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| solated Lymphoid Follicle Formation Is Inducible and
Dependent Upon Lymphotoxin-Sufficient B Lymphocytes,
Lymphotoxin B Receptor, and TNF Receptor | Function®

Robin G. Lorenz,*" David D. Chaplin,” Keely G. McDonald,* Jacquelyn S. McDonough,* and
Rodney D. Newberry

The gastrointestinal mucosa contains a complex network of lymphoid compartments that have evolved to efficiently protect the
host from invading pathogens. Recently, an additional lymphoid structure resembling Peyer’s patches (PP) in composition and
architecture has been identified in the murine small intestine, the isolated lymphoid follicle (ILF). In this study we examine the
nature and factors required for ILF formation. We observed a spectrum of structures fitting the previous descriptions of ILFs,
ranging from clusters of B220* cells (which we have termed immature | L Fs) to well-or ganized lymphoid nodules (which we have
termed maturelLFs). Herewe demonstratethat that similar to PP formation, L F formation requireslymphotoxin (LT)-and LT
receptor-dependent events. However unlike PP formation, the LT- and LT 8 receptor-dependent events required for ILF forma-
tion can occur in adulthood and require L T-sufficient B lymphocytes. We demonstrate that mature ILF formation occurs in
response to lumenal stimuli, including normal bacterial flora, and requires TNF receptor | function. These findings suggest that
ILFs are organized intestinal lymphoid structures whose formation can be induced and whose mass can be expanded in response

to mucosal challenges. The Journal of Immunology, 2003, 170: 5475-5482.

ganisms with the environment. The primary function of

the alimentary tract is the absorption of nutrients, neces-
sitating the exposure of this mucosal surface to a multitude of
antigenic stimuli, including bacteria, bacterial products, and di-
etary Ags. Defending against invading pathogens while at the same
time efficiently absorbing nutrientsis amajor challenge to the gas-
trointestinal tract. The mucosal immune system, a complex net-
work of physically and phenotypically distinct lymphoid compart-
ments, has evolved to allow these two opposing functions to
coexist. Our current understanding is that this network is princi-
pally composed of immune-inductive sites (Peyer’ s patches (PP)3)
and immune effector sites (the intragpithelial lymphocyte compart-
ment and the lamia propria lymphocyte compartment); however,
our understanding of the complexity of this system continues to
progress with the descriptions of additional levels of organization
in the intestine (1, 2). Recently, isolated lymphoid follicles (ILFs)
were described in the murine small intestine (3). These structures
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resemble PP in architecture and composition, as they possess ger-
minal centers and an overlying follicle-associated epithelium
(FAE) containing M cells, and are suggested to be inductive sites
for mucosal immune responses.

The nature of ILF formation is unknown. Similar to PP, ILFs
require lymphotoxin (LT) and NF-kB-inducing kinase (NIK), a
signaling molecule required for LT receptor (LTBR) function, for
their formation (3). ILF formation was not abolished by LTBR
blockade given on days 14 and 17 of gestation, suggesting that,
unlike PP formation, the NIK-dependent events relevant for ILF
formation occur outside of this gestational window and/or are in-
dependent of the LTBR (3). ILFs were found to be present in
germfree mice, suggesting that similar to PP formation, ILF for-
mation may be independent of lumenal stimuli (3).

The role of LTBR in the formation of ILF is suggested by the
absence of ILF in alymphoplasia/alymphoplasia (aly/aly) mice.
Other NIK-dependent events may also be important for ILF for-
mation. However, the role of LT in the formation of ILF is well
established. LT isa TNF family member, existing in two forms, a
membrane-bound heterotrimer comprised of two B-chains and one
a-chain (LTeyB,) that is a ligand for the LTBR, and a soluble
homotrimer (L Tay) that isaligand for both TNFR type | (TNFRI)
and TNFRII (4). LT and the LTBR are expressed by nonoverlap-
ping subsets of cells. LTBR expression is restricted to non-bone
marrow-derived cells and a subset of monocytes, while LT (LTag
and LTa,B,) isexpressed on T lymphocytes, B lymphocytes, and
NK cells in adult mice (5).

LT isknown to contribute to the formation of organized periph-
eral lymphoid tissues in a least two ways. Interactions of mem-
brane-bound LT with the LTBR during embryogenesis are essen-
tial for the formation of PP and lymph nodes (LN), as evidenced
by the lack of these secondary lymphoid structures in mice defi-
cientin LTa, LTB, and LTBR (6—8) and in mice in which these
interactions have been blocked at specific times during gestation
(9). The absence of PP and LN in these mice cannot be restored by
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LT/LTBR-dependent events later in life (10, 11). The cellular
source of LT required for the formation of PP and LN is believed
to be a bone marrow-derived, CD4", CD3~, non-T and non-B
lymphocyte precursor, which can be a progenitor of NK cells and
dendritic cells (12—14). These requirements for gestational-depen-
dent, LT/LTBR-dependent events appear to be universal for the
formation of secondary lymphoid structures, athough the forma-
tion of cervica LN and MLN in the absence of these signals has
been reported (15).

