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Abstract
Background—It is well known that enteric bacterial antigens drive the development of chronic
colitis in a variety of different mouse models of the inflammatory bowel diseases (IBD). The
objective of this study was to evaluate the role of gut-associated lymphoid tissue (GALT; Peyer’s
patches, isolated lymphoid follicles), mesenteric lymph nodes (MLNs) and spleen in the
pathogenesis of chronic colitis in mice.

Methods—Surgical as well as genetic approaches were used to generate lymphopenic mice
devoid of one or more of these lymphoid tissues. For the first series of studies, we subjected
recombinase activating gene-1-deficient mice (RAG−/−) to sham surgery (Sham), mesenteric
lymphadenectomy (MLNx), splenectomy (Splx) or both (MLNx/Splx). In a second series of
studies we intercrossed lymphotoxinβ-deficient (LTβ−/−) mice with RAG−/− animals to generate
LTβ−/− × RAG−/− offspring that were anticipated to contain functional MLNs but be devoid of
GALT and most peripheral lymph nodes. Flow purified naïve (CD4+CD45RBhigh) T-cells were
adoptively transferred into the different groups of RAG−/− recipients to induce chronic colitis.

Results—We found that at 3–5 wks following T-cell transfer, all four of the surgically-
manipulated RAG−/− groups (Sham, MLNx, Splx and MLNx/Splx) developed chronic colitis that
was similar in onset and severity. Flow cytometric analysis revealed no differences among the
different groups with respect to surface expression of different gut-homing markers nor were there
any differences noted in IFN-γ and IL-17 generation by mononuclear cells isolated among these
surgically-manipulated mice. Although we anticipated that LTβ−/− × RAG−/− mice would contain
functional MLNs but be devoid of GALT and peripheral lymph nodes (PLNs), we found that
LTβ−/− × RAG−/− mice were in fact devoid of MLNs as well as GALT and PLNs. Adoptive
transfer of CD45RBhigh T-cells into LTβ−/− × RAG−/− mice or their littermate controls (LTβ+/+ ×
RAG−/−) induced rapid and severe colitis in both groups.

Copyright © 2010 Crohn’s & Colitis Foundation of America, Inc.
Reprints: Matthew B. Grisham, PhD, Immunology and Inflammation Research Group, Department of Molecular and Cellular
Physiology, LSU Health Sciences Center, 1501 Kings Highway, Shreveport, LA 71130 (mgrish@lsuhsc.edu).
The first two authors contributed equally to this work.

NIH Public Access
Author Manuscript
Inflamm Bowel Dis. Author manuscript; available in PMC 2011 April 8.

Published in final edited form as:
Inflamm Bowel Dis. 2011 January ; 17(1): 268–278. doi:10.1002/ibd.21447.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Conclusions—Taken together, our data demonstrate that: a) neither the GALT, MLNs nor
PLNs are required for induction of chronic gut inflammation in this model of IBD and b) T-and/or
B-cells may be required for the development of MLNs in LTβ−/− mice.

Keywords
inflammatory bowel disease; Crohn’s disease; gut-associated lymphoid tissue; T-cells; mesenteric
lymph nodes (MLNs); lymphotoxin-beta

The intestinal tract is colonized by more than 100 trillion (1014) microorganisms, with the
vast majority residing within the colonic lumen.1,2 The gut-associated lymphoid tissue
(GALT; Peyer’s patches [PPs], isolated lymphoid follicles) as well as the gut-draining
mesenteric lymph nodes (MLNs) play important roles in mounting mucosal immune
responses to invading pathogenic and/or commensal microorganisms while minimizing the
tissue inflammation and systemic immune activation that may arise from these protective
responses.3–11 Studies from several different laboratories suggest that commensal bacterial
antigens continuously gain access to the intestinal interstitium where they are endocytosed
by intestinal dendritic cells (DCs) and then transported from the lamina propria and PPs to
the draining MLNs.6–8,12 Using carefully regulated, low-level cellular immune responses to
these nonpathogenic bacteria, the MLNs provide for both anatomical and functional
compartmentalization of the adaptive immune responses, thereby generating a “firewall” to
the systemic dissemination of these microorganisms.6,7 The mechanisms by which the
cellular elements of the GALT and MLNs mediate these distinct and seemingly opposing
functions are only now beginning to be revealed. Although there is good evidence
demonstrating that MLNs play a critical role mounting and regulating mucosal immune
responses to enteric bacteria, the evidence demonstrating a role for PPs as a major inductive
site for adaptive immune responses is somewhat vague and ill-defined.6–8,13 Recent work by
Worbs et al13 demonstrate that the MLNs (but not PPs) are required for the induction of
systemic tolerance to orally administered luminal antigens. Those investigators convincingly
showed that ovalbumin-loaded DCs are transported from the gut interstitium and PPs to the
MLNs by the afferent lymphatics, where tolerance to these luminal antigens is induced.
There is an accumulating literature suggesting that a break in tolerance to enteric antigens
may be responsible for the induction of the chronic intestinal inflammation observed in
patients who suffer from the inflammatory bowel diseases (IBDs; Crohn’s disease;
ulcerative colitis).14–17 Indeed, the role of commensal bacteria in the pathogenesis of
experimental IBD has been well characterized in number of different animal models of
chronic gut inflammation.14,16,18 Although the etiology of these chronic inflammatory
disorders has not been definitively elucidated, there is accumulating evidence to suggest that
chronic gut inflammation arises from a complex interaction among genetic, immune, and
environmental factors.16,18,19 A growing body of experimental and clinical data suggest that
chronic gut inflammation arises from a dysregulated immune response to enteric bacterial
antigens.

