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Abstract

Lymph node (LN) structure is remodeled during immune responses, a process which is considered to
play an important role in the regulation of immune function. To date, little attention has been paid to
the remodeling of the medullary region, despite its proposed role as a niche for antibody-producing
plasma cells. Here, we show that B cells mediate medullary remodeling of antigen-draining LNs
during inflammation. This process occurs with kinetics similar to changes in plasma cell number and
is accompanied by stromal renetworking which manifests as the segregation of B cells and plasma
cells. Medullary remodeling depends on signaling via the lymphotoxin-p receptor and the presence of
B cells but occurs independently of T-dependent humoral responses or other immune cell subsets
including T cells, monocytes and neutrophils. Moreover, reconstitution of non-cognate polyclonal B
cells in B cell-deficient mice restores not only the medullary remodeling but also the antibody
response by separately transferred cognate B cells, suggesting that non-cognate B cells contribute to
antibody responses through medullary remodeling. We propose that non-cognate B cells mediate the
expansion of the plasma cell niche in LN through medullary remodeling, thereby regulating the size of
the LN plasma cell pool.

Keywords: lymphotoxin, non-cognate B cell, plasma cell niche

Introduction

Lymph nodes (LNs) are distributed throughout the body in
order to efficiently harvest antigens (1). Antigen surveillance
by immune cells is a pivotal process for the induction of im-
mune responses and tolerance. Stromal networks play a vital
role in this process, providing structural support and guiding
cue for immune cell accumulation, motility and interaction in
LNs (2-6). Each compartment of the LN—the B-cell region
(follicles), the T-cell region (paracortex) and the medulla—
contains different stromal networks, which are optimized to
support the events taking place within that compartment (4).

Of the three compartments of the LN, the medulla contains
the least lymphocytes under naive conditions. However, the
LN medulla is implicated in various aspects of immune func-

tion, including antigen uptake and clearance (7-9), lympho-
cyte trafficking (10,11) and the proliferation and antibody
production of B cells and plasma cells (12,13). One of the
most investigated features of the LN medulla is its relationship
to antibody responses that play an important role in both host
defense and in the development of allergic and autoimmune
diseases (14,15). Most of the plasma cells generated and re-
siding in LNs are localized to the medulla (16) and produce
massive amounts of antigen-specific antibodies in order to
achieve the clearance and containment of antigens. A recent
report suggests that myeloid cells, and possibly stromal cells,
in the LN medulla possess a unique growth factor expression
profile under inflammatory conditions (17), creating a cytokine
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milieu that promotes plasma cell survival. Notably, plasma
cells residing in the medulla are immotile in vivo (16,18), de-
spite their chemotactic ability in vitro (19), raising a possibility
that the medullary microenvironment induces plasma cell im-
mobility. As a result, the accumulating plasma cells are
retained in the proximity of the lymphatic sinus, which enables
them to direct antibody to the circulation. These observations
suggest that the LN medulla functions as a plasma cell niche.
Moreover, such a niche is likely to be created or expanded
during immune responses because most LNs are virtually de-
void of plasma cells and have little medullary parenchyma in
non-inflamed conditions.

The size of antigen-draining LNs (DLNs) expands vigor-
ously during immune responses against infection, tumors
and adjuvant-based vaccination. This process is accompa-
nied by the structural remodeling of the LNs that manifests
as the re-networking and re-organization of reticular fibers
and vasculature (20-26). LN remodeling facilitates the re-
cruitment of lymphocytes and dendritic cells (DCs) and also
creates a scaffold for proliferating and newly recruited T
cells, B cells and DCs (21,22). Moreover, increases in stro-
mal cell numbers during LN remodeling may also expand
the availability of the lymphocyte survival factors IL-7 and
B-cell activating factor (BAFF) (27,28), which are derived from
stromal cells. Therefore, LN remodeling provides a structural
support for the activation and differentiation of cognate
lymphocytes, thereby contributing to the creation or expansion
of a niche for plasma cells and other effector/memory cells.

Previous studies on LN remodeling have mostly focused
on B-cell and T-cell regions or the vasculature. In contrast,
little is known about the remodeling of the LN medulla, al-
though one report alluded to the possibility of medullary
remodeling by showing reticular re-networking in the LN me-
dulla during inflammation (20). Considering the role of LN
remodeling, structural changes in the medulla, together with
changes in leukocyte migration, could promote the retention
of B cells and plasma cells. Remodeling of the LN medulla
should be therefore considered as a mechanism enabling
the accumulation of plasma cells in the medulla, thereby
contributing to efficient delivery of antibodies throughout the
body. However, to date, both the mechanism underlying
medullary remodeling and its significance to the antibody re-
sponse remain to be elucidated.