LT may also contribute to the formation of organized tertiary
lymphoid structures. These structures are induced at sites of in-
flammation and have a cellular composition and architecture re-
sembling secondary lymphoid structures, suggesting that these
structures are inductive sites of immune responses. Tertiary lym-
phoid structures are distinguished from secondary lymphoid struc-
tures by their location and their de novo formation, which has been
termed lymphoid neogenesis. LT has been demonstrated to partic-
ipate in this process, as ectopic LT expression may lead to lym-
phoid neogenesis (16).

The previous descriptions of ILFs and the requirement for LT
for their formation could be consistent with either role of LT in the
formation of organized lymphoid structures. Here we describe the
nature and the factors contributing to ILF formation in murine
small intestine. We observed that ILFs have a spectrum of appear-
ances ranging from loosely organized clusters of B220™ cells at
the base of villi (which we have referred to as immature ILFs) to
well-organized lymphoid structures resembling PP (which we have
referred to as mature ILF). Consistent with previous observations,
we found that mature ILFs contain predominantly B-2 B lympho-
cytesand CD4™ T lymphocytes and have an overlying epithelium
containing M cells. Similar to the formation of secondary lym-
phoid structures, we found that the formation of ILFsis dependent
upon LT and the LTBR; however, in contrast to PP and LN for-
mation, ILF formation does not require these LT/LTBR interac-
tions during gestation and can occur in adults. Like the formation
of PP and LN, mature ILF formation requires a LTBR-sufficient
stromal cell; however, in contrast to the formation of secondary
lymphoid structures, we found that LT-sufficient B lymphocytes
are required for the formation of ILFs. Based upon their inducible
nature, composition, and architecture, we believe that mature ILF
formation represents lymphoid neogenesis of the small intestine,
and we propose the progression from immature to mature ILFs
occurs in response to exogenous stimuli and requires TNFRI
function.

Materials and Methods
Mice

Mice used for this study, with the exception of germfree mice, were housed
in a specific pathogen-free facility and fed a routine chow diet. Animal
procedures and protocols were conducted in accordance with the institu-
tional review board at Washington University School of Medicine.
C57BL/6, TNFRII-deficient, recombinase-activating gene-1 (RAG1)-defi-
cient, and B cell-deficient JH™'~ mice (17) on the C57BL/6 background
were purchased from The Jackson Laboratory (Bar Harbor, ME). TNFRI-
deficient mice (18, 19) on the C57BL/6 background were a gift from Dr.
J. J. Peschon (Immunex Corp., Seattle, WA). LTBR-deficient mice (8) on
the C57BL/6 background were a gift from Dr. K. Pfeffer (Technical Uni-
versity of Munich, Munich, Germany). LTa-deficient mice (6) were bred
onto the C57BL/6 background for >10 generations before use in experi-
ments. Timed pregnant C57BL/6, TNFRI~/~, and TNFRII ~/~ female mice
for use in experiments involving the injection of LTBR-lg fusion protein
were generated by matings with C57BL/6, TNFRI~'~, and TNFRII ™/~
male mice, respectively. Germfree C57BL/6 mice, a gift from Dr. J. Gor-
don (Washington University School of Medicine, St. Louis, MO), were
maintained in plastic gnotobiotic isolators under a 12-h light cycle and
given free access to autoclaved water and chow (B&K Universal, East
Yorkshire, U.K.) (20). At the time of sacrifice, cecal cultures from germ-
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free animals were obtained to confirm the absence of bacterial flora. Germ-
free mice were conventionalized by exposure to cecal contents from con-
ventionally housed C57BL/6 mice. Six- to 10-wk-old LTa™'~, LTBR™'™,
and RAG ™/~ mice were used as recipients for bone marrow transfers.

Whole mounts of small intestine

Small intestines were removed intact, flushed with cold PBS, and opened
aong the mesenteric border. Intestines were mounted, lumen facing up, in
8-cm segments from proximal to distal and fixed with cold 10% phosphate-
buffered formyl saline (Fisher Scientific, Pittsburgh, PA) for 1 h at 4°C.
Intestines were washed three times in cold PBS; incubated in a solution of
20 mM DTT, 150 mM Tris, and 20% ethanol at room temperature for 45
min; washed three times in cold PBS; and incubated in a solution of 1%
H,0, for 15 min at room temperature to block endogenous peroxidases.
Intestines were washed three times in PBS, followed by incubation in PBS
containing 1% BSA and 0.3% Triton X-100 for 30 min. Intestines were
incubated with HRP-conjugated lectin from Ulex Europaeus (UEA-I; Sig-
ma-Aldrich, St. Louis, MO) in PBS/BSA/Triton X-100 solution overnight
a 4°C to facilitate the identification of PP and mature ILF. The following
day intestines were washed three times in PBS, incubated in diaminoben-
zidene (DAB) metal peroxide substrate (Pierce, Rockford, IL) for 15 min,
rinsed twice in distilled water, and returned to PBS for further analysis.
Investigators blinded to the treatment groups determined the presence of
mature ILF. Under low power microscopy (X 25-65) the following criteria
were used to determine the presence of mature ILF: 1) presence of a nod-
ular structure with size equal to or greater than the width of one villus, 2)
nodular structure possessing an overlying dome resembling the FAE of PP,
and 3) nodular structures occurring singly or in groups of two (three or
more nodules of approximately the same size were considered to be PP).