An immunologically important yet undefined aspect of disease pathogenesis in animal
models of IBD is the anatomic location(s) where naïve T cells encounter enteric antigens to
yield colitogenic effector cells. It has been assumed that naïve T cells migrate to the GALT/
MLNs, where they are primed and polarized to yield T helper 1 (Th1) and/or Th17 effector
cells. These colitogenic effector cells then exit the GALT and/or MLNs by way of the
efferent lymphatic vessels, enter into the systemic circulation, and home to the gut where
they initiate intestinal inflammation.15–18,20 In reality, there have been few studies that have
assessed the role of the GALT and/or MLNs in the induction of chronic gut inflammation.
Spahn et al21 demonstrated that dextran sulfate sodium (DSS)-induced colitis is more severe
in mice devoid of MLNs, suggesting an overall suppressive function of these gut-draining

Takebayashi et al. Page 2

Inflamm Bowel Dis. Author manuscript; available in PMC 2011 April 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



lymph nodes, whereas Dohi et al22 showed an exacerbated inflammatory infiltrate and Th1
response in PP- and colonic patch-deficient mice exposed to intrarectal trinitrobenzene
sulfonic acid (TNBS) dissolved in ethanol. In contrast to these studies, work by Makita et
al23 suggests that neither the GALT, MLNs, spleen, nor peripheral lymph nodes were
required for the induction (or suppression) of chronic colitis in mice. These investigators
intercrossed lymphotoxin-α deficient (LTα−/−) mice with recombinase activating gene-2
deficient (RAG-2−/−) animals to generate LTα−/− × RAG−/− double-deficient progeny that
are devoid of all organized lymphoid tissue.23 They found that adoptive transfer of naive or
antigen-experienced (activated/memory) CD4+ T cells obtained from the lamina propria of
mice with active colitis to LTα−/− × RAG-2−/− recipients induced colonic inflammation;
however, the onset and severity of disease was delayed when compared to the disease
induced by T-cell transfer to littermate controls (i.e., LTα+/+ × RAG-2−/− recipients).
Although compelling, unanswered questions remain. For example, it is unclear how a global
defect in LTα during development of lymphopenic RAG−/− mice affects lymphotoxin
receptor-β expression and subsequent lymphotoxin signaling events associated with T-cell
trafficking, priming, and polarization following adoptive transfer of naïve T-cells.
Therefore, the objectives of this study were to evaluate, using both surgical as well as
genetic approaches, the role of gut-associated and secondary lymphoid tissue in the
conversion of naïve T-cells to colitogenic Th1/Th17 effector cells and their induction of
chronic colitis. We present data demonstrating that neither the spleen, GALT, MLNs nor
peripheral lymph nodes (PLNs) are required for the induction of chronic gut inflammation.

MATERIALS AND METHODS
Animals

Healthy wildtype (WT; C57BL/6) and recombinase activating gene-1 deficient (RAG−/−)
mice were purchased from the Jackson Laboratories (Bar Harbor, ME), whereas
lymphotoxin-β-deficient (LTβ−/−; C57Bl/6) mice were obtained from Dr. Nancy Ruddle
(Yale University).24 LTβ−/− mice were intercrossed with RAG−/− animals to generate
LTβ−/− × RAG−/− double-deficient offspring that were anticipated to possess functional
MLNs but be devoid of GALT (isolated lymphoid follicles, PPs) and most secondary
lymphoid tissue.4,9,10,21,24,25 Animals were maintained on 12/12-hour light/dark cycles in
standard animal cages with filter tops under specific pathogen-free conditions in our animal
care facility at Louisiana State University (LSU) Health Sciences Centers and given
standard laboratory rodent chow and water ad libitum. All experimental procedures
involving the use of animals were reviewed and approved by the Institutional Animal Care
and Use Committee of LSU Health Sciences Center and performed according to the criteria
outlined by the National Institutes of Health.