In this study, we examined the changes in the LN medulla
that accompany its remodeling. We identified B cells and lym-
photoxin-B receptor (LTBR) as cellular and molecular compo-
nents responsible for the remodeling of the LN medulla.
Moreover, by using B cell-deficient mice and experiments in-
volving the adoptive transfer of B cells, remodeling of the LN
medulla was found to play a role in antigen-specific antibody
responses.

Methods

Mice

C57BL/6, BALB/c and BALB/c nu/nu mice were purchased
from Japan SLC (Shizuoka, Japan). CcrZ”, uMT, C57BL/
6.SJL (CD45.1%) and NP-specific BCR-knock-in (B1-8) mice
were purchased from the Jackson Laboratory (Bar Harbor,
ME, USA). Cxcr57 mice were provided by Martin Lipp (Max-

Delbrick Center for Molecular Medicine). Mice were bred
and maintained in our facility and were used at 6-9 weeks of
age. For the generation of bone marrow (BM) chimeras, mice
were irradiated with 9.5 Gy X-ray and reconstituted with 3 X
10® donor BM cells on the next day. Chimeric mice were used
for experiments at least 8 weeks after reconstitution. All animal
experiments were performed in accordance with the guide-
lines of the Animal Care and Use Committee of the University
of Tokyo.

Immunization

Mice were subcutaneously immunized in the right hind hock
(29) with 50 pg (4-nitrophenol)zg-ovalbumin (NP-OVA) (Bio-
search Technologies, Novato, CA, USA) emulsified in CFA
(BD Biosciences, San Jose, CA, USA) or adsorbed onto
Alum adjuvant (Thermo Scientific, Rockford, IL, USA), 1 X
10* pfu VV-OVA (30), 5 x 10* pfu herpes simplex virus
(HSV)-1 (31) or 5 X 10* cfu Listeria monocytogenes (LM)-
OVA (32) on day 0. In some experiments, mice received
200 pg anti-mouse CD4 (GK1.5, BioXell) on days —3 and
—1 or 100 pg LTBR-Ig on days —1 and 1. Popliteal LNs were
used for analyses.

Antibodies

mAbs were purchased from the following manufacturers:
anti-CD3 (17A2), CD11b (M1/70), CD16/32 (93), CD38 (90),
CD43 (S7), CD45.1 (A20), B220 (RA3-6B2), CD90.2 (53—
2.1), CD138 (281-2), NK1.1 (PK136), Ter-119 (TER-119), IgD
(11-26c¢.2a), IgG1a (10.9), Igk (187.1), gp38 (8.1.1) and fol-
licular DCs (FDC-M1) from BD Biosciences, eBioscience
(San Diego, CA, USA) or BioLegend (San Diego, CA, USA)
and anti-CD169 (Moma-1) from Acris Antibodies (Herford,
Germany). Polyclonal anti-Lyve-1 was purchased from R&D
Systems (Minneapolis, MN, USA). Alexa Fluor®-labeled sec-
ondary antibodies and streptavidin were purchased from
Invitrogen (Carlsbad, CA, USA).

Microdissection and quantitative PCR analysis of the LN
medulla

Ten-micrometer fresh cryosections of LN were prepared on
foil slides (Matsunami Glass, Osaka, Japan). Sections were
fixed in 19:1 ethanol/acetic acid for 1 min and were stained
with 0.05% toluidine blue for 1 min. The medullary region in
each section was identified based on the medullary sinus
and was isolated from the sections by LMD7000 laser micro-
dissection apparatus equipped with DFC310 Fx camera and
%10 objective (Leica Microsystems, Wetzlar, Germany). Frag-
ments of the medullary region were collected in TRIzol re-
agent (Invitrogen) and total RNA was prepared according to
the manufacturer’s instructions using RNase-free equipment.
RNA was reverse transcribed using a High Capacity Reverse
Transcription Kit (Applied Biosystems, Foster City, CA, USA).
Real-time PCR analysis was performed using the ABI Prism
7500 (Applied Biosystems) by SYBR green chemistry. Primers
for PCR analysis are as below: Actb, 5'-TGGAATCCTG
TGGCATCCATGAAA-3' and 5'-TAAAACGCAGCTCAGTAA-
CAGTCCG-3'; Tnfsf13b/Baff, 5'-AACAGACGCGCTTTCCAG-
3" and 5'-CAGGAGGAGCTGAGAGGTCTAC-3'; Tnfsf13/April,
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5'-GGTGGTATCTCGGGAAGGAC-3’ and 5'-CCCCTTGATG-
TAAATGAAAGACA-3'.

Immunofluorescent staining

Acetone-fixed 6-um thick LN sections were sequentially in-
cubated with primary antibodies and the appropriate fluores-
cently labeled secondary antibodies after blocking. Sections
were mounted with Prolong Gold Anti-fade Reagent (Invitro-
gen) and examined under IX70 confocal microscope (Olym-
pus, Tokyo, Japan) or BZ-9000 fluorescent microscope
(Keyence, Osaka, Japan).