For B220™ staining of whole mounts (modified whole mounts), intes-
tines were removed intact, flushed with PBS, opened along the mesenteric
border, and mounted as described above. Intestines were then incubated
three times in HBSS (BioWhittaker, Walkersville, MD) containing 5 mM
EDTA at 37°C with shaking for 10 min to remove epithelial cells. Intes-
tines were fixed in 10% phosphate-buffered formyl saline and treated with
1% H,0, for 15 min at room temperature as described above. Intestines
were incubated in a solution of 50 mM Tris (pH 7.2), 150 mM NaCl, 0.6%
Triton-X 100, and 0.1% BSA for 1 h at 4°C to block nonspecific Ab
binding and then incubated with rat anti-mouse B220 Ab (BD PharMingen,
San Diego, CA) diluted in the above solution overnight at 4°C. Intestines
were washed three times in the above solution and incubated with a HRP-
conjugated goat anti-rat 1gG Ab (Jackson ImmunoResearch Laboratories,
West Grove, PA) diluted in the above solution at room temperature for 1 h.
Intestines were washed three times and incubated in DAB/metal peroxide
substrate as described above.

Cell isolation from mature ILF

Intestines from mice treated with LTBR-1g in utero were flushed with cold
PBS, opened aong the mesenteric border, and mounted with the lumen
facing up in cold PBS as described above. Using the dissecting microscope
and a blunt-ended 26-gauge needle and syringe, the contents of multiple
mature ILF were aspirated and placed in cold PBS. The single-cell sus-
pension was then used for flow cytometric analysis as described below.
Approximately four intestines were required to obtain a sufficient number
of cells for each flow cytometric analysis. The average yield of viable
mononuclear cells was 1 X 10° cellg/intestine.

Flow cytometric analysis

Single-cell suspensions were obtained as described above, and flow cyto-
metric analysis was performed as previously described (21). The reagents
used for analysis were FITC-conjugated rat anti-mouse CD4, PE-conju-
gated rat anti-mouse CD19, biotin-conjugated rat anti-mouse CD11b, bi-
otin-conjugated hamster anti-mouse TCRp, appropriate isotype control
Abs, streptavidin-PE, streptavidin-FITC (all from BD PharMingen), and
biotin-conjugated rat anti-mouse IgA (Southern Biotechnology Associates,
Birmingham, AL). Dead cells were excluded based on forward and side
light scatter. Gates for positive staining were defined such that 1% of the
analyzed population stained positively with the appropriate isotype
control Ab.

Immunohi stochemisty

Paraffin-embedded sections containing mature ILF or PP resected from
whole mount intestines (performed as described above) were deparaffinized
by sequential treatments with Citrosolv (Fisher Scientific) and isopropyl
acohol, rinsed with tap water, rehydrated in PBS, treated with avidin/biotin
blocking kit (Vector Laboratories, Burlingame, CA), washed threetimesin
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PBS, and blocked for 15 min at room temperature in PBS containing 1%
BSA, 0.2% powdered skim milk, and 0.1% Triton X-100. Sections were
then incubated with biotin-conjugated anti-B220 (BD PharMingen) or bi-
otin-conjugated lectin from Arachis hypogaea (PNA; Sigma-Aldrich) di-
luted in PBS containing 1% BSA, 0.2% powdered skim milk, and 0.1%
Triton X-100 overnight at 4°C. For detection of B220 staining we used
Cy3-tyramide signal amplification (DuPont/NEN, Boston, MA). For de-
tection of PNA staining we used biotinyl-tyramide signal amplification
(DuPont/NEN), followed by incubation with HRP-conjugated streptavidin
(Jackson ImmunoResearch Laboratories) and detection with DAB metal
peroxide substrate (Pierce). B220-stained sections were counterstained
with Hoechst dye (Sigma-Aldrich) to visualize nuclei.

Scanning electron micrographs

Small intestines were removed intact, flushed with ice-cold PBS, opened
aong the mesenteric border, and examined under the dissecting micro-
scope. PP and mature ILF were identified, removed, and treated with 0.1 M
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sodium cacodylate buffer (Electron Microscopy Services, Fort Washington,
PA) containing 2.5% glutaraldehyde overnight at 4°C. Sections were
washed in 0.1 M sodium cacodylate buffer three times, then incubated with
a solution of 20 mM DTT, 150 mM Tris, and 20% ethanol for 45 min at
room temperature to remove mucin. Sections were washed in 0.1 M so-
dium cacodylate buffer three times, treated with aternating 1% osmium
tetroxide and 1% thiocarbohydrazide (OTOTO method) (22), dehydrated in
graded series of ethanol, critical point dried, and sputter-coated to produce
15-nm gold coating. Samples were examined using a Hitachi S-450 scan-
ning electron microscope (Hialeah, FL) at an accelerating voltage of 20 kV.