Surgery
For some experiments, the MLNs and/or spleen were surgically removed from RAG−/−

mice by performing a mesenteric lymphadenectomy (MLNx) and/or splenectomy (Splx)
using previously published protocols.13,23 Briefly, 6–8-week-old mice were anesthetized
using isoflurane during surgery. A ventral incision was made on the abdomen and the
intestinal loops were gently reflected to the right to expose the mesentery. A dissecting
microscope was used to visualize the lymphatic vessels emerging from the rudimentary
MLNs. The MLNs were excised by blunt dissection and incisions were closed with sutures.
For splenectomy, a lateral incision was performed on the left abdomen. The spleen was
removed after blood vessel ligation and incisions were closed with sutures. Sham-operated
mice (Sham) were treated identically; however, neither the MLNs nor the spleen were
removed. Following surgery mice were allowed to recover for 2 weeks. Confirmation that
the MLNs and/or spleen had been removed was determined by stereomicroscopy at 8 weeks

Takebayashi et al. Page 3

Inflamm Bowel Dis. Author manuscript; available in PMC 2011 April 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



following T-cell transfer or when the animals lost >15% of their original body weight and
were euthanized.

Antibodies
The following antibodies were purchased either from BD Pharmingen (San Diego, CA) or
eBioscience (San Diego, CA) for cell isolation and flow cytometric analysis: CD45RB-
FITC, CD4-APC, CD103-FITC, CD29-PE, lymphocyte Peyer’s patch adhesion molecule-1
(LPAM-1)-biotin + streptavidin-phycoerythrin (SA-PE)-Texas Red, CD25-FITC, CD49d-
PE, CD4-PE-Cy5, IFN-γ-FITC, IL-17A-PE, and CD4-PerCP.

T-cell Transfer Model of Chronic Colitis
Chronic colitis was induced via adoptive transfer of naïve CD4+CD45RBhigh T cells derived
from WT donors using our previously published method.26,27 Briefly, spleens were removed
from donor WT mice and teased into single cell suspensions in phosphate-buffered saline
(PBS) with 4% fetal bovine serum (FBS; FACS buffer) using the frosted sides of glass
microslides. CD4+ T cells were enriched by negative selection using Dynal Mouse CD4
Negative Isolation Kit (Invitrogen, Carlsbad, CA) according to the manufacturer’s
instructions. Enriched CD4+ T cells were labeled with anti-CD4 and anti-CD45RB
antibodies and sorted into CD4+CD45RBhigh and CD4+CD45RBlow fractions by two-color
sorting on a FACS Aria (Becton-Dickinson, San Jose, CA). The CD45RBhigh and
CD45RBlow populations were defined as the 40% of cells exhibiting the brightest CD45RB
staining and the 15% of cells with the dimmest CD45RB expression, respectively, and were
found to be >98% pure on post-sort analysis. RAG−/− mice were intraperitoneally injected
with 0.5 × 106 cells of either CD4+CD45RBhigh or CD4+CD45RBlow (as a healthy control
group) T cells suspended in 500 µL PBS. Clinical evidence of disease (e.g., losing body
weight and loose stool/diarrhea) was monitored and recorded weekly from the time of the
injection.

Macroscopic and Histological Evaluation of Chronic Colitis
At 8 weeks following T-cell reconstitution or when animals lost >15% of their original body
weight, RAG−/− mice were euthanized and the colons were removed, cleaned of fecal
material, and scored for macroscopic evidence of inflammation using our previously
published scoring criteria.26,27 Briefly, normal colonic morphology was assessed a score of
0; mild bowel wall thickening in the absence of visible hyperemia was assigned a score of 1;
moderate bowel wall thickening and hyperemia was given a score of 2; severe bowel wall
thickening with rigidity and marked hyperemia was assigned a score of 3; and severe bowel
wall thickening with rigidity, hyperemia, and colonic adhesions was given a score of 4.
Colonic length and weight were also measured to calculate weight-to-length ratios, which
provide a quantitative index of inflammation.27 In addition to macroscopic inflammation,
representative sections of distal colon were placed in 10% PBS-formalin, fixed overnight at
4°C, embedded in paraffin, sectioned, and stained with hematoxylin and eosin (H&E).
Blinded histopathological evaluation of the colons was performed by a pathologist unaware
of the treatment groups using our published scoring criteria.27

Lymphocyte Isolation and Analysis
Lymphocytes were obtained from the spleen and/or MLNs (when present) as well as the
colonic lamina propria and analyzed by flow cytometry as previously described.26–28