Quantification of medullary remodeling

Images of immunofluorescently stained 6-um LN sections
were obtained and tiled to generate full-section views of
each LN section. The medullary region was identified in the
tiled images based on the staining pattern of type IV colla-
gen that marks the medullary sinus and differences in stro-
mal networks between the paracortex and the medulla. The
pixel number of the total medullary region and Lyve-1* area
therein was counted using the Count Tool of Photoshop CS4
(Adobe Systems, San Jose, CA, USA), and [%Lyve-1* area
in the medulla] was calculated for each LN section (Supple-
mentary Figure S1 is available at International Immunology
Online). The Lyve-1* signal was converted to single-bit be-
fore quantification. The remodeling index defined as the im-
munized/non-immunized ratio of [%Lyve-1* area within the
LN medulla]" was calculated by dividing [%Lyve-1* area in
the medulla]™! on each LN section with the mean value of
[%Lyve-1* area in the medulla] ™" on the sections of naive
LNs. Naive LNs were taken from mice that were similarly trea-
ted and of the same genotype as immunized mice. At least
four sections (60-120 um apart from each other starting from
that which represented the largest area of each LN) of a single
LN were used to calculate remodeling index of each LN.

Flow cytometry

Single-cell suspensions of LN were sequentially incubated
with anti-CD16/32 to block Fc receptors and then primary
antibody mixture. For the detection of intracellular NP-bind-
ing activity, single-cell suspensions were incubated with NP-
PE (Biosearch Technologies) after fixation and permeabiliza-
tion in Cytofix/cytoperm buffer (BD Bioscience). Data were
collected using LSRII (BD Bioscience) or Gallios (Beckman
Coulter, Brea, CA, USA) flow cytometers and analyzed using
FlowJo software (TreeStar, Ashland, OR, USA).

Adoptive transfer of B cells

Donor B cells were prepared from pooled splenocytes and
LN cells of CD45.1* mice by magnetically depleting CD43*,
CD90.2* and Ter-119" cells using an autoMACS cell separa-
tor (Miltenyi Biotec, Bergisch Gladbach, Germany). The pu-
rity of the isolated B cells was >98%. For the homing assay,
pre-immunized C57BL/6 recipients were injected intrave-
nously with 5 to 10 X 10° purified CD45.1* B cells, and LNs
were isolated from the recipient mice 1 or 16 h after the
transfer. For the reconstitution experiment, utMT mice re-
ceived 2 x 107 naive wild-type (WT) B cells (CD45.2%) that
were depleted of NP-binding cells 1 day before and after
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immunization with NP-OVA/CFA. In some experiments, pMT
mice received 1 X 10* of B1-8 cells at the time of reconstitu-
tion with naive WT B cells. B1-8 cells were enriched from
pooled splenocytes and LN cells of CD45.1% IgH® B1-8 mice
by depleting CD43", CD90.2*, Ter-119" and Igx™ cells by
autoMACS. The purity of the isolated B1-8-derived B cells
(B1-8 cells) was >95%.

ELISA

Titrated serum samples were applied in duplicate onto Maxi-
sorb Immunoplates (Nunc, Roskide, Denmark) pre-coated with
NP33-BSA (Biosearch Technologies). Plates were further incu-
bated with HRP-labeled polyclonal anti-mouse IgG1 (Bethyl
Laboratories, Montgomery, TX, USA) and were developed with
a TMB Substrate Kit (Vector Laboratories).

Preparation of recombinant LTpR-Ig

293H cells (Invitrogen) were transfected with pMKIT-Neo-LTBR-
hulgG1, using Lipofectamine 2000 reagent (Invitrogen). Trans-
fectants were selected by neomycin resistance for three pas-
sages. Selected transfectants were cultured for 5 days in CD
293 serum-free media (Invitrogen) supplemented with 4 mM L-
glutamine and 1 mg mi~' G418. Culture supernatant was har-
vested, and LTBR-Ig was purified from the culture supernatant
by affinity chromatography using a Protein G column.

Statistics

Statistical analyses were performed using GraphPad Prism
software. P < 0.05 was considered to be statistically signifi-
cant.

