously formed even in
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the LNs from lymphocyte-deficient animals. Likewise, we ob-
served reduced but significant expression of MRC markers at the
sheath-like stromal structure surrounding the artery in the Rag2 ™/~
mice spleen (Fig. 10B). These findings indicate that lymphocytes
are not essential for the differentiation and maintenance of MRCs.

Discussion

In this study, the characterization of the lymphoid stromal cell line
BLS12 prompted us to notice a unique lymphoid stromal popula-
tion, MRC. MRC could be classified into a novel category of mes-
enchymal lineage common to adult SLOs, defined as the popula-
tion of specialized reticular fibroblasts localized at a particular area
of the tissues. These cells exhibit high expression of VCAM-1,
ICAM-1, MAdCAM-1, CXCL13, TRANCE, BP-3, and gp38, as
well as various reticular matrix components. Although FDCs show
a similar marker set, they exhibit high expression of CR1 but low
or no TRANCE, whereas MRCs express TRANCE but little or no
CRI1. Furthermore, FDCs do not generally produce typical reticu-
lar structure such as the one that surrounds the ECM fiber to form
the conduit. Since the phenotypical characteristic of BLS12 shows
good agreement with the criteria for MRC, we consider this cell
line to be of MRC origin. However, there are some discrepancies
between the nature of BLS12 and MRCs. For instance, BLS12
cells in culture constitutively display VCAM-1, ICAM-1, and
MAAJCAM-1, whereas in vivo the expression of these molecules is
regulated by LTBR signaling. In addition, TRANCE protein is
undetectable in BLS12, although TRANCE mRNA is readily de-
tected. Immortalization and expansion in vitro presumably caused
these alterations in BLS12.

Now that MRCs have been added to the list of stromal cells,
every SLO turns out to be composed of at least three different types
of mesenchymal stromal cells, i.e., FRCs in T zone, FDCs, and
MRCs. Among these, the former two, FRCs expressing CCL19/
CCL21 in the T zone and FDCs expressing CXCL13 in the fol-
licular center, have been established as major anatomical back-
bones for the T and B compartments, respectively (7). It was
recently demonstrated that these stromal networks support lym-
phocyte movement, acting as guidance footholds (39). Although
the medulla of LNs and the marginal zone of the spleen are sup-
ported by types of FRC subsets distinct from those in the T zone
(3, 14), these populations are not to be included in the common
elements because they reside in varying anatomical compartments
depending on SLO type. T zone FRCs and follicular FDCs are
closely associated with the corresponding lymphocyte subsets. In
addition, both of these types of stromal cells are induced in chronic
inflammatory diseases, even in ectopic lymphoid tissues (30, 33,
40, 41). Therefore, we would suggest that the existence of mature
lymphocytes induces the differentiation and maintenance of these
stromal cells. In accordance with this, no obvious subcompart-
ments supported by these stromal lineages are observed in
Rag2™/~ mice SLOs, whereas adoptive transfer of lymphocytes
restores them (Ref. | and our unpublished observation). In con-
trast, MRCs are probably present in all SLOs, even in Rag™'~
mice, but absent in ectopic lymphoid tissues, strongly supporting
the notion that MRCs are a developmentally programmed element
and tightly fixed to the organ, irrespective of the existence of ma-
ture lymphocytes. This notion is consistent with previous obser-
vations that organogenesis and even some tissue compartmental-
ization of SLOs, possibly concomitant with the separation of
MRCs from other stromal cells, can occur in SCID mice (42-44).

The fact that MRCs display the set of molecular markers that is
also expressed by LTo cells suggests the relevance of them. In-
deed, we observed that LTo descendants in the outer margin of the
LN anlagen seem to subsequently form the MRC layer. Likewise,
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periarteriolar LTo-like sheaths in the neonatal spleen gradually
expand to form MRC rings, previously known as marginal sinus-
lining cells. These observations prompt us to speculate that the
organizer-like stromal cells are still present as MRCs in mature
SLOs. MRC-like cells are also observed in the apical dome region
of mucosal-associated lymphoid organs. These are likely the same
cells reported previously as TRANCE™ stromal cells in PPs, ILFs,
and CPs (45). In general, CPs contain few lymphocytes but are
colonized by LTi-like hematopoietic cells and the stromal cells
exhibit characteristics similar to LTo/MRC (13, 46). It was re-
cently suggested that ILFs are inducible structures derived from
CP in response to the intestinal bacterial flora (13). Therefore, the
maturation process of ILFs recapitulates the organogenesis of
SLOs in the adult environment.