Briefly, spleens were removed from RAG−/− mice reconstituted with either
CD4+CD45RBhigh T cells or CD4+CD45RBlow T cells and teased into a single cell
suspension using the frosted ends of two glass slides in 4% FACS buffer on ice. Colonic
lamina propria mononuclear cells (LPMCs) were prepared by the digestion of the finely
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minced intestinal pieces remaining after intestinal intraepithelial lymphocyte (IEL) isolation
in RPMI-1640, 4% FBS, and collagenase type VIII (200 U/mL, Sigma, St. Louis, MO) for
40 minutes at 250 rpm in a 37°C shaker. Cells from the spleen and cLP were further
enriched by centrifugation over a 44%/70% Percoll gradient. The cell pellet was washed and
resuspended in FACS buffer and viable cells were counted using a solution of 0.4% Trypan
blue in 1× PBS. For surface antigen staining, 1 × 106 cells were placed in individual wells of
a 96-well plate, incubated first with Fc receptor (FcR) block (CD16/CD32), and then stained
with the appropriate antibody cocktails. After staining, cells were fixed for 20 minutes on
ice in freshly prepared 2% ultrapure formaldehyde (Polysciences, Warrington, PA) and
surface expression levels of CD103, CD29, LPAM-1, CD25, and CD49d on CD4+ T cells
were analyzed the next day on the FACS-Calibur or LSRII (BD Biosciences). Absolute
numbers of CD4+ T cells in the spleen and colonic lamina propia of reconstituted animals
were calculated by multiplying the total number of viable cells isolated from each tissue by
the percentage of total cells positive for CD4 as determined by flow cytometric analysis.
Flow cytometry data were analyzed using FlowJo software (Tree Star, Ashland, OR).

Intracellular and Extracellular cytokine analyses
Colonic lamina propria mononuclear cells were prepared as described above and 1.5 × 105

cells were cultured for 16 hours in 200 µL of complete RPMI-1640 medium at 37°C and 5%
CO2 in anti-CD3ε monoclonal antibody (mAb) (BD Pharmingen)-coated 96-well flat-
bottom plates containing soluble anti-CD28 mAb (eBioscience, 1 µg/mL final
concentration). BD GolgiStop (BD Pharmingen) was added for the last 6 hours. Cells were
harvested, stained with anti-CD4, permeabilized using the BD cytofix/cytoperm kit (BD
Pharmingen), stained with IFN-γ and IL-17A mAb, and analyzed for intracellular cytokine
production by flow cytometry as previously described.27 To determine extracellular
cytokine production, colonic LPMCs (1.0 × 105 cells) were cultured for 16 hours in 200 µL
of complete RPMI-1640 medium at 37°C and 5% CO2 in an anti-CD3ε mAb-coated 96-well
flat-bottom plate with 1 µg/mL soluble anti-CD28 mAb. The supernatants were collected
and stored at −80°C until analyzed. IFN-γ and IL-17A levels in the supernatants were
determined by sandwich enzyme-linked immunosorbent assay (ELISA) using the
commercial kits Mouse IFN-γ or IL-17A ELISA (eBioscience) as described by the
manufacturer.

Statistics
Data are presented as means ± standard error of the mean (SEM). Statistical analyses were
performed using one-way analysis of variance (ANOVA) followed by Dunnett’s post-hoc
test. A probability value (P value) of P < 0.05 was considered significant.

RESULTS
Induction of Chronic Colitis in the Presence or Absence of MLNs and/or Spleen

As a first step toward defining the roles of MLNs and/or spleen in enteric antigen-induced
conversion of naïve T-cells to yield colitogenic effector cells, RAG−/− mice were subjected
to sham, MLNx, and/or Splx surgeries prior to adoptive transfer of naïve CD4+CD45RBhigh

T cells. For comparison, a group of sham-operated RAG−/− mice were reconstituted with
CD4+CD45RBlow T cells. Beginning at 3–5 weeks following T-cell transfer, mice in the
different groups reconstituted with CD4+CD45RBhigh T-cells began to lose body weight and
developed visible signs of disease including hunched-over appearance, loose stools, and
piloerection (Fig. 1). In contrast, RAG−/− mice that received CD4+CD45RBlow T cells
appeared healthy and never lost weight throughout the 8-week observation period (Fig. 1).
Macroscopic evidence of colonic inflammation (hyperemia, bowel wall thickening, and
adhesions) at 8 weeks following T-cell transfer (or when mice lost >15% of their original

