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Citrobacter rodentium, an attaching-effacing bacterial pathogen, establishes an acute infection of the murine
colonic epithelium and induces a mild colitis in immunocompetent mice. This study describes the role of T-cell
subsets and B lymphocytes in immunity to C. rodentium. C57Bl/6 mice orally infected with C. rodentium resolved
infection within 3 to 4 weeks. Conversely, systemic and colonic tissues of RAG1~'~ mice orally infected with C.
rodentium contained high and sustained pathogen loads, and in the colon this resulted in a severe colitis.
C57B1/6 mice depleted of CD4™ T cells, but not CD8™ T cells, were highly susceptible to infection and also
developed severe colitis. Mice depleted of CD4™* T cells also had diminished immunoglobulin G (IgG) and IgA
antibody responses to two C. rodentium virulence-associated determinants, i.e., EspA and intimin, despite
having a massively increased pathogen burden. Mice with an intact T-cell compartment, but lacking B cells
(MT mice), were highly susceptible to C. rodentium infection. Systemic immunity, but not mucosal immunity,
could be restored by adoptive transfer of convalescent immune sera to infected nMT mice. Adoptive transfer
of immune B cells, but not naive B cells, provided highly variable immunity to recipient nMT mice. The results
suggest that B-cell-mediated immune responses are central to resolution of a C. rodentium infection but that
the mechanism through which this occurs requires further investigation. These data are relevant to under-

standing immunity to enteric attaching and effacing bacterial pathogens of humans.

Many enteric bacterial pathogens (e.g., Listeria monocyto-
genes, Salmonella enterica serovar Typhi, and Shigella flexneri)
establish infection of systemic and mucosal tissues by actively
invading the host through the gastrointestinal epithelia. In
doing so, they are subjected to a barrage of relatively well-
characterized innate and acquired host-immune effectors (9,
10, 23). Other enteric pathogens, like the diarrheal agents
enterotoxigenic Escherichia coli (ETEC), enteropathogenic E.
coli (EPEC), and enterohemorrhagic E. coli (EHEC), colonize
the lumenal side of the gastrointestinal epithelium. To combat
bacterial colonization at this site, the host presumably requires
a different set of immune defense mechanisms in order to
achieve pathogen eradication. The immunological events asso-
ciated with eradication of pathogens that employ attaching and
effacing (A/E) lesion formation have been partly addressed (8,
13, 14, 28, 31, 32), yet much more remains to be learned,
particularly on the role of B- and T-cell interactions and their
role in immunity.

Human-specific EPEC and EHEC strains are members of a
family of noninvasive enteric bacterial pathogens that share
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conserved virulence mechanisms. A characteristic of members
of this family of pathogens is their ability to actively subvert
intestinal epithelial cell function to produce a histopathologi-
cal feature known as the A/E lesion. E. coli capable of forming
AJE lesions have been recovered from diseased cattle (6),
rabbits (15), pigs (1), and dogs and cats (5). In mice, the
natural mouse pathogen Citrobacter rodentium colonizes large-
intestinal enterocytes via A/E lesion formation and causes
acute colitis (3). Two bacterium-expressed, surface-associated
proteins, intimin and EspA, are, among others, essential for
AJE lesion formation (33).

Infection of mice with C. rodentium has been used as a
surrogate model for studying host responses to pathogens de-
pendent upon A/E lesion formation for colonization of the
host (14, 28, 32). Importantly, C. rodentium possesses both
established and putative virulence determinants common to
human-specific strains of EPEC and EHEC, including a large
pathogenicity island (7) and an immunomodulating toxin that
is distinct from Shiga-like toxins (17). Furthermore, the A/E
lesion induced by C. rodentium is ultrastructurally indistin-
guishable from those formed by EHEC and EPEC in animals
and humans (26). In naturally or experimentally infected mice,
C. rodentium infection is associated with colonic crypt hyper-
plasia, goblet cell depletion, and mucosal erosion (2, 16). Many
of these pathological features also occur in other genetic or
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immunologically driven mouse models of colitis. In most of
these models, CD4 " T cells are critical mediators of the patho-
logical changes that occur in the colonic mucosa (29).

The aim of this study was to elucidate the role of T-cell
subsets and B cells in the development of immunity to C.
rodentium and in the colitis that occurs during infection. The
results suggested that CD4™ T cells and B cells are essential for
resolution of a primary C. rodentium infection.