Bone marrow transfers

Bone marrow transfers were performed after letha irradiation as previ-
ously described (21). A total of 1 X 10” T lymphocyte-depleted bone
marrow cells from gender-matched donors were injected i.v. into recipients
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FIGURE 1. Characteristics of mature ILFs. Intestines from untreated C57BL/6 mice (a, b, e, f, i, and j), from LTa '~ mice receiving C57BL/6 bone
marrow (c, d, h, and k) and from mice receiving LTBR-Ig in utero (g and I) were examined as whole mounts (a—d), by H&E staining (e and g), by scanning
electron microscopy (f and h), and by immunohistochemical analysis for B220 (red, i and k) and PNA lectin staining (brown, j and I). Sections from i and
k were counterstained with Hoechst dye (blue) to visualize nuclei. Intestines from untreated C57BL/6 mice contained PP (a and b) with an overlying FAE
containing M cells (denoted by arrowheads, f). Intestines from LTa~/~ mice receiving C57BL/6 bone marrow and C57BL/6 mice treated with LTBR-Ig
in utero lacked PP, but possessed multiple nodules randomly oriented with respect to the mesenteric border (c and d). These nodules have architecture
resembling PP by H& E staining (compare e and g), contain an FAE with cells fitting the morphologic criteria of M cells by scanning electron microscopy
(denoted by arrowheads, h), and, like PP, contain B220* and PNA™ cells consistent with the presence of germina centers (compare i and j with k and I).
Flow cytometric analysis of nodules from mice treated with LTBR-Ig in utero (m-0) demonstrates that these nodules contain predominantly 1gA-negative
B-2 (CD19", CD11b ™, IgA~) B lymphocytes and a smaller population of CD4" TCRB" T lymphocytes. The numbers in m-o represent the percentage
of the total lymphocyte population from mature ILF as determined by forward and side scatter. Scale bars: a—d, 1 mm; e, g, i, j, k, and |, 100 um; and
fand h, 5 um. Origina magnification: a and ¢, X25; b and d, X45; e and g, X200; f and h, X1200 (inset at X5000); i and j, X100; k and I, X200. Nodules
from LTa '~ mice receiving C57BL/6 bone marrow and from C57BL/6 mice treated with LTBR-Ig in utero were identical in all examined criteria;
therefore, a representative section from either group is shown for simplicity.
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FIGURE 2. Mature|LFsareformed in the distal small intestine in an LTBR- and TNFRI-dependent manner. Small intestines from untreated C57BL/6,
TNFRI™/~, TNFRII ™=, LTa™’~, and LTBR™/~ mice; C57BL/6, TNFRI~'~, and TNFRII~/~ mice receiving LTBR-Ig in utero; and C57BL/6 mice
receiving LTBR-1g in utero and after birth were scored for the presence of mature ILF as outlined in Materials and Methods. The progeny of untreated
C57BL/6 mothers have few or no mature ILF, while progeny from C57BL/6 mothers treated during gestation aone had mature ILF preferentially located
in the distal small intestine (a). The formation of mature ILF in these mice could be inhibited by the continuous administration of LTBR-Ig after birth.
Consistent with the requirement for LTBR in the formation of mature ILFs, we observed an absence of mature ILFs in the intestine of LTBR™/~ mice.
Mature |LFs were absent from the intestine of TNFRI~/~ and TNFRII '~ mice, but could be induced in TNFRII~/~, but not TNFRI~/~, mice by treatment
with LTBR-lg in utero (b). Each point represents the average number of nodules present in the specified intestinal segment. , p < 0.05 compared with

the number of nodules in untreated C57BL/6 mice (a).

on the second day of irradiation. Mice receiving bone marrow from mul-
tiple donors (LTa™'~ and RAG™'~ or LT~ and JH™'~; Fig. 4), re-
ceived 5 X 10° cells from each donor. Mice were alowed 12 wk for
reconstitution with donor bone marrow before use in experiments. Flow
cytometric analysis was performed on splenocytes from recipients at the
time of sacrifice to document appropriate lymphocyte reconstitution.

LTBR-lg treatment

LTBR-1g production and treatment were performed as previously described
(21). Timed pregnant female C57BL/6 mice, TNFRI~/~ mice, and TNF-
RII~'~ mice were injected with 100 ug of LTBR-Ig viathetail vein on day
16 pc. For C57BL/6 mice receiving LTBR-Ig continuously, offspring from
timed pregnant female C57BL/6 mice injected with 100 g of LTBR-Ig on
day 16 pc received 20 ng of LTBR-1gi.p. weekly after birth for 5 wk. Mice
receiving LTBR-Ig in utero and their controls were analyzed for the pres-
ence of mature ILF at 6—7 wk of age (Figs. 2 and 3).