Results

Remodeling of the LN medulla during inflammation

First, we sought to characterize the structural changes that
occur in the LN medulla during immune responses. We im-
munized C57BL/6 mice with NP-OVA emulsified in CFA (NP-
OVA/CFA) and analyzed the structure of the LN medulla. On
day 8 post-immunization, the medullary region of the DLN
displayed enlarged parenchyma and a reduced Lyve-1*
lymphatic sinus area (Fig. 1A). We observed similar changes
in BALB/c mice (data not shown). Furthermore, structural
change in the LN medulla was also evident upon immuniza-
tion with NP-OVA adsorbed onto alum adjuvant (NP-OVA/
Alum) or upon infection with HSV-1, OVA-expressing vac-
cinia virus (VV-OVA) or OVA-expressing L. monocytogenes
(LM-OVA) (Fig. 1B). Subcutaneous immunization with type-1
T-independent antigen CpG oligonucleotide, but not type-2
T-independent antigen NP-Ficoll, induced structural change
in the LN medulla. By our protocol, subcutaneous NP-Ficoll
immunization induced neither expansion of NP-specific B
cells nor DLN hypertrophy (data not shown). These data
suggest that structural change in the LN medulla generally
occurs during immune responses but possibly requires in-
flammatory stimuli.

To further characterize the structural changes occurring in
the LN medulla, we analyzed the cellular localization and
components of the stromal networks therein. We found that
stromal re-networking within the DLN medulla was manifested
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Fig. 1. Remodeling of the LN medulla during immune responses. (A) Immunohistochemistry of the DLN on days 0 (naive, left) and 8 (right) post-
immunization with NP-OVA/CFA. Scale bars represent 200 and 100 um in images of whole LNs (X100) and their inset images (x200),
respectively. (B) Medullary remodeling in the DLN of mice immunized with NP-OVA/CFA, NP-OVA/Alum, VV-OVA, HSV-1 or LM-OVA 8 days before
analysis. Scale bars represent 100 um. Original magnification was x200. (C) Segregation of B cells and plasma cells in the LN medulla on day 6
post-immunization. Collagen-rich and collagen-poor regions are separated by a dotted line and marked Rich and Poor, respectively. Scale bars
represent 50 um. Original magnification was x200. M, medulla; P, paracortex. (D) Percentage of the B220* (B, white) and the CD138™ (PC, black)
areas in the collagen-poor (left) and collagen-rich (right) regions of the medulla on day 6 post-immunization. Graphs represent the mean and
SEM of three mice. *P < 0.0001 by Student’s (Collagen-poor) or Welch's (Collagen-rich) t-test. Representative data from three to five independent

experiments (n = 3 or 4 for each group per experiment) are shown.

by the appearance of collagen-poor and collagen-rich
regions (Fig. 1C). Notably, in the DLN medulla, B cells and
plasma cells were predominantly distributed to collagen-
poor and collagen-rich regions, respectively (Fig. 1D). More-
over, survival factors for B cells and plasma cells, Thfsf13b/
Baff and Tnfsf13/April (33), are expressed in the medulla of

inflamed LNs (17), although relative expression of these
genes was unchanged between naive and inflamed LNs
(Supplementary Figure S2 is available at International Immu-
nology Online). Taken together, these data suggest that
medullary remodeling of DLNs involves stromal re-network-
ing, which, together with the corresponding survival factors
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constitutively expressed in the medulla, may contribute to
the accumulation and segregation of B cells and plasma
cells within the LN medulla.

Kinetics of medullary remodeling parallels those of changes in
plasma cell number in the DLN

To elucidate the relationship between medullary remodeling
and the antibody response, we addressed the kinetics of
medullary remodeling. For this purpose, we defined
a ‘remodeling index’ as the ratio of [%Lyve-1" area within
the medulla]™' between immunized and naive LNs to quanti-
tatively evaluate the progress of medullary remodeling (see
Materials and Methods and Supplementary Figure S1, avail-
able at International Immunology Online, for details). This in-
dex represents the change in the relative size of the
medullary parenchyma because the medullary structure is
largely composed of lymphatic sinus and parenchyma sur-
rounding blood vessels. By this definition, the remodeling in-
dex is equal to 1 in naive LNs and increases as remodeling
proceeds. Evaluation of medullary remodeling with this index
revealed that the kinetics of remodeling correlate with
changes in the number of cognate plasma cells in the DLNs
(Fig. 2A and B). After reaching a maximum value between
days 6 and 10 post-immunization, the remodeling index de-
clined and returned to a value of 1 at day 21 post-immuniza-
tion with NP-OVA/CFA. Although the timing of the
normalization of remodeling differed between immunization
protocols in each case occurring 14-21 days post-immuni-
zation, the index value always peaked between days 6-10
post-immunization (data not shown). These data indicate
that medullary remodeling during acute inflammation is
a transient event that parallels the generation of cognate
plasma cells in the DLN.

Cellular conditions required for medullary remodeling

To further characterize the medullary remodeling process,
we examined the cellular conditions required for the induc-
tion of medullary remodeling. Immune cells, including T cells
and DCs, have been reported to be involved in the remodel-
ing of the LN follicles and paracortex (20,22,23). Localization
of T cells and DCs to the medulla of inflamed LN, in addition
to B cells and plasma cells (data not shown), prompted us
to hypothesize that immune cells may also play an important
role in medullary remodeling.

