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Tumor necrosis factor (TNF) is an important cytokine that suppresses
carcinogenesis and excludes infectious pathogens to maintain homeostasis.
TNF activates its two receptors [TNF receptor (TNFR) 1 and TNFR2], but
the contribution of each receptnr to various host defense functions and
immunologic surveillance is not yet clear. Here, we used phage display
techniques to generate recepmr-be]edl\re TNF mutants that activate only
one TNFR. These TNF mutants will be useful in the functional analysis of
TNFR.

Six amino acids in the receptor binding interface (near TNF residues 30,
80, and 140) were randomly mutated by polymerase chain reaction. Two
phage libraries comprising over 5 million TNF mutants were constructed.
By selecting the mutants without affinity for TNFR1 or TNFR2, we
successfully isolated 4 TNFR2-selective candidates and 16 TNFR1-selective
candldalee, respectively. The TNFRI1-selective candidates were highly
mutated near residue 30, whereas TNFR2-selective candidates were highly
mutated near residue 140, although both had conserved sequences near
residues 140 and 30, respectively. This finding suggested that the phage
display technique was suitable for identifying important regions for the
TNF interaction with TNFR1 and TNFR2. Purified clone R1-6, a TNFR1-
selective candidate, remained fully bioactive and had full affinity for TNFR1
without activating TNFR2, mdlcahng the usefulness of the R1-6 TNF
mutant in analyzing TNFR1 receptor function.

To further elucidate the receptor selectivity of R1-6, we examined the
structure of R1-6 by X-ray crystallography. The results suggested that R31A
and R32G mutations strongly influenced electrostatic interaction with
TNFR2, and that 1.29K mutation contributed to the binding of R1-6 to
TNFRI1. This phage display technique can be used to efficiently construct
functional mutants for analysis of the TNF structure-function relationship,
which might facilitate in silico drug design based on receptor selectivity.

© 2008 Elsevier Ltd. All rights reserved.
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receptor specificity
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Introduction

Tumor necrosis factor (TNF) is as an important
immunity-modulating cytokine that is required for
human body d(.fenw against infectious diseases and
Larcmogmemu Excess TNF, however, causes var-
ious autoimmune diseases, such as rheumatcgd
arthritis, Crohn’s disease, and ulcerative colitis.”™
The relationship between TNF and disease deteriora-
tion must be unraveled before effective therapies can
be developed. Both TNF receptor (TNFR) types
TNFR1 and TNFR2, which induce different cell
signaling, must be analyzed to better understand
the function of TNF. Experiments with TNFR knock-
out mice have revealed the individual functions of
TNFR1 and TNFR2 against viral mf:a-chnn, microbial
pathogens, and tumor immunity.”® The lack of one
TNFR type, however, can affect the function of the
other receptor type and weaken its signaling because
the two Jeceptors work together by crosstalk
signaling.”"" This issue complicates investigations
of the individual roles of TNFR1 and TNFR2, and the
analysis of TNFR function. Therefore, many resear-
chers have attempted to activate only one receptor
using a receptor-selective TNF mutant that does not
impair the function of the receptor.

In the past decade, several receptor-selective TNF
mutants, which are useful for funchonal analysis of
TNFRs, have been constructed.'™'? Traditional
point mutation methods, however, are labor-inten-
sive because a large number of candidates must be
individually assessed; therefore, it has been dlfﬁcuit
to successfully isolate the desired mutants.'*'” In

particular, a receptor-selective TNF mutant with full
bmachvm was difficult to develop due to the fact
that a region on TNF shares a binding affinity for the
two different receptors.”®'* Furthermore, inade-
quate mutations cause a loss of affinity for both
TNFR1 and TNFR2, which has made it difficult to
create nov el mutants with high selectivity and full
bummwty ' Therefore, functional analysis of TNFR
using these mutants has not progressed sufficiently.

We previously developed a modified phage dis-
play technique that can be used to create desired
functional mutant proteins. Using this technique, we
have succeaslullv created many mulants with hlgh
bioactivity,”" high in vivo stability,™ and antagonist
activity® that are suitable for drug development.
The advantage of this method is that it allows us to
obtain information about specific functions and
associated sequences, which is very useful for deter-
mining the structure-function relationship of a
specific protein. This information will be useful for
improving the design of therapeutic mutants,

In the present study, we used the phage display
technique to create novel receptor-selective TNF
mutants with full bicactivity. Structural information
of the mutants was determined by crystallographic
analysis, and structural simulation was used to
determine a feasible basis for receptor selectivity.
These TNF mutants will be useful tools for analyzing
TNFR signaling. An understanding of the structure

and sequence of these functional mutants, combined
with bioinformatics techniques, can potentially lead
to the design of a desired functional protein, peptide,
or peptide mimic, and thus accelerate the develop-
ment of novel strategies for analyzing disease-
related proteins, such as TNF, and the development
of associated therapies.

Results

Library construction and selection of
receptor-selective TNF mutants

To create receptor-specific TNF mutants using our
phage display system, we prepared two phage
libraries, Libraries I and II. Each library contained
six amino acids randomized in a receptor binding site
suggested by point mutation analysis and X-ray
crystallography (Fig. 1)."*"*! For construction of the
TNF mutant library, a mutant TNF-Lys(-) gene was
used as template for polymerase chain reaction (PCR)
mutagenesis.” Sequence analysis of randomly
selected clones indicated that Libraries I and 11 con-
tained 8.2x10° and 5.6%10° independent clones,
respectively. For selection from the library, several
rounds of affinity panning were performed against
human TNFR1 or TNFR2 using BlAcore 3000. Potent
binders to TNFR1 or TNFR2 were concentrated in the
library through this panning procedure. The mono-
clonal candidates in each library were picked up for
enzyme-linked immunosorbent assay (ELISA)
screening to confirm their receptor binding specifi-

Fig.1. Positions of randomized residues on the binding
interface of the TNF-TNFR1 complex. Mutational residues
of Library I (red spheres) and Library II (orange spheres).
Green cartoon represents wtTNF. White area represents
the surface of the TNFR1 monomer. This binding model
structure of the TNF-TNFR1 complex was constructed
based on the crystal structure of the LTa~TNFR1 complex
(1TNR) and that of wiTNF (1TNF).
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Table 1. Substituted residues of TNF mutants from Libraries [ and II

wiTNF
mutTNF-Lys{-)
TNFR1-selective Library | R1-1
candidates (29:32-145:147) R1-2
R1-3
Ri4
Ri-5
Ri-6
Library Il R1-7
(B4:89) RI-8 — = =
R1-9 e =
Ri-10 - - -
Ri-11 — = =
R1-12 S g
R1-13 - - —
R1-14 _—
TNFR2-selective Library | R2-1 =, X =
candidates (29:32-145:147) R2-2 — = =
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Conserved residues compared with wiTINF are indicated by an em dash (—). Mutated residues in each library are highlighted in gray.
Library I included mutated residues 29, 31, 32, and 145-147. Library II contained mutated residues 84-89. R1-1-R1-6 and R1-7-R1-14
were isolated from Libraries | and II, respectively, as TNFR1-selective candidates. TNFR2-selective clones R2-1-R2-5 were isolated from
Library I; Library 1l contained no TNFRZ-selective clones.

city. Several clones with TNFR1 or TNFR2 specificity selective candidates (R2-1-R2-5) from Libraries |

were eventually obtained, and II (Table 1). Unfortunately, Library II did not

contain any TNFR2-selective mutants. All active
Sequence analysis of receptor-specific TNF TNFR1-selective mutants in Library Il retained
mutant candidates Tyr87, suggesting that Tyr87 was an essential residue

for receptor binding. Analysis of Library I, however,
Sequence analysis revealed that we had 14 TNFR1-  revealed that the mutated and conserved regions of
selective candidates (R1-1-R1-14) and 5 TNFR2- the TNFR1-selective mutants were different from

Table 2. Receptor-selective bioactivities and affinities of TNF mutants

Relative affinity (%o Ky Relative bioactivity (% of ECs)
TNFs TNFR1 TNFR2 Ri/Ra HEp2® PCHF Ri/Ry
wWITNF 100 100 1.0 100 100 1.0
mutTNF-Lys{ ) 108 B8 12 116 126 09
TNFR1-selective Library | R1-1 145 121 12 492 NT —
candidates (29:32-145:147) R1-2 212 32 6.7 436 NT _
R1-3 42 18 24 343 NT —_
R1-4 43 3 134 M7 NT -
R1-5 177 2 106.2 582 36 16.2
R1-6 33 4 B4 128 <007 >1800.0
Library 11 (84:89) R1-7 108 13 B4 102 NT —
R1-8 145 9 165 120 173 0.7
R1-9 175 24 74 110 NT —
R1-10 149 9 170 134 NT —
R1-11 219 11 204 58 NT —_—
R1-12 51 15 35 21 NT -
R1-13 51 11 46 26 NT —
R1-14 46 4 120 47 47 1.0
TNFR2-selective Library 1 R2-1 B3 112 0.741 124 23 0.539
candidates (29:32-145:147) R2-2 k] 143 0.020 02 30 0.007
R2-3 38 225 0.169 25 12 0.208
R2-4 51 572 0.089 62 19 0.326
R2-5 94 324 0.290 134 » 0.344
The affinity and bicactivity values are shown as relative values (% wiTNF)

NT, not tested.