Takebayashi et al. Page 5

Inflamm Bowel Dis. Author manuscript; available in PMC 2011 April 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



body weight) was significantly increased in all four of the CD4+CD45RBhigh→RAG−/−

groups compared to the healthy CD4+CD45RBlow→RAG−/− group (Fig. 2A). No
statistically significant differences were noted among the different
CD4+CD45RBhigh→RAG−/− groups. In addition to macroscopic colon scores, we also
quantified the colon weight-to-length (W/L) ratio for each animal, as our previous studies
have demonstrated this to be a quantitative index of colonic inflammation that correlates
well with blinded histopathological analysis.27 We observed significant increases in the W/L
ratios in the four CD4+CD45RBhigh→RAG−/− groups when compared to the
CD4+CD45RBlow→RAG−/− controls; however, no statistical differences were identified
among the four CD4+CD45RBhigh→RAG−/− groups (Fig. 2B). Blinded histopathological
evaluation of the colons revealed that virtually all of the animals in the four
CD4+CD45RBhigh→RAG−/− groups developed moderate-to-severe disease characterized by
extensive transmural infiltration of polymorphonuclear leukocytes (PMNs), mononuclear
leukocytes (monocytes, lymphocytes), bowel wall thickening, goblet cell loss, abnormal
crypt architecture, and crypt abscesses when compared to their healthy
CD4+CD45RBlow→RAG−/− controls (Fig. 3). Histopathology scores were found to be
significantly increased in the Sham, Splx, and MLNx + Splx groups when compared to the
CD4+CD45RBlow→RAG−/−group. Although the histopathology score for the MLNx group
was 5-fold greater than that of the CD4+CD45RBlow→RAG−/−, this value did not achieve
statistical significance. Nevertheless, no significant differences were observed among these
four groups, suggesting that neither the onset nor the severity of chronic colitis is dependent
on the presence of the MLNs and/or the spleen.

Colonic T-cell Accumulation and Integrin Expression in the Presence or Absence of MLNs
and/or Spleen

Having established that neither the MLNs nor the spleen are required for induction of
chronic colitis, we wished to determine how the absence of MLNs and/or the spleen affected
T-cell accumulation and induction of gut-homing marker expression on T cells obtained
from the colonic lamina propria of the different mice. We found that the numbers of CD4+ T
cells within the colonic lamina propria of all four CD4+CD45RBhigh→RAG−/− groups were
significantly greater when compared to their CD4+ CD45RBlow→RAG−/− controls (Fig. 4).
Although we noted a trend for fewer T cells in the Splnx group, this difference was not
statistically different from the other three groups that received CD4+CD45RBhigh T cells.
We next examined how the absence of MLNs and/or spleen affected the surface expression
of CD49d (α4 integrin), CD29 (β1 integrin), LPAM-1 (α4β7 integrin), CD103 (αE integrin),
and CD25 on CD4+ T cells obtained from colonic lamina propria of reconstituted RAG−/−

mice. We observed that CD49d expression decreased from ≈43% in the
CD4+CD45RBlow→RAG−/− to ≈17, 18, 27, and 26% in the sham, MLNx, Splx, and MLNx
+Splx groups, respectively (Fig. 5). This same trend was also observed for CD49d
expression when expressed as median fluorescence intensity (MFI; Fig. 6). A similar trend
was observed for CD103 expression in that the MFI was decreased by 30–40% in the four
CD4+CD45RBhigh→RAG−/− groups when compared to the CD4+CD45RBlow→RAG−/−

controls (Fig. 6). A large decrease (>80%) in CD25 surface expression was observed in all
four of the CD4+CD45RBhigh→RAG−/− groups when compared to the healthy
CD4+CD45Rlow→RAG−/− controls (Figs. 5, 6). Conversely, although the expression of the
gut-homing integrin α4β7 (LPAM-1) was relatively low compared to freshly isolated WT T
cells (data not shown), it was increased significantly in the four
CD4+CD45RBhigh→RAG−/− groups when compared to the noncolitic
CD4+CD45RBlow→RAG−/− group (Figs. 5, 6). Finally, we observed little or no alteration in
CD29 expression among the five different groups (Figs. 5, 6).
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T-cell Polarization and Cytokine Production in the Presence or Absence of MLNs and/or
Spleen

Because MLNs and/or spleen is/are thought to be important for enteric antigen-dependent
priming and polarization of naïve T cells to yield disease-producing effector cells, we
investigated how the absence of MLNs and/or the spleen affected this process. To do this we
stimulated LPMCs obtained from the colonic lamina propria of reconstituted RAG−/− mice
with plate-bound CD3ε and soluble CD28 mAbs ex vivo, and quantified the intracellular
production of IFN-γ and IL-17A in CD4+ T cells using flow cytometry. We observed that
the percent of CD4+ T cells expressing IFN-γ increased from 16% in the
CD4+CD45RBlow→RAG−/− animals to ≈35, 42, 40, and 31% in the sham, MLNx, Splx,
and MLNx+Splx groups, respectively (Fig. 7). In addition, we found that the percent of
CD4+ T-cells expressing IL-17A ranged from 15% in T cells isolated from
CD4+CD45RBlow→RAG−/− mice to ≈8, 15, 7, and 8% in the sham, MLNx, Splx, and
MLNx+Splx groups, respectively (Fig. 7). Finally, we observed that the percent of T cells
producing both IFN-γ and IL-17A increased from 2% in the CD4+CD45RBlow→RAG−/−