First, we examined the potential role of inflammatory
monocytes, granulocytes and lymphocytes in medullary
remodeling, by using Ccr2”™ mice, anti-Ly6G treatment and
Rag2”~ mice, respectively. Due to the defective egress of in-
flammatory monocytes from BM, Ccr2”™ mice harbor few in-
flammatory monocytes and the macrophages derived from
these monocytes in the periphery (34). Anti-Ly6G treatment
depleted >95% of granulocytes. However, the DLNs of
Ccr2”™ and anti-LyB6G-treated mice subcutaneously immu-
nized with NP-OVA/CFA exhibited medullary remodeling at
a comparable level to control mice (data not shown). In con-
trast, medullary remodeling did not occur in RagZ”’™ mice
(Fig. 3A and B), indicating that lymphocytes play an essen-
tial role in this process.
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Fig. 2. Kinetic correlation between medullary remodeling and plasma
cell generation. (A) Kinetics of medullary remodeling upon immuni-
zation with NP-OVA/CFA as measured by the remodeling index (see
Materials and Methods and Supplementary Figure S4, available at
International Immunology Online, for details). The dotted line
indicates the index value 1, which represents the medullary condition
of a normal LN. (B) Kinetics of the changes in numbers of B220* B
cells (black) and CD138" plasma cells (white) among NP-binding*
Dump (CD3, CD11b, NK1.1, IgD)™ cells in the DLN of mice immunized
with NP-OVA/CFA. NP-specific plasma cells were not detected on day
0. Note the similarity of the curves of plasma cell number and
medullary remodeling. Data are expressed as mean = SEM.
Representative data from five independent experiments (n = 3-5 for
each group per experiment) are shown.

In order to elucidate the relative contribution of T cells and
B cells to medullary remodeling, we analyzed T cell-deficient
nu/nu mice and B cell-deficient uMT mice. On day 8 post-
immunization with NP-OVA/CFA, nu/nu mice showed medul-
lary remodeling at a comparable level to WT mice (Fig. 3C
and D), indicating that T cells make little contribution to this
process. In contrast, similarly treated puMT mice failed to dis-
play medullary remodeling (Fig. 3E and F). Furthermore,
adoptive transfer of 2 x 107 polyclonal naive B cells into
uMT mice 1 day before and after immunization restored
medullary remodeling, confirming the essential role of B
cells in this process (Fig. 3G and H).

T-dependent B-cell response is not an absolute requirement
for medullary remodeling

Due to the lack of T cells, nu/nu mice failed to mount T-de-
pendent B-cell responses (data not shown), suggesting that
expansion of cognate B cells during the response may not
be a prerequisite for the induction of medullary remodeling.
In order to confirm this in WT mice, we employed antibody-
mediated depletion of CD4* T cells.

WT mice were treated with anti-CD4 depletion antibody on
days —3 and —1, immunized with NP-OVA/CFA on day
0 and analyzed on day 8. Under this protocol, anti-CD4 anti-
body treatment achieved >98% depletion of CD4* T cells
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Fig. 3. Cellular conditions required for medullary remodeling. Immunohistochemistry and the remodeling index of the DLN of Rag2”~ (A and B),
nu/nu(C and D) and uMT (E and F) mice immunized with NP-OVA/CFA. (A, C, E and G) Immunohistochemistry of the DLN on days 0 (naive) and 8
post-immunization. Scale bars represent 200 um. Original magnification was X100. C, cortex; M, medulla and F, follicle. (B, D, F and H)
Remodeling index of WT (white) and mutant (black) mice on day 8. (G and H) pMT mice were injected with 2 X 107 WT B cells 1 day before and
after immunization. Control mice did not receive B cells. Graphs show mean and SEM. *P < 0.01, **P < 0.0005, ***P < 0.0001, n.s., not
statistically significant by Student's ttest. Representative data from three independent experiments (n = 3-5 for each group per experiment) are shown.

(data not shown). As expected, CD4" T cell-depleted WT
mice mounted only a minimal anti-NP B-cell response (Fig.
4A). However, the medullary remodeling process remained in-
tact in these mice (Fig. 4B and C), demonstrating that clonal
expansion of cognate B cells is not an absolute requirement
for medullary remodeling to occur. These results indicate that
non-cognate B cells can contribute to remodeling of the LN
medulla.

Signaling through LTBR contributes to medullary remodeling

Our results demonstrate that B cells are the essential cell
subset in medullary remodeling. However, it remains unclear
what molecule(s) are responsible for the induction of medul-
lary remodeling. Considering its essential role not only in the
development and maintenance of lymphoid tissues but
also in the LN remodeling (35,36), one hypothesis is that
lymphotoxin-a.1p2 signal is provided by B cells (and probably
other immune cells as well) to medullary stromal cells through

LTBR. We therefore tested whether blocking LTBR ligands by
recombinant LTBR-Ig affects medullary remodeling.