* Affinity for immobilized TNFR1 and TNFR2 was assessed by SPR using Bl Acore 3000

* Human TNFR1-mediated bioactivity was evaluated using a HEp-2 cell cytotoxicity assay. In this assay, HEp-2 cell viability was
determined by methylene blue staining. Each value represents the mean=SD.

¢ Human TNFR2-mediated bioactivity was evaluated using PC60-R2 assay, GM-CSF expression by TNFRZ-mediated signaling was
detected by ELISA. Each value presents the mean=50.
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those of the TNFRZ2-selective mutants, TNFR1-
selective mutants were highly mutated near residue
30 and conserved near residue 140. On the other
hand, TNFR2-selective mutants were mutated near
residue 140 and conserved near residue 30. This
interesting result suggested that the details of the
essential binding interface for TNFR1 and TNFR2
differed despite their predicted similar complex
forms."

Receptor selectivity and bioactivity of TNF
mutants

To investigate the properties of candidate receptor-
selective TNF mutants in detail, we prepared recom-
binant protein using the previously described
methods,”"** TNF mutants expressed as aninclusion
body in Escherichia coli were denatured and refolded.
Then, active TNF mutants were purified by ion-
exchange and gel-filtration chromatography. TNF
mutant purity was greater than 90% in sodium
dodecyl sulfate-polyacrylamide gel electrophoresis,
and all mutants were confirmed to form trimers by
gel-filtration analysis (data not shown).

We examined the affinities of these recombinant
TNF mutants for TNFR1 and TNFR2 (Table 2). Most
of the TNFRI1-selective candidates had little affinity
for TNFR2 based on surface plasmon resonance (SPR)
analysis by BlAcore 3000. In particular, the TNFR1
affinities of R1-2, R1-5, R1-8, R1-9, R1-10, and R1-11
were higher than that of wild-type TNF (wtTNF),
despite the loss of their TNFR2 affinities. TNFRI1- and
TNFR2-mediated bioactivities were assessed by
HEp-2 and PC60-hTNFR2 assays, respectively. Inter-
estingly, Rl-selective candidates from Library |
showed more potent activity via TNFR1 than those
from Library IL. R1-5 and RI-6 showed superior
bioactivity and receptor selectivity. R1-6 was selected
as the best overall mutant with greater than 1800-fold
selective TNFR1 activity. These mutants were novel
because TNFR1-selective mutants with higher bioac-
tivity had not yet been established. Similar studies
were performed with the TNFR2-selective candi-
dates. In SPR analysis, these candidates showed
higher TNFR2 affinity than wtTNF, Unfortunately,
however, none of the TNFR2-selective candidates
could sufficiently activate TNFR2 and had less than
40% of the bioactivity of wtTNFE

Next, we performed a competitive binding assay to
confirm the details of the TNFR1 selectivity of R1-5
and R1-6—the candidates with the highest selectivity
for TNFR1. Competitive affinities were assessed
under a certain amount of witTNF-FLAG, wtTNF
fusing FLAG-tag (DYKDDDDK) at C-terminal, as
competitor (Fig. 2). Similar to the results of the SPR
analysis, R1-5 showed a higher affinity for TNFR1
compared with wild type, and its affinity for TNFR2
was decreased to approximately 10% that for wtTNF,
suggesting that R1-5 was a TNFR1-selective mutant.
In contrast to the SPR results, however, R1-6 showed
a higher competitive affinity for TNFR1, and wtTNF-
FLAG binding to TNFR2 was not completely inhi-
bited, even by excess R1-6, which suggested that R1-6

(a) (b)
‘% 140 140
@t 120
LEL§1 100|
80

3
R W
=0 40/
-2
5 20 20
— 0 " "

v
- 1 10 102 10* 1 107 10* 108

cone. (ng/mL)
(c)
TNFR1 TNFR2

IC50 (ng/ml) (%) IC50 (ngmi) (%)
WITNF 2760 100.0 508.1 100.0
R1-5 57.7 4783 46066 11.0
R1-6 1054 2619  >1000000 <05

Fig. 2. Competitive binding affinities of TNFR]-
selective mutants (R1-5 and R1-6). Competitive affinities
were assessed under 50 ng/ml FLAG-tagged wtTNF
(WETNF-FLAG) as competitor. Both (a) TNFR1 and (b)
TNFR2 were immobilized. Binding of wiTNF-FLAG was
inhibited by serially diluted TNF mutants. Final binding
of wtTNF-FLAG was assessed by ELISA. Each value
represents the mean+5D. (c) ICsy values are given as the
concentration of the TNF mutant required to inhibit 50%
of the maximal binding of wtTNF-FLAG,

lacked binding potency to TNFR2. Because the TNF
binding interfaces to the receptors are known to
o\'erlap,w TNFR1 selectivity caused by a structural
change in the R1-6 surface might provide important
information for structure-based drug discovery.

X-ray crystallography of TNFR1-selective TNF
mutant R1-6

The structural basis of the TNFR1 selectivity of R1-6
was examined by X-ray crystallography. After estab-
lishing crystallization conditions, good-quality crys-
tals of R1-6 were obtained (approximately
0.2 mm *0.2 mm (0.3 mm in size). X-ray diffraction
data were collected in SPring-8 (a large synchrotron
radiation facility in Harima, Japan). Analysis of these
data indicated that the space group is R3 and that the
lattice constants are a=135.87 A, b=135.87 A, and
¢=58.02 A (Table 3). The R1-6 structure was further
refined using the CNS software suite. The results of
model validation using the PROCHECK program
indicated that there were 86.9% residues in the most
favored regions, 13.1% residues in the additionally
allowed regions, 0.0% residues in the generously
allowed regions, and 0.0% residues in the disallowed
regions.

The overall structures of the R1-6 [ Protein Data Bank
(PDB) code 2ZJC] and wiTNF (PDB code 1TNF)
trimers are also similar and superimpose with an rmsd
of 1.21 A for 428 C* atoms (Fig, 3). The structure of
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Table 3. Crystallographic parameters and refinement
statistics of the R1-6 crystal

Data collection
Resolution (A) 50-2 50 (2.59-2.50)
Cell constants (A1 1359, 1359, 58.0
Space group R3
Measured reflections 74516
Unigue reflections 13,445 (1173)
Completeness (%) 999 (R5.2)
Koourss (%" 0.10 (0.53)
1/o(h 289(42)
Refinement statsstics
Resolution (A) 25.67-250
Reflections used 12,060
[ —— 20.1
Rime (%) 72
Completeness (%) 97.1
Atoms

Protein; water 3338; 59
rmsd from |dcalltv

Bond lengths (A bond angles (°) 0.009; 127
Cwerall B-factor ( 19.7
B-factor rmsd (A%)

Main-chain bonds; side-chain bonds 0.42; 0.77

Main-chain angles; side-chain angles 0.94; 1.48
Ramachandran plot statistics
Most favored regions (%) B6.9
Additionally allowed regions (%) 13.1
Generously allowed regions (%) 0.0
Disallowed regions (%) 0.0

Values in parentheses are those for the outer shell.

* Cell constants are a, b, and c.

® Ruerge=X 1= 1 /341, where [ is intensity of the
observations, R, in the last shell is high because of the
anisotropic mosaicity of the crystal.

* Ryym=XIF.1 - IFII/E1F,1, where F, and F, are the
dmen'ed and calculated structure factors, respectively.

4 R i5 calculated as for R, yyae but for the test set comprising

reflections not used in refinement. The overall B-factor was
calculated after TLS parameter analysis (TLSANL) using Refmac.

each monomer is similar to each other (rmsd of 0.98-
1.12 A for 140 C* atoms). Especially, the structures of
the [3-sheet in each monomer are essentially the same
(rmsd of 0.31-0.42 A for 63 C* atoms), These features
have been found in the wtTNF trimer,”

The R1-6 loop structure near mutational residues
31 and 32 is different from that in wtTNF (Fig. 4). This
loop structure between monomers is not different
(wtTNE: rmsd of 0.61-0.72 A for 11 C* atoms; R1-6:
rmsd of 0.39-0.91 A for 11 C" atoms) (Fig. 4a and b).
However, they are clearly different between wtTNF
and R1-6 (Fig. 4¢). This structural change is thought
to be caused by R32G mutation from a sterically
bulky arginine residue to a flexible glycine residue.
Because this region is close to the TNFR surface, such
a structural change in the C* chain could influence
receptor binding. Additional TNF-TNFR docking
simulation studies are discussed below.