animals to ≈5, 10, 4, and 5% in the sham, MLNx, Splx, and MLNx+Splx mice, respectively
(Fig. 7). In addition to intracellular cytokine production, we also quantified extracellular
release of the two cytokines following ex vivo activation of LPMCs obtained from the
colons of the different mice. We found that the production of IFN-γ increased from very low
levels in LPMCs obtained from CD4+CD45RBlow→RAG−/− mice (57 pg/105 cells) to
levels ranging from 4220 to >5500 pg/105 cells for the sham, MLNx, Splx, and MLNx+Splx
CD4+CD45RBhigh→RAG−/− animals (Fig. 8). Although the percentage of CD4+ expressing
IL-17A was not increased in colitic mice, the secreted levels of this cytokine were
significantly increased from 133 pg/105 cells for cells obtained from
CD4+CD45RBlow→RAG−/− to >1100 pg/105 cells for cells taken from all four CD4+

CD45RBhigh→RAG−/− groups (Fig. 8). No significant differences were observed in the
levels of the cytokines among these four groups (Fig. 8).

Induction of Chronic Colitis in RAG−/− Mice Lacking GALT, MLNs, and Peripheral Lymph
Nodes

Data obtained from the studies presented above suggested that surgical removal of both the
MLNs and spleen had little effect on enteric antigen-dependent priming and polarization of
naïve T-cells to yield colitogenic effector (Th1/Th17) cells. Indeed, adoptive transfer of
naïve T-cells into MLNx and/or Splx RAG−/− recipients induced chronic colitis with an
onset and severity very similar to sham-operated controls. It could be argued that other
lymphoid tissues such as the GALT and/or PLNs could substitute for the MLNs and spleen
in promoting the conversion of naïve T cells to disease-producing effector cells. Therefore,
we next determined whether adoptive transfer of naïve T cells into LTβ−/− × RAG−/−

recipients developed disease, as these mice would be predicted to possess functional MLNs
but lack PPs, isolated lymphoid follicles (ILFs) and most PLNs.4,9,10,21,24,25 Surprisingly,
and in contrast to what has been described for LTβ−/− mice, LTβ−/− × RAG−/− lacked
GALT (ILFs, PPs), PLNs, and MLNs (Fig. 9A). Furthermore, we found that adoptive
transfer of naïve T-cells into LTβ−/− × RAG−/− mice induced moderate to severe colitis that
began to develop within 2–3 weeks following T-cell transfer (Fig. 9B). This accelerated
disease was also observed in their littermate LTβ+/+ × RAG−/− controls as well. The reason
for this accelerated disease does not appear to be classical graft versus host disease since we
transferred syngeneic WT T-cells into LTβ−/− × RAG−/− and LTβ+/+ × RAG−/− recipients.

DISCUSSION
The literature contains numerous studies demonstrating that the GALT and/or MLNs are the
major inductive sites where naïve T-cells encounter enteric bacterial antigens such that the
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appropriate immune response may be initiated. Thus, it has been assumed that the GALT
and/or MLNs play critical roles in enteric antigen-induced chronic gut inflammation.20,29