Satistical analysis

Data analysis using one-way ANOVA, followed by Dunnett's multiple
comparison post-test, was performed using GraphPad PRISM (GraphPad,
San Diego, CA).

Results
Mature ILFs are formed in the small intestine in an LTBR- and
TNFRI-dependent manner

Following treatment with LTBR-1g in utero to ablate the formation
of PP, we noted the presence of nodules in the small intestine of
adult mice (Figs. 1 and 2). In contrast to PP, these nodul es were not
visible macroscopically, but could be adequately visualized using
low power microscopy. The basic characteristics of these nodules
are outlined in Fig. 1. These nodules contain an overlying epithe-
lium resembling the FAE of PP. By scanning electron microscopy
the FAE of these nodules contain cells fitting the morphologic
criteria of M cells (23). Light and fluorescence microscopy re-
vealed that these nodules have architecture similar to that of PP
and contain B220* and PNA ™ cells consistent with the presence of
germina centers. Flow cytometric analysis of lymphocytes iso-
lated from these nodules revealed that they contain predominantly
IgA-negative B-2 B lymphocytes, with a smaller population of
CD4" T lymphocytes. These lymphocyte populations are similar
to those seen in flow cytometric analysis of PP (3). Based upon
these observations we believe that these nodules are similar to the
recent description of ILF and have termed them mature ILFs.
Under low power microscopy (X25-65) we examined the dis-
tribution of these mature ILFs in mice treated with LTBR-lg. Ma-

ture ILF were prominent in the distal small intestine of mice
treated with LTBR-Ig in utero and were rare or absent from the
intestines of untreated C57BL/6 mice in our colony (Fig. 2a). We
noted an average of two mature ILFs per intestine in untreated
C56BL/6 mice in our colony. In every situation in which mature
ILF were observed, they were preferentially located in the dista
small intestine; therefore, for clarity, further analysis only displays
the numbers of mature ILFs in the distal small intestine (sections
>24 cm from the pylorus; Figs. 3 and 4). To assess the require-
ment for LTBR-dependent events for the development of these
mature ILFs, we treated mice with LTBR-Ig both in utero and
through adulthood. As shown in Fig. 2a, this treatment blocked the
formation of mature ILFs. Consistent with this we noted that ma-
ture ILFs were absent from theintestine of LTa™'~ and LTBR™/~
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FIGURE 3. Mature ILFs are formed in response to normal gut flora.
Six- and 11-wk-old germfree mice, 11-wk-old germfree C57BL/6 mice that
had been conventionalized with normal cecal contents at 6 wk of age, as
well as identical groups of mice that received LTBR-1g in utero were ex-
amined for the presence of mature ILF in the distal small intestine. Six- and
11-wk-old germfree mice had few or no mature ILF regardliess of LTBR-Ig
therapy. Germfree mice that had been conventionalized by exposure to
normal cecal contents developed a small number of mature ILF; however,
this was significantly augmented by LTBR-Ig therapy. These findings doc-
ument that lumenal stimuli, including normal gut flora, induce the forma-
tion of mature ILF. Each point represents the average number of nodules
for one mouse, determined as described in Materials and Methods. *, p <
0.05 compared with the number of nodules in the distal small intestine of
untreated C57BL/6 mice (Fig. 1a).
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FIGURE 4. LT-sufficient B lymphocytes and L TBR-sufficient stromal
cells are required for the formation of mature ILFs. Intestines from irra-
diated LTe™'~, LTBR™/~, and RAG ™'~ mice receiving bone marrow from
gender-matched donors were examined for the presence of mature ILF as
outlined in Materials and Methods. LTa ™/~ recipients of C57BL/6 bone
marrow developed mature ILF, while LTa™/'~ recipients of LTa~'~ bone
marrow, a combination of LTa™'~ and RAG™'~ bone marrow, or a com-
bination of LT/~ and JH™/~ bone marrow failed to develop mature ILF,
thus documenting a requirement for LT-sufficient B lymphocytes in the
formation of mature ILF. In contrast to LTa ™/~ recipients of C57BL/6
bone marrow, LTBR ™/~ recipients of C57BL/6 bone marrow failed to
develop mature ILF, while RAG™~ recipients of LTBR ™/~ bone marrow
developed mature ILF, thus documenting a requirement for an LT BR-suf-
ficient, non-bone marrow-derived (stromal) cell for the development of
mature ILF. Each point represents the average number of nodules for one
mouse determined as described in Materials and Methods. *, p < 0.05
compared with the number of nodules in the distal small intestine of
LTa '~ mice receiving LTa™'~ bone marrow.

mice (Fig. 2a). Treatment of mice with LTBR-1g in utero induced
the formation of mature ILFs in TNFRII~/~ mice, but failed to
induce mature ILF formation in TNFRI~/~ mice (Fig. 2b). These
observations suggest that TNFRI-dependent events are required
for the formation of mature ILFs.