Discussion

We recently developed the technology to create
functional mutant proteins with high bioactivity, high

in vivo stability, and antagonistic activ ily.l' * Here,
we attempted to establish fully biocactive receptor-
selective TNF mutants for functional analysis of
TNFR1 and TNFR2 using our optimized phage
display system. We constructed TNF mutant libraries
{Libraries | and II) in which six residues near the
receptor binding region were randomized (Fig. 1).
From these libraries, we screened for TNFRI1- or
TNFR2-selective binders, and isolated receptor-selec-
tive candidates (Table 1). Despite the successful
isolation of TNFR2-selective binders, the TNFR2-
selective candidates obtained could not sufficiently
activate TNFR2. This result suggested that the pro-
duction of TNFR2-selective mutants was very rare in
our library and that an improved panning method
was I‘I.I.!CP_")SGT}V.

One advantage of our phage-display-based tech-
nique is that it can be used to obtain the sequence
information of many mutants (Table 1). Tyr87 of TNF
was conserved in all mutants obtained from Library
II. This residue is highly conserved throughout the
TNF superfamily, such as in LTa, LT, and LIGHT,
and site-directed mutagenesis of the Tyr87 residue of
TNF results in a dramatic loss of its biologic activity
and its affinities for both TNFR1 and TNFR2."" In
addition, Tyr87 replacement in antagonistic TNF
causes unstable receptor b bmd ing and loss of receptor
activation in our report.” * These findin: together
indicate that Tyr87 is an essential residue for receptor
signaling and receptor complex stability.

TNFR1-selective mutants had mutations near
residue 30 and conserved residues near residue 140.
In contrast, TNFR2-selective mutants had mutations
near residue 140 and conserved residues near residue
30. These findings support those of previous point
mutation analyses'> " and suggest that our phage-

Flg 3. Overall structure of wtTNF and R1-6. Merge
ncrm-'inusly reported witTNF structure (green;

1 F) and refined structure of R1-6 (white; 2Z]C). The
flexible loop containing residues 100-110 shown at the
bottom of the figure was disordered in the R1-6 structure.
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(a) (b)

(d)

Fig. 4. Structural difference in receptor binding loop
between wiTNF and R1-6. Each TNF monomer was
superimposed using the CCP4i program. Details of the
receptor binding loop, including residues 31 and 32, are
shown in these figures. (a) Loops of wtTNF monomers
(green); (b) loops of R1-6 monomers (white); (¢) merged
image of the loops of wtTNF and R1-6; (d) 2F, - F. map
contoured at 1.00 of R1-6 loop (pink mesh). The different
C* chains are highlighted by the dashed orange circle in (c).

display-based technique can be used to rapidly
gather important information about the function-
sequence relationships determined by long-term
point mutation analysis. In the present study, we
successfully isolated mutants that retained TNFR
affinity from a huge phage library containing over a
million repertoires. Most of the mutants in the library
had no TNFR affinity and were therefore discarded
through this selection step. This finding may indicate
that the mutational residues in these unbound clones
diminish TNFR affinity. This method may be useful
for examining the function, capability, and sequence-
function relationship of unknown cytokines and
proteins.

Using these receptor-selective candidates, we
expressed recombinant proteins and estimated their
bioactivities and affinities for TNFR1 and TNFR2.
R1-6, the most highly TNFR1-selective mutant, bound
and activated TNFR1 efficiently despite the loss of its
affinity for TNFR2. X-ray crystallography of R1-6
revealed that the crystal structure of R1-6 was a trimer
(similar to wtTINF), and no other salient differences in
the overall structure were observed. Superimposition
of wtTNF and R1-6 sequences, however, revealed that
the C* of the receptor binding loop near residue 30
was partially different (Fig. 4). This change might
influence the receptor binding mode of R1-6. We fur-
ther used the superimposition program to perform
docking simulations with TNF and TNFRI based on

the crystal structure of the LTa~TNFR1 complex (PDB
code 1TNR). "

Based on the model witTNF-TNFR1 complex,
Arg31 of TNF would interact electrostatically with
Glu56 of TNFRI. The main chain of TNF was too
close to His69 of TNFR1, however, potentially
causing potential steric hindrance (Fig. 5a). On the
other hand, a structural change in the loop in R1-6,
however, was thought to solve this problem (Fig. 5b).
Arg32 of wtTNF associated with Ser72 of TNFR1
(Fig. 5a). In the R1-6 structure, however, this role of
Arg32 was thought to be compensated for by Lys29
(Fig. 5b). This speculation was supported by the
crystal structure of the LTa-TNFR1 complex.'® The
position of Lys29 in R1-6 corresponded to that of
Argd6 in LTa interacting with Ser72 of TNFR1 by
hydrogen bonding. This interesting “compensating
role of an amino acid” would be difficult to induce
using single point mutation methods, which is
another advantage of our modified phage display
technique.

(a) )

Fig. 5. Model of TNF binding to TNFR1 and TNFR2.
Receptor binding interfaces of (a) wtTNF-TNFR] (green—
red); (b) RI-6-TNFR1 (white-red); (c) wtTNF-TNFR2
(green-blue); and (d) R1-6-TNFR2 (white-blue). The
TNF-TNFR1 model complex was constructed from
ITNF (witTNF) and 1TNR (LTa=TNFR1 complex). The
predicted TNFR2 structure was constructed by side-chain
mutation using the O program. [n this simulation, the side
chains of each structure were rotated to fit the predicted
interaction. Stable structures of these rotamers were
constructed using the O program. Steric hindrance might
have occurred between His69 of TNFR1 and Arg32 of
witTNF in (a) (black arrowhead). Potential interactions are
indicated by orange arrows. A cluster of anionic charged
residues (Asp54, Glu57, and Glu70) is highlighted by a
broken red line.
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Next, we examined the TNFR1 selectivity of R1-6
based on its structure. Because the structure of
TNFR2 is thought to be similar to that of TNFR1,"™
we generated a model structure of TNFR2 by manual
mutation based on the crystal structure of TNFRI.
This TNF-TNFR2 simulation is speculative, but this
model, together with the information obtained from
previous mutation studies, can be used to form
hypotheses regarding the important structural fea-
tures for TNFR1 selectivity. The binding surface of
TNFR2 was composed of Asp54, Glu57, and Glu70,
which could cause a strongly negatively charged
surface of TNFR2 different from that of TNFR1 (Fig.
5¢ and d). Arg31 of wtTNF was thought to have an
important role in TNFR2 binding by strongly inter-
acting with this surface (Fig. 5¢). R1-6 had an R31A
mutation, however, which could cause the loss of the
affinity of R1-6 for TNFR2 (Fig. 5d). In support of this
finding, a single point mutation R31E mutant was
previously reported to have a dramatic loss of affi-
nity for TNFR2.'*" On the other hand, the R32W
mutant is also reported to be a mutant with TNFR1
selectivity.'” From our library, Arg32 of our TNFR1-
selective candidates was replaced with hydrophobic
or nonionic amino acids (Trp, Tyr, Phe, and Gly),
which might indicate the importance of Arg32 for
binding to TNFR2 (Table 1), This structural informa-
tion, in combination with bioinformatics technology,
will be useful for designing more advanced TNFR-
selective mutants and TNFR-selective inhibitors
(peptide mimics and chemical compounds).

In conclusion, the phage display technique is an
attractive method for creating functional mutants, as
demonstrated here by the production of TNFR-
specific mutants. Application of this method to
various cytokines and proteins will enhance the
construction of useful receptor-selective mutants
and accelerate functional analysis of these proteins.
As an advanced application, analysis of the “struc-
ture (sequence}-function relationship” using the
obtained mutants will be a powerful technique for
basic life science research and drug discovery.

Materials and Methods

Cell culture

HEp-2 cells (a human fibroblast cell line) were provided
by the Cell Resource Center for Biomedical Research
(Tohoku University) and maintained with RPMI 1640
containing 10% fetal bovine serum and antibiotics. PC6(0-
hTNFR2 cells (a mouse-rat fusion hybridoma comprised
of human TNFR2-transfected PC60 cells) were provided
by Dr. Vandenabeele and maintained in RPMI 1640
supplemented with 10% fetal bovine serum, 1 mM sodium
pyruvate, 5x10°° M 2-mercaptoethanol, 3 pg/ml pur-
omycin, and antibiotics (100 U/ml penicillin, 100 pg/ml
streptomycin, and 025 pg/ml amphotericin B).