Previous studies have suggested that MLNs may function to limit or suppress the induction
of the erosive, self-limiting colitis induced by toxic chemicals,21 whereas another study
suggested that neither the GALT, MLNs, nor the peripheral lymph nodes are required for the
induction of chronic colitis in RAG−/− mice reconstituted with naive or antigen-experienced
(activated) CD4+ T cells.23 In the latter study, investigators used a model very similar to our
own.23 Although a provacative study, Makita et al23 did not assess how a systemic defect in
LTα expression during the development of the lymphopenic RAG−/− mice might affect LT
receptor-β expression and LT signaling events associated with T-cell trafficking, priming,
and polarization following adoptive transfer of T cells, especially if the MLN environment is
important for regulating immune responses to commensal bacterial antigens. Therefore, we
surgically removed the MLNs and/or spleen in healthy RAG−/− to evaluate the roles of these
gut-draining and peripheral lymphoid tissues in the pathogenesis of T-cell-induced colitis.
Although our initial focus was the MLNs, we also wished to determine how the absence of
the spleen might affect the onset and severity of chronic gut inflammation in this mouse
model of IBD. It is quite possible that commensal enteric antigens may gain access to the
systemic circulation where splenic DCs would endocytose, process and present these gut-
derived antigens to naïve T cells, thereby promoting their conversion to colitogenic effector
cells within the spleen.8 Indeed, Eksteen et al30 have recently demonstrated that splenic DCs
can enhance expression of gut-homing surface proteins CCR9 and α4β7 on T-cells. Data
obtained in the current study clearly demonstrate that neither the MLNs nor the spleen are
required for induction of chronic gut inflammation. In addition, we show that the absence of
MLNs and/or spleen did not affect expression of the different T-cell-associated integrins nor
did their absence alter cytokine production of T-cells obtained from the colonic lamina
propria of colitic mice. Of note however, was the significant decrease in CD25 expression
on T-cells obtained from the four CD45RBhigh→RAG−/− groups compared to their healthy
CD45RBlow→RAG−/− counter-parts (Figs. 5, 6). The reasons for the decreased expression
of the IL-2 receptor are not clear at the present time but may be related to the fact that the
large majority of transferred CD45RBlow T-cells express CD25 whereas CD45RBhigh T-
cells do not. Another interesting observation noted in the current study was that both
intracellular as well as secreted levels of IFN-γ from LPMCs obtained from the colons of all
four CD45RBhigh→RAG−/− groups were ≈3-fold greater than for IL-17A (Figs. 7, 8),
suggesting a skewing toward a more Th1-like inflammation in this model. Taken together,
these data suggest that neither the MLNs nor spleen are required for the conversion of naïve
T cells to their disease-producing phenotype. These data are somewhat surprising given the
large body of work demonstrating that enteric antigen-loaded DCs migrate from the
intestinal lamina propria and PPs to the MLNs by way of the afferent lymphatics in order to
induce immune responses to commensal bacteria.5–8,12,13,31,32 However, it could be argued
that other gut-associated or secondary lymphoid tissues may substitute as inductive sites for
naïve T-cell priming and polarization. Therefore, we generated RAG−/− mice that we
assumed would possess functional MLNs but lack PPs, ILFs, and most PLNs.4,9,10,21,24,25

Surprisingly, and in contrast to what has been described for LTβ−/− mice, LTβ−/− × RAG−/−