Mature ILF are formed in response to gut flora

The architecture, distribution, and requirement for LT in the for-
mation of mature ILFs suggest that mature ILFs may be tertiary
lymphoid structures formed in response to lumena stimuli. To
assess the requirement for bacterial stimuli in the formation of
these mature ILFs, we examined the formation of mature ILFs in
germfree mice. As shown in Fig. 3, germfree mice do not spon-
taneously develop mature ILFs. Following treatment with
LTBR-Ig a small number of mature ILFs can be induced in germ-
free mice. If germfree mice are conventionalized with normal cecal
contents, a modest number of mature ILFs can develop; however,
optimal development of mature ILFs requires both treatment with
LTBR-Ig and exposure to lumenal stimuli.

LT-expressing B lymphocytes and LTBR-expressing stromal cells
are required for the formation of mature ILFs

To compare the formation of mature ILFs with that of PP, we
performed bone marrow transfers into adult LTa™/~ mice. Adult
LTa '~ mice are unable to form PP or LN after receiving wild-
type bone marrow (Refs. 10 and 11 and our unpublished observa-
tions), as L T-dependent events during embryogenesis are required
for PP and LN formation. However, transfer of wild-type bone
marrow to LTa '~ mice resulted in the formation of mature ILFs
(Fig. 4). Mature ILFs were not present in recipients of LTa '~
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bone marrow. This demonstrates that L T-dependent events occur-
ring during embryogenesis are not required for the formation of
mature ILFs, and that L T-expressing bone marrow cells are essen-
tial for this process. To determine the LT a-sufficient bone marrow
cell lineage required for the formation of mature ILFs, we per-
formed mixed bone marrow transfers. LTa /™ recipients of acom-
bination of RAG™'~ and LT« '~ bone marrow or a combination
of H™'~ and LTa '~ bone marrow failed to develop mature ILFs,
thus demonstrating the requirement for an LTa-sufficient B lym-
phocyte in the development of mature ILFs.

Stromal cells and a subset of monocytes express the LTBR (5).
To determine the relevant population of LTBR-expressing cellsfor
the development of mature ILFs we performed transfers of wild-
type and LTBR ™/~ bone marrow into LTBR™~ and RAG ™/~
mice and evaluated these recipients for the presence of mature
ILFs. LTBR-deficient mice receiving wild-type bone marrow
failled to develop mature ILFs, while RAG™/~ recipients of
LTBR '~ bone marrow developed mature ILFs. These findings
demonstrate that LTBR expression by a radioresistant stromal cell
is essential for the development of mature ILFs.

Immature ILF (B220" clusters) are inducible structures
requiring LTBR, but not TNFRI, for their formation

Recently, ILFs in the murine small intestine have been described
(3). The characteristics of mature ILFs described here are similar
to this initial description of ILFs in the murine small intestine;
however, our observations have significant differences. First, we
did not observe mature ILFs in the small intestine of untreated
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FIGURE 5. Characteristics of immature ILFs (B220" clusters). Intes-
tines from untreated adult C57BL/6 mice (a, ¢, and €) and adult C57BL/6
mice receiving LTBR-lg in utero (b, d, and f) were examined using a
modified whole mount technique described in Materials and Methods.
Clusters of B220* cells were seen in the small intestine of untreated and
treated C57BL/6 mice. B220" clusters in untreated C57BL/6 mice were
preferentially located in the distal small intestine at the base of villi. Closed
arrows denote B220™ clusters (immature ILFS) (a); open arrows denote
lymphoid nodules (mature ILFs; b); closed arrowheads delineate a villus
projecting out of a B220™* cluster (€).
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FIGURE 6. Immature ILFs (B200* clusters) can be formed de novo in adult mice in an LTSR-dependent and TNFRI-independent fashion. Intestines

from C57BL/6, TNFRI~/~, TNFRII~/~, LTBR/~,and LTa '~ miceaswell asLTa '~ and LTBR’~ mice receiving bone marrow from C57BL/6 mice
were examined for the presence of B220" clusters using a modified whole mount technique. B220™ clusters were present in C57BL/6, TNFRI~/~, and
TNFRII ™/~ mice (a) and were absent in LTa '~ and LTBR™/~ mice (b). The formation of B220" clusters could be induced in LTa '~ mice, but not in
LTBR '~ mice by reconstitution with C57BL/6 bone marrow (b), thus documenting the inducible nature of these B220" clusters and the requirement for
an LTBR™ non-bone marrow-derived cell for their formation. *, p < 0.05 compared with B220* clusters in C57BL/6 mice (a).