Library construction

The pCANTAB phagemid vector (GE Healthcare Ltd.,
UK) encoding mutTNF-Lys(—) was used as template for

PCR. This TNF was previously reported to be a fully active
lysine-deficient TNF mutant  Mutations were introduced
in TNF at six amino acid codons (Library I: amino acid
residues 29, 31, 32, and 145-147; Library II: amino acid
residues 84-89) using a two-step PCR. Three primers,
Oligos A, B, and C, were used for the construction of
Library . The first PCR was performed using Oligos A and
B. The PCR conditions were 5 min at 95 °C, 35 cycles of
denaturization at 95 °C for 15 s, and annealing/extension
at 68 °C for 2 min. This first PCR product and Oligo C were
then annealed to the template, and PCR was performed
again under the same conditions. For the construction of
Library II, Oligos A, D, and E were used. The first PCR was
performed using Oligos A and D. The first PCR product
and Oligo E were used as primers for the second PCR. The
PCR conditions of Library Il were the same as those of
Library L. After the second PCR, the PCR products were
digested with HindIIl and Notl, and then ligated toa pY03’
phagemid vector (modified from pCANTAB) for the
display of TNF variants on the phage surface as g3p fusion
proteins. The primer sequences used in this experiment are
listed below. Oligos A and E were designed to prime to the
pCANTAB vector sequence: Oligo A: 5-GATAACAA-
TTTCACACAGGAAACAGCTATGACCATGATTACGC-
CAAGCTTTGGAGCC-3; Oligo B: 5'-CGCCATTGGCCA-
GGAGGGCATTAGCSNNSNNGTTSNNCCACTGGAG-
CTGCCCCTCAGCTTGAGGG-3"; Oligo C: 5-CCAGCG-
GATCCGGATACGGCACCGGCGCACCTGCGGCCGC-
GGATCCACCACCACCCAGGGCAATGATCCCAAAG-
TAGACCTGCCCSNNSNNSNNAAAGTCGAGATA-
GTCGGGCCGATTGA-3'; Oligo D: 5-CTGGCAGGGGC-
TGCGGATGGCAGAGAGGAGATTGACGGGSNNSN-
NSNNSNNSNNSNNGATCGCGGCTCGATGGCTGTGOGG-
TGAGGAGCAC-3"; Oligo E: 5-TGCGGCACGCGGTTC-
CACGCGGATC-3".

Isolation of receptor-selective TNF mutants from the
library (affinity panning and screening)

Human TNFR1 Fe (R&D Systems, Inc., Minneapolis,
MN) and TNFR2 Fc (R&D Systems, Inc.) were diluted to
50 pg/ml in 10 mM sodium acetate buffer (pH 4.5) and
immobilized on a CM3 sensor chip using an amine
coupling kit (GE Healthcare Ltd.), which resulted in an
increase of 4000-6000 resonance units. The phage library
(1x10" colony-forming units/100 ul) was injected at 3 ul/
min over the sensor chip. After binding and until the
association phase had been reached, the sensor chip was
washed using the rinse command and eluted using 20 ul of
10 mM glycine-HCl. The eluted phage was neutralized
with 1 M Tris-HCl (pH 6.9). E. cwli (TG1) was infected with
the collected phage for amplification. This panning cycle
was performed two more times. After picking up a single
clone of transfected E. coli, the phagemid vectors were
sequenced using a Big Dye Terminator v3.1 kit and ABI
PRISM 3100 (Applied Biosystems Ltd., Pleasanton, CA).
After the procedure, the binding affinities of the TNF
mutants were assessed by ELISA, and their bioactivities
through TNFR1 were determined by cytotoxicity assay in
human HEp-2 cells,

Expression and purification of TNF mutants

The protocol for the expression and purification of re-

combinant protein was the same as that described

previously.”'?? Briefly, TNF mutants were produced in
the E. coli BL21(DE3) strain. The inclusion body of each
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TNF mutant was washed in 2.5% Triton X-100 and solu-
bilized in 6 M guanidine-HCl, 0.1 M Tris-HCl (pH 8.0),
and 2 mM ethylenediaminetetraacetic acid. Solubilized
protein at 10 mg/ml was reduced with 10 mg/ml dithio-
erythritol for 4 h at room temperature and refolded by 100-
fold dilution in a refolding buffer (100 mM Tris-HCI,
2 mM ethylenediaminetetraacetic acid, 0.5 M arginine, and
551 mg/L oxidized glutathione). After dialysis with
20 mM Tris-HCl (pH 7 4) containing 100 mM urea, active
trimeric proteins were purified by ion-exchange chroma-
tography using Q-Sepharose FF (GE Healthcare Ltd.).
Size-exclusion chromatography was performed using a
Superose 12 column (GE Healthcare Ltd.).

In vitro bioactivity of TNF mutants

HEp-2 cells were used for cytotoxicity assay in the
presence of cycloheximide (50 pg/ml). HEp-2 cytotoxicity
was dependent on TNFRI1 signaling. HEp-2 cells were
cultured in 96-well plates in the presence of TNF mutants
and serially diluted mouse or human wtTNF (PeproTech EC
Ltd., UK) at 4x10* cells/well. For neutralization assay, cells
were cultured in the presence of a constant concentration of
human (20 ng/ml) wtTNF and a serial dilution of TNF
mutants. After incubation for 18 h, cell survival was
stcrmmed _by methylene blue assay, as described
previously.”'** To evaluate the bioactivity of the TNF mutant
binding specifically to TNFR2, PC60-hTNFR2 cells were used
as an index of granulocyte-macrophage colony-stimulatin,
factor (GM-CSF) production, as described previously.”
Briefly, PC60-hTNFR2 cells were cultured at 5+ 10 cells/
well with interleukin-11 (2 ng/ml) and serially diluted TNF
mutant. After 24 h of incubation, the amount of rat GM-CSF
produced was quantified by ELISA in accordance with the
manufacturer’s protocol (R&D Systems, Inc.).

Affinity assessment using SPR

The binding kinetics of wtTNF and TNF mutants were
analyzed using the BlAcore 3000 SPR system (GE Health-
care Ltd.). TNFRs were immobilized on a CM5 sensor chip,
which resulted in an increase of 3000-5000 resonance units.
During the association phase, TNF mutants or wtTNF
diluted in HBS-EP running buffer (10 mM HEPES pH7.4,
150 mM NaCl, 3 mM EDTA, 0.005% Tween20, GE
Healthcare Ltd.) at 78.4, 26.1, or 8.7 nM were individually
passed over the immobilized TNFR at a flow rate of 20 pl/
min. During the dissociation phase, HBS-EP buffer was
applied to the sensor chip at a flow rate of 20 ul/min. The
data were analyzed globally with BIAEVALUATION 3.0
software (GE Healthcare Ltd.) using a 1:1 binding model.

Competitive binding of TNF to TNFR1 and TNFR2
(ELISA)

Goat anti-human IgG (MP Biomedicals, Inc.. Solon, OH)
was immobilized on Maxisorb 96-well ELISA plates (Nalge
Nunc International KK, Japan), and nonspecific binding to
the plates was blocked using Block Ace (Dainippon
Sumitomo Pharma Co., Ltd., Japan). Human TNFR1-Fc
or human TNFR2-Fc (ALEXIS Corporation, Switzerland)
was bound to coated antibody. Serially diluted TNF with
50 ng/ml FLAG-tagged wiTNF (wWtTNF-FLAG) was
added to TNFR1-Fc or TNFR2-Fc in 0.4% Block Ace.
witTNF-FLAG binding was detected by anti-FLAG M2
antibody (Sigma-Aldrich Corporation, St. Louis, MO) and
avidin horseradish peroxidase conjugate (Invitrogen Cor-

poration, Carlsbad, CA). The binding affinity of TNF was
assessed by competitive wtTNF-FLAG binding to TNFR
(ICQ.) Vi i'!ll..lt']

X-ray crystallography

Purified R1-6 was concentrated to 10 mg/ml in 20 mM
Tris-HCI (pH 7.4). Initial screening using a Hampton
Crystal screen 1-2 and Crystal screen Lite kit (Hampton
Research Corporation, Aliso Viejo, CA) was performed by
vapor diffusion method with hanging drops (1+1 pl) at
20°C. After optimization of the crystallization conditions,
rhombohedral crystals (0.2 mm =02 mm =03 mm) were
obtained with reservoir solution containing .5 M ammo-
nium sulfate, 1.2 M lithium sulfate, and 0.1 M trisodium
citrate (pH 5.6). The crystals were frozen in a cryopreser-
ving solution containing 15% glycerol as cryoprotectant.
X-ray diffraction data to 2.5 A resolution were collected at
BL41XU, SPring-8, under flash cooling to 100 K to reduce
the effects of radiation damage. Data integration and
scaling were performed using HKL2000.*” Molecular re-
placement was performed by the MOLREP program in
CCP4i™® using a crystal structure of the wiTNF (ITNF)*
as search model. Cycles of manual rebuilding using the O
program™ and refinement using the CNS program™ " led
to a refined structure. Final refinement (TLS 'I‘L['I.nl:l:‘l"lt.'ntg
was performed using the Refmac program in CCP4i.
Final model validation was performed using PROCHECK
program in CCP4i™ The model complexes of TNF-
TNFR1 and R1-6~TNFR1 were constructed based on the
crystal structure of the LTa-TNFR1 complex'® using the
superimposing program in CCP4i. Structural models of
TNFR2 were constructed based on the TNFR1 structure
by manual mutation using the O program.™