lacked GALT (ILFs, PPs), PLNs, and MLNs (Fig. 9A). The mechanisms responsible for this
novel finding are not clear; however, it may be that T- and/or B-cells are required for MLN
development in the absence of LTβ. Indeed, one report demonstrated that deletion of the T-
cell-associated LTβ receptor ligand (LIGHT) in LTβ−/− mice resulted in a dramatic decrease
in the size and numbers of MLNs.33 Nevertheless, we found that adoptive transfer of naïve
T cells into LTβ−/− × RAG−/− induced rapid and severe colitis that was virtually identical to
the colitis induced in their littermate RAG−/− controls (i.e., LTβ+/+ × RAG−/−). Unlike
Makita et al, we did not observe a delay in onset in the LTβ−/− × RAG−/− mice compared to
their RAG−/− littermates, but rather, observed an acceleration of disease in both groups of
mice. The reasons for the accelerated disease in both groups of mice are not clear at the
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present time but do not appear to be some form of graft versus host disease (GvHD)
because: 1) recipients were reconstituted with syngeneic C57Bl/6 T-cells, and 2) the mice
never exhibited the classic signs of GvHD such as loss of body hair, facial swelling, and
dermatitis. It may be that intercrossing these two mutant mice produced offspring with
enhanced expression of one or more sensitivity factors or generated progeny with reduced
expression of certain protective genes. Studies to identify the mechanisms responsible for
this accelerated disease are currently under way. Taken together, these data demonstrate that
neither the GALT, MLNs nor PLNs are required for the induction of chronic colitis induced
by adoptive transfer of naïve T-cells into lymphopenic recipients. The anatomic locations
where naïve T-cells are converted to colitogenic effector cells by enteric antigens remain to
be defined.
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FIGURE 1.
Body weights of recombinase activating gene-1-deficient (RAG−/−) mice reconstituted with
naïve T-cells. C57BL/6 RAG−/− mice underwent sham surgery (Sham), mesenteric
lymphadenectomy (MLNx), splenectomy (Splnx), or both (MLNx/Splx), allowed to recover
for 2 weeks, and then reconstituted with 5 × 105 CD4+CD45RBhigh (naïve) T-cells derived
from wildtype C57BL/6 donors. For comparison, 5 × 105 CD4+CD45RBlow T cells were
transferred to sham-operated RAG−/− mice. Animal body weights were recorded weekly and
are shown as percentages of their original weights. Data represent means ± SEM for n = 6–8
mice in each group. Comparisons between groups were determined by one-way ANOVA.
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FIGURE 2.
Development of chronic colitis at 8 weeks following T-cell transfer. (A) Macroscopic colon
scores. Colon scores were obtained using our previously published criteria as described in
Materials and Methods. (B) Colon weight-to-length ratios. Data represent means ± SEM for
n = 6–8 mice in each group. Comparisons between means were determined by one-way
ANOVA followed by Dunnett’s post-hoc test; *P < 0.05 versus RBlow group.
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FIGURE 3.
Histopathology at 8 weeks following T-cell transfer. (A) Representative histopathology. (B)
Blinded histopathological scores of colons were assigned by a pathologist unaware of the
treatment groups using our previously published scoring criteria.27 Data represent means ±
SEM for n = 6–8 mice in each group. Comparisons between groups were determined by
one-way ANOVA followed by Dunnett’s post-hoc test; *P < 0.05 versus RBlow group.
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FIGURE 4.
CD4+ T-cell numbers in the colonic lamina propria of RAG−/− mice reconstituted with
naïve T-cells. CD4+-cell numbers were obtained by multiplying the total number of viable
cells isolated from the colonic lamina propria by the percentage of total cells positive for
CD4 as determined by flow cytometry. Data represent means ± SEM for n = 3–4 mice in
each group. Comparisons between groups were determined by one-way ANOVA.
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FIGURE 5.
Expression of different surface markers on CD4+ T cells isolated from the colonic lamina
propria of RAG−/− mice reconstituted with naïve T-cells. Surface expression of CD49d (α4
integrin), CD29 (β1 integrin), LPAM-1 (α4β7 integrin), CD103 (αE integrin), and CD25 on
CD4+ T cells were analyzed using flow cytometry. Solid lines represent staining with mAb
specific for the indicated molecules, whereas the broken line represents the isotype control
staining. Numbers represent the percentage of positive cells for each surface molecule
among CD4+ T cells. Data shown are representative of at least two separate experiments
with 2–4 mice/group.
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FIGURE 6.
Median fluorescence intensity (MFI) of different surface molecules on CD4+ T cells
obtained from the colonic lamina propria of RAG−/− mice reconstituted with naïve T-cells.
The MFIs of (A) CD49d (α4 integrin), (B) CD29 (β1 integrin), (C) LPAM-1 (α4β7 integrin),
(D) CD103 (αE integrin), and (E) CD25 expression on CD4+ T cells were obtained using
FlowJo software. Data represent means ± SEM. Comparisons between groups were
determined by one-way ANOVA.
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FIGURE 7.
Intracellular expression of IFN-γ and IL-17A by CD4+ T cells obtained from the colonic
lamina propria of RAG−/− mice reconstituted with naïve T-cells. Intracellular IFN-γ and
IL-17A levels were determined using flow cytometry following ex vivo stimulation of
LPMCs with CD3ε and CD28 mAbs for 16 hours. Numbers represent the percentages of
CD4+ T cells expressing the different cytokines. Data shown are representative from at least
two separate experiments with 2–4 mice/group.
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FIGURE 8.
Secreted cytokine levels by colonic LPMCs obtained from colitic mice. LPMCs were
stimulated ex vivo with CD3ε and CD28 mAbs for 16 hours. (A) IFN-γ and (B) IL-17A
levels in the supernatants were quantified by sandwich ELISA. Data represent means ± SEM
for n = 3 mice in each group. Comparisons between groups were determined by one-way
ANOVA followed by Dunnett’s post-hoc test; *P < 0.05 versus RBlow group.
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FIGURE 9.
(A) LTβ−/− × RAG−/− double-deficient mice are devoid of PPs, MLNs, and most peripheral
lymphoid tissue. LTβ−/− × RAG−/− double-deficient mice were generated by interbreeding
RAG−/− mice with LTβ−/− animals (both on the C57Bl/6 background) to generate LTβ−/− ×
RAG−/− or their LTβ +/+ × RAG−/− littermate controls. Mice were injected (ip) with 5 × 105

CD45RBhigh T cells (RBhigh) to induce colitis. Inspection of mice at 2–3 weeks post-T-cell
transfer revealed that LTβ−/− × RAG−/− mice were devoid of PPs and MLNs (right panels)
as well as lymphoid follicles and most peripheral lymph nodes (not shown), whereas their
littermate controls contained developing/residual PPs (red circles) and MLNs similar to
RAG−/− (black circle). (B) Adoptive transfer of naive T cells into LTβ−/− × RAG−/− or
LTβ+/+ × RAG−/− induces chronic colitis. At 2–3 weeks following T-cell transfer, mice
were euthanized and their colons scored in a blinded fashion using our published scoring
criteria27; n = 3 mice for each group.
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