animals in our colony; second, the numbers of mature ILFs we
observed are significantly less than that noted in this initial de-
scription; third, the location of the mature ILFs is different from
that noted in this initial description; and fourth, we did not see
mature ILFs in the intestine of germfree mice. The initial descrip-
tion of ILF used immunohistochemistry for B220 performed on
sections of intestine cut on an axis perpendicul ar to the villus struc-
ture. Using this technique it is difficult to accurately assess the
architecture of these B220™ clusters. To resolve the differences
between our observations and to better understand the relationship
of the mature ILFs we observed to the B220™" clusters found by
others, we used a modification of the intestinal whole mount
method that allowed us to assess the number, position, and mac-
roscopic architecture of B220™ clusters in the small intestine. In
untreated C57BL/6 mice in our colony (lacking mature ILFs), we
noted the presence of clusters of B220™ cells (Fig. 5). Similar to
our observations of mature ILFs, these clusters were more prom-
inent in the distal small intestine. These clusters were generaly
smaller than the mature ILFs we observed, were present at the base
of villi (Fig. 5e), and were not visible on standard whole mounts of
the small intestine. Using this modified whole mount technique,
we examined the intestines of mice deficient in LTa, LTBR, TN-
FRI, and TNFRII. We observed that similar to mature ILFs, these

LT sufficient B-cell

Immature ILF
(B220+ clusters)

Exogenous Stimuli

B220" clusters required LT and LTBR for their formation. How-
ever, unlike mature ILFs, these B220™ clusters did not depend
upon TNFRI for their formation (Fig. 6a). Using bone marrow
transfers, we were able to assess the formation of new B220™
clusters in the adult mouse small intestine. We observed that like
mature ILFs, the B220™ clusters could be formed de novo in the
adult mouse intestine, and their formation required LT BR-suffi-
cient radioresistant stromal cells (Fig. 6b). Unlike PP, both mature
ILFs and B220™ clusters are inducible in adult animal's and do not
require LT-dependent events during gestation for their formation.
Based upon these observations and the previous descriptions of others
we believe that the B220™" clusters described by others and the lym-
phoid nodules we describe here represent a spectrum in the formation
of ILF and have termed the B220™ clusters immature ILFs.

Discussion

ILFs were recently described in the murine small intestine (3). In
their description, Hamada et al. (3) noted that these structures were
absent from the intestine of LTa/~ and aly/aly mice, suggesting
that ILF may share with secondary lymphoid structures a require-
ment for gestational LT/LTBR-dependent events in their forma-
tion. They also noted that ILFs were present in the intestine of
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FIGURE 7. Putative sequence of eventsin the formation of ILFs. LT-expressing B lymphocytes interact with LT BR-expressing stromal cells within the
intestinal lamina propria to induce the formation of B220™ clusters (immature ILFs) at the base of villi. The progression of immature ILFs to mature ILFs
possessing germinal centers and a FAE containing M cells can occur in response to exogenous stimuli, including normal bacterial flora, and requires TNFRI

function.
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germfree mice, further suggesting that the formation of these struc-
tures occurred independently of environmental stimuli. Contrast-
ing with these observations, ILFs have been described to hyper-
trophy and regress in response to environmental stimuli (24),
suggesting that ILF formation may have an inducible component
in response to environmental challenges. In this study we sought to
define the nature of ILF formation.

In our studies we observed a spectrum of structures fitting the
previous descriptions of ILFs. In micereceiving LTBR blockadein
utero to ablate PP formation, we observed the presence of nodular
lymphoid structures in the distal small intestine. These structures
were rare or absent from untreated C57BL/6 mice in our colony.
Consistent with previous description of ILFs by Hamadaet a. (3),
the mature ILFs we observed were predominantly composed of
B-2 B lymphocytes and CD4" TCRB™ T lymphocytes and pos-
sessed a FAE containing M cells. The formation of these structures
was dependent upon LTBR and TNFRI function, as we could
block their formation by continuous LTBR-1g administration, and
these structures could not be formed in TNFRI-deficient mice. We
found that optimal formation of these mature ILFs required envi-
ronmental stimuli. Using bone marrow reconstitution, we demon-
strated that the formation of these mature |LFs could be induced in
adult animals and required an LT-sufficient B lymphocyte and an
LTBR-sufficient non-bone marrow-derived cell.

Unlike the mature ILFs we describe here, Hamada et a. (3)
noted that ILFs were present in both germfree mice and unma-
nipulated wild-type mice and were much more numerous than the
mature ILFs we observed. We used a modified whole mount
method to examine the presence, position, and macroscopic archi-
tecture of B220™ clusters in the small intestine and to resolve the
differences between our observations. We found that these B220*
clusters were more numerous than the mature ILFs we observed,
were preferentially located at the base of villi, and did not share the
macroscopic architecture of mature ILFs. However, like mature
ILFs, B220™ clusters were preferentially located in the distal small
intestine, were absent from the intestine of LTBR ™/~ and LTa ™/~
mice, required LTBR expressing non-bone marrow-derived cells
for their formation, and were inducible in adult animals. Based
upon our observations and the description of ILFs by Hamada et
al., (3) we believe that these B220™ clusters and the lymphoid
nodules we observed represent a spectrum in the formation of ILF
and have tentatively termed the B220™" clusters immature ILFs.