Accession number

Coordinates and structure factors have been deposited
in the PDB with accession number 2Z]C.
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Organizer-Like Reticular Stromal Cell Layer Common to
Adult Secondary Lymphoid Organs'

Tomoya Katakai,”**| Hidenori Suto,*' Manabu Sugai,*’ Hiroyuki Gonda,** Atsushi Togawa,"
Sachiko Suematsu,” Yukihiko Ebisuno,' Koko Katagiri,' Tatsuo Kinashi,' and Akira Shimizu*"

Mesenchymal stromal cells are crucial components of secondary lymphoid organs (SLOs). Organogenesis of SLOs invalves spe-
cialized stromal cells, designated lymphoid tissue organizer (L. To) 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 LTER 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
bload vascular system, respectively, to filter and detect Ags in
body fuids. Mucosal-associated lymphoid organizations such
as Peyer's pawches (PPs), nasal-associated lymphoid ussues
(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 sccumulated immune cell subsets are distributed
into a regular pattern 1o form subcompartments (1). The most
prominent feature of SLOs is the segregation of B and T lympho-
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cytes. B cells form follicles (B zone) and occasionally develop
germinal centers during antigenic stimulation, while the majonty
of T cells accumulate adjacent to the follicles (T zone) and survey
cognate Ags presented by dendnuic cells (DCs). Such tissue ge-
omelry 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 matnx (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 distinet 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 dendnitic cells (FDCs) expressing CXCLI3 and in the T
zone, FRCs expressing CCL1Y 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 | (IMAJCAM-1)
(15-18). LTi cells express lymphotoxin (LT) «l B2, which trans-
mits signals through lymphotoxin f§ receptor (LTBR) on LTo cells,
leading to the activation of NF-kB transcription factor complexes,
not only RelA/pS0 (canonical pathway) but also RelB/pS2 (non-
canonical pathway) via NF-xB-inducing kinase (NIK) (11, 19)
In LTo cells, this cascade up-regulates VCAM-1, ICAM-1,
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 vanous degrees of SLO defi-
ciency and malformation (19). Generation of LTi cells from fetal
liver progenitor involves 1d2 and RORyt; 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, panicularly 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 LTal 52
produced by lymphocytes and LTHR signaling (14). Therefore,
despite some similanties, 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 impontance 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, ic., the posmatal fate of LTo cells, is also
unclear. Tt 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 ¢larify 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 CXCLI13 upon LTHR signaling. We also found a layer of
unique reticular cells undemeath the subcapsular sinus lining of
the LNs. These specialized mesenchymal cells share many char-
actenstics 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 Umw:nltyl ufw’uh mice were purchased from CLEA
Japan. Expery imals were approved by the
Animal Research Cl.ll'l‘lﬂl!llﬂc Graduate Sthoul of Medicine, Kyoto Uni-
versity and conducted according to the guidelines for animal treamment of
the Institute of Lab y Animals (Kyoto University),

Cells

BLS4 and BLS12 cells were established from peripheral LNs of BALB/e
mouse as described previously (4). Cells were maintained in DMEM sup-
plemented with 100 Ufmil pcmmlhn 100 pg/mi streptomycin, and 10%
FCS. For ECM rk fi fi BLS12 cells grown on B-well
chamber slides (Nalgen Nunc 1) were cocultured with 2 x 10°
LN cells for 6 days and e!nmuwd for matnix 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 LN using a
MACS B or T cell isolation kit (Milienyi 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-
682), anti-CR1 (8C12) (BD Pharmingen), anti-MAJCAM-1 (MECA-367;

ORGANIZER-LIKE STROMA IN ADULT SECONDARY LYMPHOID ORGANS

Semiec), oon-anu-CXCL13 (BAFSTO), bioun-ani-VCAM-1 (BAF643),
anti-LYVE-1 (AF2125), amti-LTER (AF1008; R&D Systems), anti-VCAM-1
(MK2; Immunotech), botin-ant-CD3e (145-2C11), PE-anti-CD4 (GK1.5),
anti-ICAM-1 (YN1/1.7.4), anti-PDGFR 3 (APB5), anti-TRANCE (IK2/5;
eBioscience), anti-fibronectin (H-300), anti-RedB (C-19; Sama Cruz Bio-
technology), anti-laminin (LSL), anti-podoplanin/gp38 (HG-19), FITC-
peanut agglutinin (PNA. Sigma-Aldrich), anti-FoyRIVII (24G2), ant-
CD44 (KM201), anti-gp38 (8.1.1; Ref. 27), ant-FDC-M2 (209 Ref. 28).
and biotin-anti-BP-3 Ab (29) (hybnd or purified Abs); as
secondary reagents, PE-anti-rat IgG nl]ophycoc\mmll ~anti-rat [gG. biotin-
anti-rat 1gG. FITC.ann-hamster 1gG (Caltag Laboratories), FITC-anti-
rabbit 1gG, CyS-anti-rabbit 1gG (The Jackson Laboratory). Alexa Fluor
*ss-ll:i-mbhl IgG. AI:u Floor 488-anti-goat 1gG, PE-streptavidin, and
llophycocyanin-streptavidin (Molecular thul Abs against iniegnn o,

(KBA2) nnd g (PS/2) were punfied from hybrid P
Tmmunohistochemistry
Tissues isolated from Is wene embedded in OTC ¢ 1 {Sakura

Finetechnical) and then frozen in liquid nitrogen. Frozen sections (10-jm
thick) were fixed with cold acetone. BLS12 cells plated on chamber slides
(Nalgen Nunc Intemational) with or without coculturing or factor

were fixed with 3% paraformaldehyde-PBS and then permeabilized with
0.2% Tron X-100. Afier blocking with 1% BSA/0.05% Tween 20-FBS.
sections or cells were stained with Abs, Nuclear DNA was stained with
4.6 -diamidino-2-phenylindole (DAPL: 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

BLSI12 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-well culture plates were stimulated with
mouse TNF-o (10 ng/ml; PeproTech), human TNF-g (LTa3. 10 ng/ml;
PeproTech), and/or polyclonal goat anti-mouse LTER Ab (0.5 ug/ml;
R&D Systems). Production of CXCL13 and CCL19 in culture supematants
was detected by sandwich ELISA using DuoSet (R&D Systems) according
1o the manufacturer’s recommendations.

RT-PCR analysis

RT-PCR analysis was performed as described previously (30). Specific
primer pairs used in this siudy were as follows: GAPDH, 5'-CCATCA
CCATCTTCCAGGAG-Y' and 5" -CCTGCTTCACCACCTTCTTG-3':
CXCLI3, 5"-TTGAACTCCACCTCCAGGCA-3" and 5'-CTTCAGGCAG
CTCTTCTCTT-3". CCLS, 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", CXCLI12, 5"-AAACCAGTCAGCCTGAGCTAC-3" and 5 -TTACTTG
TTTAAAGCTTTCTC-3". IL-7, 5'-TCCTCCACTGATCCTTGTTC-3
and §'-TTGTGTGCCTTGTGATACTG-3'; and BAFF, §'-TCGTGGAAT
GOATGAGTCTG-3" and 5 -TCTGTTTCCTCTGGTOCCTG-3'.