Mice were injected with LTBR-Ig 1 day before and after im-
munization with NP-OVA/CFA. We found that LTBR-lg, but
not control lg, partially inhibited medullary remodeling (Fig.
5A and B; 55% reduction in remodeling index value relative
to control). However, this result should be interpreted care-
fully because LTBR-lg treatment is also known to abrogate
high endothelial venule (HEV) function (37) as well as de-
pleting FDCs (38), both of which could affect medullary
remodeling by modifying B-cell activation. In fact, the num-
ber of NP-specific B cells in NP-OVA/CFA-immunized mice
treated with LTBR-Ig was reduced to ~37% of the cell num-
ber in control mice, although the difference was not statisti-
cally significant. Despite a reduced number of NP-specific
B cells, FDC-deficient Cxcr57~ BM chimeric mice displayed
medullary remodeling to a comparable extent as their WT
counterparts (Supplementary Figure S3 is available at Inter-
national Immunology Online), indicating that loss of FDCs
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Fig. 4. Contributions of non-cognate B cells to medullary remodeling. C57BL/6J mice were treated with anti-CD4 or control Ig on days —3 and
—1, immunized with NP-OVA/CFA on day 0 and analyzed on day 8. (A) The number of B220* B cells and CD138* plasma cells among NP-
binding® Dump™ cells. (B) Immunohistochemistry of the DLN from anti-CD4-treated mice. (C) Remodeling index of the DLN from control Ig-treated
(white) and anti-CD4-treated (black) mice. *P < 0.05, **P < 0.01 by Welch’s t-test; n.s., not significant by Student's t-test. Representative data
from three independent experiments (n = 4 or 5 for each group per experiment) are shown.

and the resulting curtailed B-cell response has minimal ef-
fect on medullary remodeling. Of note, although plasma cell
number was also reduced, their localization to the medulla
was unaffected (Fig. 5C and D). In these mice, B cell entry
into the DLN was also moderately decreased on day 7 post-
immunization but remained unaffected prior to this (Fig. 5E).
Accordingly, it is unlikely that this effect is responsible for
the inhibition of the remodeling process, considering the ki-
netics of medullary remodeling (Fig. 2B). Although the exact
cellular target of LTBR-Ig remains unclear, these results sug-
gest that signaling through LTBR contributes to medullary
remodeling in a manner that is independent of FDC networks
and HEV homeostasis.

Reconstitution of uMT mice with non-cognate B cells restores
the antibody response by BCR-knock-in B cells

In order to elucidate the functional role of medullary remod-
eling in humoral immune responses, we performed B-cell re-
constitution in pMT mice in combination with adoptive
transfer of 1 x 10* CD45.1* IgH® NP-specific BCR-knock-in
B cells (B1-8 cells). We then immunized mice with NP-QVA/
CFA and analyzed how the restoration of medullary remodel-
ing affects humoral immune response by B1-8 cells (Fig.
B6A). Under these experimental conditions, WT and B cell-
reconstituted pMT (uMT(+)) mice, but not non-reconstituted
pMT (uMT(-)) mice, displayed medullary remodeling (Fig.
6B). The remodeling index value was comparable between
uMT(+) and WT recipients, although the number of B1-8 B
cells in pMT(+) mice was ~15% of that in WT mice. In con-
trast, the number of B1-8 plasma cells and the serum titer of
B1-8-derived anti-NP IgG1® were comparable between
pMT(+) and WT mice, whereas B1-8 cells in pMT(-) mice
mounted only a minimal anti-NP response (Fig. 6C and D).
Notably, there were no significant differences in the key com-
ponents of the humoral immune response between puMT(+)

and pMT(-) mice such as in the FDC network or the number
of follicular helper T cells and subcapsular macrophages
(Supplementary Figure S4 is available at International Immu-
nology Online). Thus, the restoration of expansion of B1-8
cells in uMT(+) mice was not due to a difference in these
components. These results suggest that medullary remodel-
ing has a significant effect on the expansion of plasma cell
number in DLNSs.

Discussion

In the present study, we demonstrated that B cells and sig-
naling via LTBR play an essential role in the induction of
medullary remodeling during inflammation, although the cel-
lular source and target of lymphotoxin signaling remains to
be identified. We also found that medullary remodeling oc-
curred even in the absence of T cells, monocytes and granu-
locytes. Importantly, our results showed that medullary
remodeling contributed to the antibody response.