In this study we demonstrate that mature ILFs are formed in
C57BL/6 micein response to lumenal stimuli in the absence of PP.
Based upon their architecture and composition it is reasonable to
assume that mature ILFs are inductive sites for the immune re-
sponse and that their formation in response to lumenal stimuli in
the absence of PP may be a compensatory response for the absence
of PP and PP functions, including fecal IgA production. This hy-
pothesis is consistent with the recent observations of others show-
ing that ILFs may hypertrophy or regress in response to changesin
lumenal bacterial flora (24). Also consistent with this hypothesis
we have noted that BALB/c mice have significantly lower fecal
IgA levels compared with C57BL/6 mice and have mature ILFsin
the absence of manipulations to prevent PP formation (our unpub-
lished observations). These observations suggest that loss of the
protective effects of fecal IgA may allow an inflammatory response
to lumenal stimuli, leading to the formation of mature ILF. Based
upon these observations we propose the following segquence of
events in the formation of ILFs (Fig. 7). LT-expressing B lym-
phocytes and LTBR-expressing stromal cells in the intestine in-
duce the formation of clusters of B220™ cells within the intestine
at the base of villi. Under the influence of exogenous stimuli and
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TNFRI-dependent events, B220™" clusters develop into lymphoid
nodules with germinal centers and FAE containing M cells.

The pathways leading to intestinal IgA production are complex.
Our understanding of this process continues to evolve, as recent
studies indicate that events occurring within the intestinal lamina
propria (outside of PP) play important roles in the production of
intestinal IgA (reviewed in Ref. 23). Stromal cells within the lam-
ina propria mediate some of these events. Lamina propria stromal
cells produce factors favoring Ig class switch to IgA and the dif-
ferentiation of 1gA-producing plasma cells (25). Recent studies
demonstrated that L T BR-sufficient lamina propria stromal cellsare
required for the production of intestinal 1gA (26). The findings
presented here suggest an additional role for LTBR-sufficient lam-
ina propria stromal cells in the formation of ILFs. These studies
suggest that stromal cells intrinsic to the intestine play a crucia
role in the production of intestinal immune responses. Whether the
same stromal cell type or different stromal cell types mediate each
of these events is unknown.

The de novo formation of ectopic lymphoid structures resem-
bling LN has been termed lymphoid neogenesis (16). This process
is seen in infections and autoimmune diseases and is believed to
play arole in the production of autoreactive lymphocytes and en-
hancing the neoplastic potential of lymphocytes by providing an
unregulated environment for the interaction of lymphocytes, Ags,
and APC (27). Studies of the factors involved in lymphoid neo-
genesis largely rely upon the induction of tertiary lymphoid struc-
tures by the ectopic expression of cytokines and chemokines.
Transgenic mice expressing LT« in the pancregtic islets develop
tertiary lymphoid structures in a TNFRI-dependent, but LT 3-in-
dependent, manner (28), while mice over expressing B lymphocyte
chemoattractant in the pancreatic islets develop tertiary lymphoid
structures in a B lymphocyte-dependent, L Ta-dependent, LTBR-
dependent, but TNFRI-independent, manner (29). The formation
of mature ILFs shares the requirements demonstrated in both these
models; mature ILF formation requires L Ta-sufficient B lympho-
cytes, LTBR-sufficient stromal cells, and TNFRI function. Based
upon these reguirements and the inducible nature of mature ILF
formation, we believe that the formation of mature ILF represents
lymphoid neogenesis in the adult small intestine. The presence of
ectopic lymphoid structures has been observed in a number of
inflammatory settings within the gastrointestinal tract, including
inflammatory bowel disease, gastritis, and animal models of intes-
tinal inflammation (30—-33). While obvious parallels can be drawn
between these observations and the findings we present here, there
is reason to believe that the requirements for the formation of
ectopic lymphoid structures may differ from organ to organ as we
have noted that B220™ cluster formation is preserved in the colon
of LT-deficient mice (our unpublished observation).

In this study we investigated the nature of ILF formation. In
contrast to secondary lymphoid structures (PP and LN), we ob-
served that ILFs do not require gestational LTBR-dependent
events during gestation for their formation, and in contrast to sec-
ondary lymphoid structure formation, we observed that ILFs can
be formed de novo in adult animals. The cellular source of LT for
ILF and secondary lymphoid structure formation aso differs; LT
sufficient B lymphocytes are required for ILF formation, but are
not necessary for the formation of LN and PP (34) (our unpub-
lished observations). In addition, we found that the formation of
immature | LFs was independent of TNFRI function; however, TN-
FRI function was essential for the development of mature ILFs.
Our findings suggest that the intestinal immune system is not only
complex in the variety of lymphoid structures it contains, but has
an additional capacity to form and expand the mass of some lym-
phoid compartments in response to mucosal challenges.
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