Lymphocyte adhesion 1o BLSI12

The in vitro adhesion assay was performed as described previously,
with slight modifications (31), BLS12 cells were plated on fibronectin-
coated (20 ug/ml) 96-well plates and cultured for 2-3 days to form
monnlay:rs Twenty-four hours before the assay, the confluent BLS12

yer was st d with agonistic anti-LTER Ab (0.5 ug/ml).
Primary lymphocytes were lubeled with 1 pgfml 27,7 -bis-(2-carboxy-
ethyl)-5-(and-6)-carboxyfluorescein {Molecular Probes) at 37°C for 20
min, Labeled lymphocytes were applied 1o the BLS12 monolayer at § x
10° cells/well and incubated at 37°C for 30 min with or without 20
pg/ml blocking Abs. Aliernadvely, lymphocytes were pi d with
0.2 pg/ml pertussis toxin (PTx) or B oligomer (Calbiochem) at 37°C for
2 h. Nonadherent cells were i hy five co ive washes, Input
and bound cells were measured using a Auorescence multiwell plate
reader (Cytofluord000; Applicd Biosystems),
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FIGURE 1. Basic churactenzation of adult LN stromal cell line BLS12. A, BLS 12 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 shides wene
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 DAPL and examined by confocal microscopy. Bar. 100 um. C. Cell surface markers expressed on BLS12 cells. EDTA-harvested BLS12 cells were
stained for the indicated surfoce markers and analyzed by flow cytometry. Histograms show overlays of stuined (filled hiswograms) and control (open
histograms). £, No significant expression of CR1 or FeyRIVITI is induced in BLS12 by dual signaling through TNFR and LTER. Cells were sumulued
with or without TNF-« (10 ng/ml) and agonistic anti-LTHR Ab (0.5 pg/ml) for 2 days, Harvested cells were stained for CR1 and FesRIVIT and analyzed
by fow cytometry, E and F, BLSI2 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 S-fold senal dilutions of BLS12 ¢DNAs were standardized relative
0 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 fow eytometry (F). G, BLS12 displays carbohydrates recognized by PNA. Cells were stuined with FITC-PNA in the presence or absence of
0.2 M galactose and analyzed by flow eytometry. Additon of galaciose markedly diminishes the PNA binding 1o BLS12 cells. mdicating that most of the

binding is mediated by the lectin activity of PNA,

B cell migration on BLS 12 monolaver

BLS12 cells were seeded on fibronectincoated (20 pg/ml) AT dish
(Bioptechs) and cultured for at least 5 days to construct a monolayer. The
confluent BLS12 monolayer was stimulated with agonistic anti-LTER Ab
(0.5 wgfml) for 24 h. Primary B cells (5 % 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 a1 37°C on a LSMS10 confocal laser micro-
scope (Zeiss) equipped with a heating stage system for AT dishes (Bioplechs)
Blocking Abs (final concentration, 20 pg/ml) were added 30-60 min before
commencement of image capture. Altematively, lymphocytes were pretreated
with 0.2 pg/ml PTx or B oligomer (Calbiochem) at 37°C for 2 h. Image data
were analyzed using Image-Pro Plus software (Media Cybernencs), In each
held. 40-50 randomly selected cells were munually tracked 10 measure mean
velocity and displacement from starting point

Fo chimeric proteins

LTHER-Fc and 11-6 TCRVa-Fe chimenc proteins were produced as de
scribed previously (26, 30). Specifically, X63.653 myeloma cells were
stably transfected with each vector construct, and chimenc proteins were
purified from culiure supematants or ascites fluid using a protein G- Sepha-
rose column (Amersham Biosciences ). Mice were v injected weekly with
100200 pg of chimeric proteins and were sacrificed 2-4 wk later 1o
obtain SLOs,

Results

Stromal cell line BLS12 is rencular fibroblast with the ability 1o
produce CXCLI 3 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. 14), When cocultured with lymphocytes, BLS12
showed the ability to produce ECM meshwork that contains lami-
nin, fibronecun, and ER-TR7-Ag (Fig. 18 and data not shown),
indicating that this cell line preserves FRC features. It is wonh
noting that BLS12 constitutively expressed MAJCAM-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 LTAR, CD44, and a mesenchymal marker, PDGFRf (Fig
1C). In contrast, FDC markers CR1 (CD35) and FeyRIVI (CD16/
32) were undetectable. and were virtually uninducible even when
the cells were simultaneously stimulated with TNF-a and agonistic
anti-LTAR Ab (Fig. 1) 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 ling, 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)

importance, BLS12 cells exhibited the ability to ex-
press CXCL13 upon LTAR ligation and a substanual amount of
CXCLI3 protein was detected in the culture supemnatant (Fig. 2, A
and B). Although TNFR ligands, TNF-a or LTe3, did not induce
CXCLI13 on their own. both of these cytokines markedly aug-
mented the LTBR-induced CXCL 13 expression. The stable over-
expression of NIK in BLSI2 cells resulted in spontancous
CXCLI13 production (Fig. 2, C and D), suggesung that excessive
NIK is sufficient for inducing CXCLI13 in this cell context. We

Of pnme
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FIGURE 2. BLSI2 produces CXCL13 upon LTER-NIK signaling. A and 8. BLS12 but not BLS4 produ
cells were stimulated with TNF-a, LTa3, anti-LTER Ab, or combi
by ELISA (A). The results are shown as means = SD. Note that TN
LTER-mediated CXCL13 production, The transcript for CXCL13 was detected by semiquantitative RT-PCR analysis 2 days after the stimulation (8). (
and 2, Overexpression of NIK induces spontancous CXCLI3 production in BLS12. BLS12 stably transfected with control (vector) or NIK was stimulated

=5 CXCL13 in response o LTHR liganon. BLS
CLI13 protein in the supematant was measured
o und LT3 used in our experiments exent almost equivalent enhancing effects on

s of these stimulants for 5 days. C

with LTa3 (or TNF-a), anti-LTER A, or combinations thereof for 2 days. CXCLI3 expression was analyzed by ELISA (€) and RT-PCR (D)

also detected CCL19 mRNA only when BLS12 cells were simul-
tancously sumulated with LTa3 (or TNF-a) and agomsuc anti-
LTBR 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), BLS 12 cells also expressed factors
required for lymphoid homeostasis, such as 1L-7, BAFF, and
CXCLI12 (Fg. 3)

BLS512 supports the morility of primary B cells

To mvestigate 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 unsimulated BLS12
maonolayer after several hours of incubation; this adhesion was much
more effective than 1o BLS4 monolayer, which bind only below 5%
of primary B cells (Fig. 44). Prestimulation of BLS12 cells with ag-
onistic anti-LTAR Ab slightly augmented the adhesion. The adhesion
of B cells o BLS12 cells was markedly inhibited by anti-e, integnin
Ab and weakly mhibited by anti-e, integnn Ab (Fig. 48). 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 virually no effect
(Fig. 4C). Taken together, these data indicate that Ged-dependent
signaling and integrins mediate B cell adhesion w BLS12 in this ex-
penmental sctong.

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-sumulated BLS 12 and incubated for several hours in
a heating chamber system. Under such conditions, time-lapse image
analysis revealed that the B cells acuvely migrated on BLS 12, show-
g significant displacement from the starting point with an average
velocity of 5—6 pm/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-/, and videos 4 and 5) significantly re-

“The online version of this armicle contains supplemental material

duced both velocity and displacement, suggesting that the motility of
B cells on BLS12 is partially mediated by Gad-dependent signaling
and integrns, while residual motile acuvity is driven by unknown
cues. Taken together, the data demonstrate that BLS12 has the unique
propenty of supporung the motlity of B cells

Marginal reticular cell (MRC) laver is a unique stromal
newaork in adult LNy

From the aforementioned results, we noticed that BLS12 cells
share some charactenstics with FDCs. c.g.. the expression of
MAdCAM-| and BP-3, LTAR-dependent CXCLI3 production,
and the capacity to support B cell behavior. However, these cells
express neither CR1 nor FeyRIVTIL, both of which are crucial and
lunctional markers of FDCs (32). In addition, FDCs are gencrally
weak producers of reticular fibers (3). These facts prevent us from
considenng BLS12 1o be a FDC line.

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

BLSA BLS12
LTad - + - + - + - +
-einA . - + + - - + +

B B B B B B B B

| e —T T
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FIGURE 3. BLSI2 cells express some lymphoid homeostatic factors
BLS4 and BLSI2 cells were stimulated with LTa3, anti-LTAR Ab, or
combinations thereol 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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FIGURE 4. BLSI2 supports (he
migration of pnmury B cells. A, Pri-
mary B cells adhere to BLS12, Adhe-
sion of fluorescence-labeled B cells 1o
BLS12 or BLS4 monolayer after 3 h
of incubation was measured. Results
are shown as means * SD. B, The
udhesion of B cells o BLSI2 is inte-
grin dependent. B cell adhesion 1o
BLS12 in the presence or absence of
Abs (20 pg/ml) was measured. C,

l

Gai-dependent adhesion of B cells 10
BLS12. B cells were pretreated with
PTx or B oligomer and adhesion o
BLS12 was measured, D-F, BLSI2
supports the motility of B cells, which
15 partially imhibited by Abs against
ntegrins. D, Trajectory of B cells
with control 1gG (fefr) or anti-integnn
Abs (right), Each line represents a