Given that myeloid cells is partly responsible for creating
the cytokine milieu in the medulla (17), it is conceivable that
B cells and myeloid cells play different, if not independent,
roles in the conditioning of the medullary plasma cell niche
through the regulation of medullary structure and cytokine
milieu, respectively. An important finding of the present
study is the antigen specificity of the lymphocytes contribut-
ing to LN remodeling. The antigen specificity of such lym-
phocytes has remained elusive, despite a well-documented
role for lymphocytes in LN remodeling (20,22,24). We found
that antigenic stimulation of B cells is not a prerequisite for
medullary remodeling, although it is likely that cognate B
cells relocating to the medulla from the follicles also contrib-
ute to this process. Thus, our results define a new role for
non-cognate B cells in the humoral immune response as
a regulatory component of LN structure, which potentially
affects the medullary plasma cell niche. This is in addition
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Fig. 5. Involvement of LTBR signaling in medullary remodeling. WT mice were treated with control-lg or LTBR-Ig on days —1 and 1, immunized
with NP-OVA/CFA on day 0 and analyzed on day 8. (A) Immunohistochemistry of the DLNs from mice treated with control-Ig (left) or LTBR-Ig
(right). (B) Remodeling index of the DLN of control-Ig-treated (white) and LTBR-lg (black)-treated mice. (C) The number of B220* B cells and
CD138* plasma cells among NP-binding™ Dump™ cells in the DLN of control-Ig- or LTBR-Ig-treated mice were measured by flow cytometry. (D)
Localization of plasma cells in the DLN on day 8. Note that CD138" cells were mostly localized in the medulla in both groups. (E) Homing of naive
B cells to DLN. CD45.1" naive polyclonal B cells were transferred 1 h before sacrifice at the indicated time points. The number of CD45.1" B220*
cells in the DLNs. Results from MEL-14-treated mice are shown as a positive control for the inhibition of B cell homing to LN. Statistical differences
were evaluated between control and MEL-14- or LTBR-Ig-treated mice. On day 4, there was no significant difference between control and LTBR-
Ig-treated mice. Scale bars represent 200 um. Original magnification was X 100. *P < 0.05, **P < 0.01, n.s., not significant by Welch's t-test (B
and C) or one-way analysis of variance with Dunnett's post-hoc (E). Graphs show mean and SEM. Representative data from three independent

experiments (n = 4 or 5 for each group per experiment) are shown.

to the recently reported role of these B cells in complement
receptor 2 (CR2)-dependent immune complex relay into the
germinal center (9).

In our reconstitution experiment using pMT mice, restora-
tion of medullary remodeling resulted in the recovery of the
number of plasma cells derived from adoptively transferred
B1-8 cells. Our data show that this is unlikely to be due to dif-
ferences in the number of FDCs and follicular helper T cells,
which play important roles in antigen presentation and B-cell
differentiation (21,39). CR2-dependent immune complex relay
is also unlikely to be responsible because Cr2 deficiency in
hematopoietic cells is reported not to affect the B-cell re-
sponse at least until day 7 post-immunization (9). In addition
to a quantitative correlation, we also observed a kinetic corre-
lation between antigen-specific plasma cell number in the
DLN and the extent of medullary remodeling, reinforcing con-
tribution of this process to the antibody response. Of note, al-
though plasma cell number was greatly reduced in the

absence of medullary remodeling, the remaining plasma cells
were localized to the medulla independently of medullary
remodeling. This finding suggests that the LN medulla is in-
trinsically capable of holding plasma cells to some extent
but that medullary remodeling is required to support a maxi-
mal response. Consistent with this idea, expression of Baff
and April was constitutively detected in the medulla, which
raises a possibility that per-cell availability of BAFF and
APRIL in the medulla remains unchanged during medullary
remodeling. Thus, our findings suggest that the LN medulla
is actively restructured in such a way that it expands to ac-
commodate, rather than newly create, the medullary plasma
cell niche in DLNSs.

Recently, Kumar et al. reported the critical role of B cells
and lymphotoxin-f in the elongation and branching of HEV
in the DLN, which lead to LN expansion during lymphocytic
choriomeningitis virus infection (24). Their 3D imaging analy-
sis also revealed that B-cell volume is increased in the DLN
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Fig. 6. B-cell reconstitution in pMT mice restores the expansion of
adoptively transferred B1-8 cells. (A) Experimental protocol. uMT
mice were reconstituted with two injections of 2 x 10" WT B cells.
Together with the first injection of WT B cells, 1 x 10* CD45.1" IgH®
B1-8 cells were transferred. As a control for B cell-sufficient condition,
WT mice were similarly treated except did not receive B-cell transfer.
The structure of the DLN, the number of CD45.1* B1-8 B cells (B220%)
and plasma cells (CD138%) and the serum titer of anti-NP antibody
derived from B1-8 cells were analyzed on day 8. (B) Remodeling
index of the DLN. (C) The number of B1-8 B cells and plasma cells in
the DLN. (D) Serum titer of anti-NP IgG12. *P < 0.05, **P < 0.01, n.s.,
not significant by one-way analysis of variance with Dunnett’s post-
hoc. Representative data from two independent experiments (n = 3-5
for each group per experiment) are shown.

during the infection. Although the position of B-cell clusters
(i.e. the follicles or medulla) was not specified in this report,
accumulation of B cells in the medulla during inflammation
and medullary remodeling suggests that increased B-cell
volume in the DLN is the net result of follicular expansion
and medullary remodeling. Importantly, our results added
a new insight into the function of B cell-mediated LN remod-
eling as a process that regulates antigen-specific antibody
response in LNs.