Based on the findings in this study and slightly modifying the
models presented previously (10, 47), we propose following four
sequential stages of SLO organogenesis from anatomical and stro-
mal viewpoints (Fig. 11). In the earliest phase (stage I), a devel-
opmentally programmed “address code” determines the location of
anlagen by attracting LTi cells or converting the adjacent mesen-
chyme to LTo congregates. Cross-talk between LTi and LTo cells
facilitates the maturation of LTo stroma, which further drives a
positive feedback loop. As anlagen grow (stage II), the stromal
network differentiates into outer (genuine LTo layer?) and inner
(presumptive lymphocyte compartment) parts (primary differenti-
ation and compartmentalization of stromal cells). Hashi et al. (43)
demonstrated the compartmentalization of the PP anlagen before
lymphocyte entry and several other reports also have presented
clear pictures showing uneven distributions of LTo and LTi cells
within the SLO anlagen (22, 34). After birth (stage III), the influx
of lymphocytes begins and the inner part of anlagen is further
divided into lymphocyte subcompartments with corresponding
adult stromal subsets (secondary differentiation and compartmen-
talization of stromal cells); meanwhile, the outermost part expands
to form the MRC layer. Tissue architecture (stage I'V) is maturated
in the adult SLO. Continuous LTSR signaling is required for main-
tenance of the properties of MRCs; however, the dependence on
this pathway varies depending on the individual SLO. The admin-
istration of LTBR-Fc completely disrupts the marginal sinus struc-
ture, with loss of the MRC layer in the splenic white pulp, although
this treatment does not lead to the immediate disappearance of the
white pulp structure, Likewise, LTPR-Fc partially diminishes
markers in LN MRCs, but has little effect on TRANCE expression
or overall tissue geometry, suggesting that MRCs are dispensable
for the accumulation and compartmentalization of lymphocytes,
at least once the construction of SLO architecture has been
accomplished.

Although the functional significance of MRCs in adult SLOs
remains largely unknown, we consider it important to note that all
MRC layers in various SLOs are faced toward the major route of
antigenic entry (Fig. 11). DCs capturing Ags in peripheral tissues
migrate to the draining LNs via afferent lymph. They first reach
the SCS, from which they pass across the MRC layer to enter the
paracortex (48). Low-molecular weight soluble Ags can pass the
SCS lining, penetrating into the conduit network in the T zone,
where they can be picked up by resident DCs (5, 6). Analogously,
MRC networks in the subepithelial dome of mucosal SLOs harbor
unique DC subsets by which Ags are transported from the FAE to
the follicular region (49, 50). In the spleen, blood-borne Ags and
immune cells must pass through the marginal stromal layer to enter
the inner lymphoid compartment of the white pulp (14). Accord-
ingly, the MRC layer possibly regulates these Ag-transporting
pathways. Of note along these lines, follicular B cells in the LN
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FIGURE 11. A common model for SLO oraganogenesis that progresses
through four sequential stages. Stage I: In the earliest step, intimate inter-
action between organizer mesenchyme and inducer cells forms the SLO
anlagen, under the control of an address code specific in embryonic envi-
ronment. Stage II: As the anlage grows, the stromal compartment is grad-
ually segregated into outer and inner parts, i.e., the presumptive MRC layer
and lymphocyte compartments, respectively (primary differentiation and
compartmentalization of stromal cells). Stromal cells in the outer part show
the organizer phenotype more remarkably. Stage 1II: After birth, lympho-
cytes are accurmulated in the inner area, in which they are further separated
into outer (B cells) and inner (T cells) areas with the differentiation of
corresponding stromal lineages (secondary differentiation and compart-
mentalization of stromal cells); meanwhile, the outermost stromal popula-
tion proceeds to expand and eventually forms the MRC layer. B cells in the
outer cortex are further assembled to form follicles. Stage IV: Mature ar-
chitecture of adult SLO. In response to antigenic stimuli, a germinal center
is occasionally developed in the follicle, with the asymmetry of dark and
light zones. Note that common stromal elements in mature SLOs are
MRCs, FDCs, and T zone FRCs. Regular tissue architecture is arranged
along with a polarity axis directed toward the major route of Ag entry.

directly capture lymph-borne Ags, either in a soluble form pene-
trated from the SCS or in a particulate form from SCS-resident
cells (51-54). As the network of MRCs covers the outer part of the
foilicle, MRCs are likely to be involved in the Ag transport along
this route. It is also likely that the MRC network is the foothold for
the migration of B cells in the outer follicle. Intravital two-photon
microscopy has shown that B cells in this region are highly motile
(52, 53). Lo et al. (55) have demonstrated that lymphocyte entry
into the splenic white pulp across the marginal sinus is integrin and
Gai dependent. High expression of adhesion molecules in MRCs
suggests that their network represents a potential foothold not only
for B cells but also for macrophages and DCs. In fact, BLS12 cells
display various adhesion molecules and constitutively produce
CXCL12; they express CXCL13 in response to LTBR signaling.
BLS12 also supports the migration of primary B cells in vitro,
which partially depends on Gai-mediated signaling and integrins.
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However, recent studies have shown that integrins are not the ma-
jor adhesion machinery, at least for the interstitial migration of T
cells and DCs within the LN (56, 57). Careful examination of the
integrin requirement for the migration of B cells in this area will be
required in future studies.

In summary, the MRC layer is a common landmark of mature
SLOs; these stromal cells are presumably the adult counterpart of
LTo. The organogenesis of SLOs proceeds like a layer-forming
reaction. Supposing the LTo/MRC layer as the organizing front of
developing SLOs, this is quite reasonable, because the anatomical
arrangement of SLOs must necessarily be optimized for capturing
and detecting external Ags most efficiently. Since there are mul-
tiple mesenchymal lineages, each with distinct functions, tightly
integrated into tissue microanatomy, tracing stromal components
during the organogenesis and remodeling of SLOs is a suitable
system for studying the specialization and diversification of mes-
enchymal cells via close interaction with lymphoid or myeloid
cells. BLS12 cells will be a unique and highly valuable tool for
exploring the cytological and biochemical nature of lymphoid stro-
mal cells.
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