single cell’s rack over a 20-min time
span recorded. Units are in microme-
ters. E and F, Anti-integnn Abs par-
tially inhibit the motility of B cells
Euch dot represents the averuge ve-
locity (E) and displacement (F) of
single cells. Columns represent medi-
ans = SD of the populanon and as-
terisks indicate significantly different
from control rat 1gG. G-/, Pretreat-
ment of B cells with PTx but not B
oligomer partially inhibits the motil-
ity on BLS12. G, Trajectory of B cells
pretreated with B oligomer (lefi) or
PTx (right). Astenisks indicate sigmf-
icam differences from control
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highly expressed CR1, MAJCAM-1, BP-3, and CXCLI13, as well as
VCAM-1, ICAM-1, and gp38 (Fig. 5A). The nuclear accumulation of
RelB in this region was also evident (Fig. 5Ad). All of the markers
overlapped well in the follicular center. Dunng the course of careful
examinations, we found that there was a notable stromal cell layer at
the outer margin of the conex. Le., the limng of the subcapsular sinus
(SCS). This cell layer was brightly positive for MAJCAM-1,
CXCLI13, BP-3, VCAM-1, ICAM-1, and gp38. but not present in
paracortical and medullary sinuses (Fig. 5A, red arrows). At most, a
faint expression of CR1 was detected in this region, Stromal cells in
this restrcted area strongly expressed TRANCE, in contrast with the
FDC network, which was barely stained for TRANCE (Fig. 5Af).
Higher magnification views revealed that the layer is composed of a
kind of reticular cell network (Figs. 58), 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), CXCLI3 was detected in a filamentous pattemn concurrent
with the network (Fig. 58a). Nuclear RelB accumulation and PNA
binding were also evident in this stromal layer (Fig. SAd and data not

Velocity fmimin)

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

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

It 1s well known that MAJCAM-1" FRCs, termed the marginal
sinus-lining cells, encircle the inner lymphoid sheath of the splenic
white pulp (Fig. 6A). 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. 6A, arrows)
than in the interfollicular channel region (Fig. 6A. asterisks)
MRC-like stromal networks were also observed in mucosal SLOs
such as PPs, NALTs, ILFs (Fig. 6, B-D), and cecal lymph patches
{duta not shown), In all cases, MRC-like cells constituted reticular
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FIGURE 5. A
stromal layer in the outer margin of
uiult LN, A, Stwomal markers are

g rebicular

y expressed in the subcapsular
n of LNs. Sections of LNs were

«d for vanous markers and exam
med by confocal mucroscopy. Cwter
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 pm. B and (

Specialized stromal cells constitute
the reticular network undemeath SCS
(amows i B and an pswensk in ©)
Higher magnification views of the
subcapsular  regions of LNs are
Arrows in C indicate hase
ment membrane-like floor in the SCS
lining. Bars, 50 pum in 8 and 20 pm in

shown

C. D, Schematic representation of
MRC layer and the cortical stromal
structure of the LNs. Various stromal

cells of mesenchymal. endothelial

erond ongins, ax well as matrix
components are ingloded, while lym
phocytes are omined for simplifica
tion. The MRC layer is located at the
cortical side of the SCS lining, under

neath the single layer of lymphatic en

dothelial cells that covers the luminal
surface of the SCS. BEC. Blood en
dothelial cell; CA, capsule; FO, folli
cle; GC, germinal center; HEV, high
endothelial venule;, LEC, lymphutic
endothelial cell, M,
RF. reticular fiber

macrop

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 ectopie lymphoid
tissues in the stomach induced in mouse models for pastric 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 layer during posmatal development

Given that MRCs and LTo stromal cells share many markers, we
speculated that there is some relationship between the two mesenchy
mal lincages. To address this issue, we examined the transitional pro-
cess of stromal architecture from anlagen to posmatally developing
SLOs. A structural examination of fetal LN anlagen has already been
reporied (34) and the authors showed that ICAM-1"*"VCAM."*"
MAJCAM- 1" (IVM™") LTo cells expressing chemokines and

TRANCE are concentrated in the outer region of the anlagen sur-

J
Tenrys

marginal reticular cell
[ o (MRC) layer |

- AF
follicule M
(B zone) ( et o BEC
\ FRC |
FDC * M
- LEC "*‘ oc
(T zone)

rounded by LYVE-1" lymphatic vasculature, while TVM™™ 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)
CId"CD3
adjacent to presumptive SCS, where stromal cells highly expressing
VCAM-1 and ICAM-| formed a densc layer (Fig. A, a and b). In
addition to blood vessels, these LTo also expressed MAJCAM-1 (Fig
7A¢). Although TRANCE staining illuminated the whole anlag
group of stromal cells with higher TRANCE expression clearly de-

LTi cells accumulated in the outer region of anlagen

a

lineated the boundary of the lymphatic sinus (Fig. 7Ad). A faint signal
for CXCL13 was detected in the same cells (Fig. 7A¢). Overall, the
LN anlagen seem o be segregated into roughly outer and inner pans
during ontogeny, and the stromal cells in the former exhibit a pheno
type typical of LTo

Al day 6, the size of LNs markedly increased as the influx of
lymphocytes and their companmentalization in the cortical area
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FIGURE 6
A, Revcular sromal cells in the marginal sinus lining of splenic white pulp

MRC layers are present in particular regions of various SLOs

show characteristics of MRCs. Senal secnons of spleen were stwned for var

markers and examined by confocal microscopy. A composite image ol a
section stained for laminmn, CD3, and B220 shows tissue architecture and
lymphocyte localizaton (a), Well-known MAJCAM-17 marginal sinus-lining
cells highly express the set of MRC murkers (amows). The MRC-like layer is
ohscure in the interfollicular channel region (astenisks), B-0, Reticular stromal
cells in the subepithelial dome of PP (B), NALT (), and ILF (£2) show char
actenstcs of MRCs (amows). Amowheads indicate FAE. Luminal surface of
the epithelia 1 often nonspecifically stined by anti-CXCL13 Ab. Higher ex
pression of MAJCAM-1 is observed in FDCs and high epithelial venules
Bars, 200 . E. Higher magnification view of the subepithelial dome region
PP. Section was stuned with Abs against laminin, CXCL13, and MAd

in
CAM-1 and counterstained with DAPI for the visuahization of the nucleus
MRC network is localized immediately indemeath the FAE layer (laminin
CXCLI3 MAJCAM-1 ). Bar, 110 pm
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FIGURE 7. Continuity between LTo stroma and MRC layer dunng
postratal development of LNs, A, Stromal architecture of day 0 mese
LNs (MLN). Serial sections of meser
day 0 mouse, were stuined for the indicated markers, CD4°CD3 - LTi cells

ery. including mesenteric LNs from

ta) wre accumulated in the marginal region of the anlagen, where LTo
VCAM-1 (b
are condensed undemeath presumpbive
MRC Liver in postnatally
LNs and penpheral LNs
ly expressing MAJCAM-1

srvied it the oulenmost regions (wmows in lefr and midile

stromal cells with  higher expression of 1CAM-1
MAJCAM:-1 (). and TRANCE (¢
SCS (amows). Bar, 200 wm. B, Expansion of

growing LNs. Composite images of day 6 mesen
(PLN) are shown, Presumptive MRC layers |
and TRANCE are obsi
panels), In the nght panels, CD4"CD3
), while CD4°CD3" cells are still present in the outer

matre T cells accumulate in the

mner conex (aslens!

corteX (armows), Note that MADGCAM-1 1s sull expressed by blood vessels even

in peripheral LNs at this nme. Bar, 200 jan

began (Fig. 78). The expression of MAJCAM-1 and TRANCIE
was markedly reduced in the developing paracortex and medulla,
while the outermost part sull 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 B, Des
examined by confocal microscopy, MRC layed'masginal sinus-lining structure expands and becomes prominent as lymphocytes are accumulated. In day

0 spleen, CD47CD3  LTi-like cells are concentrated at presumptive white pulp surrounding large blood vessels (arrows in 8), Bars, 200 um

treatment  abolished MAJCAM-1 expression and the
boundary structure of the marginal sinus, which also caused the
complete disappearance of the MRC layer
CXCL13, TRANCE

tained in the spleen i alwaly mice, which bear a point mutation in

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

An analogous process occurred in the area surrounding the central highlighted by
artery in the developing spleen, in which a stromal layer similar to
LTo/MRCs expanded outward as Iy
sumptive white pulp; eventually, this layer constituted the lining of the
marginal sinus (Fig. 8). Interestingly, MAdCAM-1

cells showed relatively diffuse distribution in the day 0 spleen, but

and BP-3 staining. Similar views were ob
phocyies accumulated in pre-

NIK (37) (Fig. 94), and the observations are in good accordance

mesenchymal absence of sinus-lining FRCs

with a previous repont showing the
and MAJCAM-1 expression in the al

mdicate that the mantenance of the MRC

fuly spleen (38). These data

thereafter became concentrated around the artery at day 6 and then laver in. the spleen
i CT

expanded to form the MRC layer. Accordingly, there is a dynamic
redismbution of MRC lineage in the developing spleen