Kataru et al. recently documented that T cells and B cells
counterbalance each other to regulate the growth of LN lym-
phatic vessels (40). In agreement with their observations in
whole LN sections, we confirmed that lymphatic vessel den-
sity was also larger in the LN medullary region of naive
Rag2”~ and nu/nu mice than in WT and uMT mice (data not
shown). This observation could potentially have affected our
results in a manner that decreases the remodeling index
value in T cell-deficient mice due to an increased [%Lyve-1*
area in the medulla]™" of naive LN. However, by our defini-
tion of the remodeling index as the immunized/naive ratio of
[%Lyve-1* area in the medulla]™", the index represents the
fold-change in medullary parenchyma to lymphatic sinus ra-
tio. Based on our results, we conclude that the fold-change
in the medullary parenchymal area from steady to inflamma-
tory state is not affected by the loss of T cells.
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As described above, loss of lymphocytes substantially
affects the homeostasis of LN structure. However, comparable
%Lyve-1* values between WT and uMT mice may suggest
that B cells play only a marginal role in homeostatic develop-
ment and maintenance of medullary structure but are essen-
tial for its remodeling during inflammation. In addition,
abrogated lymphotoxin signaling may also alter the homeo-
static maintenance of medullary structure. In fact, LTBR-Ig
treatment decreased %Lyve-1* within LN medulla in unimmu-
nized mice, suggesting that lymphotoxin signaling is involved
in the homeostatic maintenance of LN lymphatic vessels. Al-
though it seems likely that lymphotoxin signaling affects the
homeostasis of the LN medullary stroma, this hypothesis
remains to be confirmed by further experimentation.

In another report by Angeli et al. (22), it was demonstrated
that B cells are also implicated in LN lymphangiogenesis
through vascular endothelial growth factor (VEGF) produc-
tion, which facilitates DC migration to LNs. Since LTBR-Ig
only partially inhibited medullary remodeling, VEGF may also
play a role in medullary remodeling as an additional molecu-
lar component. One inconsistency with the previous study is
that Angeli et al. reported an increased %Lyve-1* area in
DLNs (region not specified), whereas we observed a de-
creased %Lyve-1" area in the inflamed LN medulla. This dif-
ference in results may have arisen due to the foci of the
report from Angeli et al., which analyzed lymphangiogenesis
in terms of the portal of entry for DCs. However, we do not
consider lymphangiogenesis in the paracortex and medul-
lary remodeling to be mutually exclusive.

Lymphocytes play a critical role in the maintenance of the
dynamic equilibrium of LN size and structure (35,36,41).
The independence of medullary remodeling from the T-de-
pendent B-cell response encourages us to speculate that in-
flammatory stimuli, especially Toll-like receptor ligands, may
upset this equilibrium, triggering the remodeling process. In
support of this idea, B cells stimulated with Toll-like receptor
ligands or anti-CD40 up-regulate surface lymphotoxin-f ex-
pression (42,43). This phenomenon could be responsible for
conferring non-cognate B cells with the ability to contribute
to medullary remodeling, considering that CpG-oligonucleo-
tide, but not NP-Ficoll, induces medullary remodeling. More-
over, Toll-like receptor ligands have been reported to act on
vascular endothelial cells in LNs, promoting vascular re-or-
ganization and in turn lymphocyte recruitment to DLNs (25),
which leads to accumulation of B cells. Another area for in-
vestigation is the effect of inflammatory stimuli on medullary
stromal cells and the possible resulting changes in B-cell re-
tention. We speculate that inflammatory stimulation of lym-
phocytes, stromal cells and endothelial cells in LNs triggers
a positive feedback loop between B-cell accumulation and
the expansion of the medullary niche for plasma cells. Med-
ullary remodeling would be initiated by the first cohort of B
cells recruited to the LN medulla that are likely to consist
mostly of non-cognate cells. Once initiated, medullary
remodeling expands the niche available for the subsequent
arrival of additional cohorts of activated B cells and plasma
cells. In addition, relocation of activated cognate B cells
from the follicles to the medulla and the promotion of medul-
lary remodeling by these B cells may constitute another
feedback loop. These putative feedback loops may
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