Maintenance of MRC properiy requires LTBR signaling

To address the role of LTAR signaling in the maintenance of the
MRC layer in mature SLOs, LTAR-Fe¢ chimeric protein was in

examined after 2-

jected mnto adult mice, and SLOs were 4 wk of
weekly administration of the chimeric proteins. No discernable
alterations in the architecture of SLOs were observed in control
expeniments in which mice were injected with [1-6 TCRVa-Fc
chimenc protein (30) or PBS comparcd 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 LTER-Fe treatment (35, 36) (Fig

9A). FDC networks also disappeared (data not shown). LTBR-Fe

strongly depends on LTBR-NIK signaling

Although LTHR-Fe treatment dramatically diminished the ex
pression of CXCLI3 and MAdCAM-1 in the MRC layer of the
LNs. TRANCE expression was comparable to or slightly reduced

found no re
markable alteration i the structure of the SCS (Fig. 98). As FIX
networks indicated by CR1 and FDC-M2, which are highly depend
on LTAR signaling, disappeared (data not shown), arculaung

compared with that in control LNs; funthermaore, we

ing
LTPAR-Fe protein was suggested to reach a high enough level to block
the pathway. This suggests that TRANCE expression in MRCs is
independent of LTPR-signaling or another TRANCE-expressing cell
types still exist in the case of LNs, although some MRC properties

still depend on this pathway, [t is also clear that the LTAR dependence
in MRC layers diffiers among SLOs
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FIGURE 9.
features. A. Inhibition of LTER signaling or the absence of NIK activity
abolishes MRC layer
pulp. Spleens from control (Va-Fe)-treated mice, LTER-Fe-wreated mice

LTER signaling is involved in the maintenance of MR(

uginal sinus-lining structure in the splemic white
or ahvaly mice were examined for the indicated markers. Representanve

images for the localization of T and B cells (&) and stromal structures (}

and ¢) in each experiment are shown. MRC layers are absent in 1 THR

Fe-reated or alwaly mice spleen. Follicular structures are severely disor

gumzed as well (@), 8, Inhibigon of LTER signaling abolishes some mark
ers but has linle influence on TRANCE expression i LN MRCs. LN
sections from control (Va-Fe)- or LTER-Fe-treated mice were examined
for the indicated markers. Substantial expression of TRANCE is stll re

tained in the MRC laver of LT#R-Fe-treated mice

arrow ), Bars, 200 pm

Lymphocytes are dispensable for the formation of MRC layer

T'o address whether lymphocytes are required for the MRCs in

adult SLOs, we next examined Rag2 mice. Rag2 mice have
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A Rag2-/- LN

gp38 VCAM-1

TRANCE

B Spleen

a laminin CXCL13 MAdCAM-1

TRANCE

laminin

FIGURE 10. MRC layer is present in Ra mice SLOs. A, Stromal
cells expressing MRC markers can be observed at the SCS lining in the
rudimental LNs of Rag2 2

mice (armows), Peripheral LNs from Rag?2
mice were examined for the mdicated markers, Adipose tissues attached w

the LNs are nonspecifically siuned by anti-CXCL13 Ab {astensks). 8
Stromal sacks that express MRC markers are observed at the rudimentary

white pulp surrounding the central splenic arery m R mice {(ar

rows), Spleens from wild-type (wt) and Rag2 mice were exammed [or

the indicated markers. Bars, 200 pm

rudimentary LNs due to the lack of lymphocytes; nonetheless, we
could clearly observe the MRC layer in the subcapsular region of
cach LN, in which weak bul significant expression of CXCL13
was present (Fig. 10A). Thus, at least two compartments, 1.¢ 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. 108). 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 10 notice a unique lymphoid stromal popula-
tion, MRC. MRC could be classified into a novel category of mes-
enchymal lincage common to adult SLOs, defined as the popula-
tion of specialized reticular fibroblasts localized at a particular arca
of the ussues. These cells exhibit high expression of VCAM-1,
ICAM-1, MAJCAM-1, CXCLI13, TRANCE, BP-3, and gp38, as
well as vanous 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 litle or no
CR1. Furthermore, FDCs do not generally produce typical reticu-
lar structure such as the one that surrounds the ECM fiber 1o form
the conduit. Since the phenotypical charactenstic of BLS12 shows
good agreement with the cntena for MRC. we consider this cell
line to be of MRC onigin. However, there are some discrepancics
between the nature of BLS12 and MRCs. For instance. BLS12
cells in culture constitutively display VCAM-1, ICAM-1. and
MAJCAM-[, whereas in vivo the expression of these molecules is
regulated by LTSR signaling. In additon, 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 1o the list of stromal cells,
every SLO wms 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 CXCLI13 in the fol-
licular center, have been established as major anatomical back-
bones for the T and B comparuments, 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 tssues (30, 33,
40, 41), Therefore, we would suggest that the existence of mature
lymphocytes induces the diffi iation and e of these
stromal cells. In accordance with this, no obvious subcompar-
ments supported by these stromal lineages are observed in
Rag2 " mice SLOs, whereas adoptive transfer of lymphocytes
restores them (Ref. 1 and our unpublished observation). In con-
trast, MRCs are probably present in all SLOs, even in Rag "
mice, but absent in ectopic lymphoid tssues, strongly supporting
the notion that MRCs are a developmentally programmed element
and tightly fixed to the organ, irrespective of the exisience 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,

ORGANIZER-LIKE STROMA IN ADULT SECONDARY LYMPHOID ORGANS

penarteniolar 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 stll 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 lymphocyies bul are
colonized by LTi-like hematopoictic cells and the stromal cells
exhibit characteristics similar to LTo/MRC (13, 46). Tt 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 carliest phase (stage I). a devel-
opmentally programmed “address code” determines the location of
anlagen by attracting LTh 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 1), the stromal
network differentiates into outer (genuine LTo layer?) and inner
(presumptive lymphoceyle compartment) parts (pnmary differenti-
ation and compartmentalization of stromal cells). Hashi et al. (43)
demonstrated the compartmentalization of the PP anlagen before
lymphocyte entry and several other reponts also have presented
clear pictures showing uneven distnbutions of LTo and LTi cells
within the SLO anlagen (22, 34). After birth (stage IT1), the influx
of lymphocytes begins and the inner pant 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 TV) is maturated
in the adult SLO. Continuous LTAR 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 LTSR-Fe completely disrupts the marginal sinus struc-
ture, with loss of the MRC layer in the splenic white pulp, although
this treatment does not lead 1o the immediate disappearance of the
white pulp structure. Likewise, LTAR-Fc partially diminishes
markers in LN MRCs, but has little effect on TRANCE expression
or overall lissue geometry, suggesting that MRCs are dispensable
for the accumulanon and companmentalization of lymphocytes,
at least once the construction of SLO architecture has been
sccomplished.

Although the functional significance of MRCs in adult SLOs
remains largely unknown, we consider it important to note that all
MRC layers in vanous 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, penctrating into the conduil 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 10
the follicular region (49, 50). In the spleen, blood-bome 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 oraganogenests that progresses
through four sequential stages. Stage ©: In the earliest step, intimate inter-
sction between organizer mesenchyme and inducer cells forms the SLO
anlagen, under the control of an address code specific in embryonic envi-
ronment. Stage 11: As the anlage grows, the stromal comparument is grad-
ually segregated into outer and inner pans. 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 11 After birth, lympho-
eyles are secumulated in the inner area, in which they are further separated
nto outer (B cells) and mner (T cells) areas with the differentiation of
comesponding stromal lineages (secondary differentiation and compan-
mentalization of stromal cells); meanwhile, the outermost stromal popula-
tion proceeds o expand and evenally forms the MRC layer. B cells in the
outer conex are Turther assembled to form follicles. Stage IV: Matre ar-
chitecture of adult SLO. In response to antig stimuli, a germinal center
ts occusionally developed in the follicle, with the asymmetry of dark and
light zones, Note that common stromal elements in mature SLOs are
MRCs, FIDCs, and T zone FRCs. Regular tissue architecrure is ammanged
along with a polanity axis directed toward the major route of Ag entry

directly capture lymph-bome Ags, cither 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 pant of the
follicle, MRCs are likely to be involved in the Ag transport along
this route. [0s also likely that the MRC network is the foothold for
the migration of B cells in the outer follicle. Intravital iwo-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 integnin 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 vanous adhesion molecules and constitutively produce
CXCL12: they express CXCLI3 in response to LTPR 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 imegnns 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 arca 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 luyer 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 distinet functions, ughtly
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 myelmd
cells. BLS12 cells will be a unique and highly valuable ool for
exploring the cytological and biochemical nature of lymphoid stro-
mal cells
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