MATERIALS AND METHODS

Mice. Female or male 6- to 8-week-old C57BI/6] mice were purchased from
Harlan Olac (Bichester, United Kingdom) or Bantin & Kingman (Hull, United
Kingdom). uMT mice (backcrossed to C57BI/6 background at least 10 times)
were originally purchased from Jackson Laboratories and were maintained by
homozygous matings under contract at B&K Universal (Hull, United Kingdom).
RAG1~/~ mice were originally purchased from Jackson Laboratories and were
bred under barrier containment facilities by homozygous mating. All mice used
in these studies came from colonies which were specific pathogen free. Sentinel
animals were screened for common murine pathogens every 2 months. All
animals were housed in individually HEPA-filtered cages with sterile bedding
and free access to sterilized food and water. The absence of B cells in u.MT mice
and B and T cells in RAG1™/~ mice was verified by flow cytometry using
fluorochrome-conjugated antibodies to CD3 and B220 (Becton Dickinson, Cow-
ley, United Kingdom). All mice were between 6 and 12 weeks old when first
infected with C. rodentium. All animal procedures were approved under the
United Kingdom Animal (Scientific) Procedures Act.

Bacterial strains and oral infection of mice. The C. rodentium strain DBS100
used in this study was originally supplied by D. Schauer and has been described
previously (27). Bacterial inoculums were prepared by culturing bacteria over-
night at 37°C in 100 ml of L broth containing nalidixic acid (100 pg/ml). Cultures
were harvested by centrifugation and resuspended in a 1/10 volume of phos-
phate-buffered saline (PBS). Mice were orally inoculated, without anesthetic,
using a gavage needle with 200 wl of the bacterial suspension. The viable count
of the inocula was determined by retrospective plating on L agar containing
nalidixic acid (100 pg/ml).

Antibodies and in vivo T-cell depletion. The anti-CD4 and anti-CD8 mono-
clonal antibodies (MAbs) used in T-cell depletion experiments were derived
from the clones GK1.5 and YTS169, respectively. In depletion experiments,
C57B/6 mice were administered 100 pl of ascites fluid (diluted in 500 pl of PBS)
containing either GK1.5 or YTS169 intraperitoneally 3 days prior to oral infec-
tion with between 1 X 10° and 5 X 10° CFU of C. rodentium. Mice were
administered 100 pl of ascites fluid again on days 4, 11s and 18. The efficiency of
depletion in infected mice (n = 3 per time point) was monitored by weekly
flow-cytometric analysis of single-cell suspensions of spleens and mesenteric
lymph nodes (MLNs) using the noncompeting anti-CD4 MAb RM4-4 (Pharm-
ingen, Oxford, United Kingdom) and the anti-CD8 MAb 53-6.7 (Becton Dick-
inson, United Kingdom). At all time points monitored, the efficiency of CD4 or
CD8 depletion was greater than 92%.

Recombinant proteins. EspA was cloned from EPEC strain E2348/69, ex-
pressed as a His-tagged fusion protein in E. coli, and purified by nickel affinity
chromatography as previously described (18). Similarly, the C-terminal 280
amino acids of intimin (Int280B) from a 0114:H2 EPEC strain (expresses B-in-
timin) were purified by nickel affinity chromatography as previously described
(28).

Measurement of pathogen burden. At selected time points postinfection, mice
were killed by cardiac exsanguination under terminal anesthesia or by cervical
dislocation. The terminal 6 cm of colon was removed, and the colon was weighed
after removal of fecal pellets. Spleens, livers, and the remaining colon were
removed and homogenized mechanically using a Seward 80 stomacher (Seward
Medical, London, England). The number of viable bacteria in organ homoge-
nates was determined by viable count on L agar containing naladixic acid.

Analysis of h al immune resp At selected times postimmunization,
0.2 ml of blood was collected from the tail vein. The serum was collected and
stored at —20°C until analyzed. For analysis of antigen-specific antibody re-
sponses, wells of microtiter plates (Maxisorb, Nunc, Denmark) were coated
overnight at 4°C with 100 pl of a bicarbonate solution (pH 9.6) containing
recombinant EspA (1.5 pg/ml) or Int280B (1 pg/m). After washing with PBS-
Tween 20, wells were blocked by addition of 1.5% (wt/vol) bovine serum albumin
(BSA) in PBS for 1 h. Plates were then washed twice with PBS-Tween 20 before
sera from individual mice were added and serially diluted in PBS-Tween 20
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containing 0.2% (wt/vol) BSA and incubated for 2 h at 37°C. For the determi-
nation of immunoglobulin A (IgA) or IgG antibody titers, wells were washed
with PBS-Tween 20 before addition of 100 pl of either an IgG- or IgA-specific
horseradish peroxidase (HRP) conjugate (Dako, Buckinghamshire, United
Kingdom) diluted 1/1,000 in PBS-Tween 20 containing 0.2% (wt/vol) BSA for 2 h
at 37°C. Finally, after washing with PBS-Tween 20, bound antibody was detected
by addition of o-phenylenediamine substrate (Sigma) and the 4,9, was mea-
sured. Titers were determined arbitrarily as the reciprocal of the serum dilution
corresponding to an optical density of 0.3. The minimum detectable titer was 100.

Determination of total and EspA-specific IgA in fecal samples. Fecal pellets
were collected from mice infected with C. rodentium 28 days previously, weighed,
and then added (100 mg/ml) to sterile PBS containing 0.1% sodium azide. The
pellets were homogenized by continuous shaking for 10 min on a vortex. Partic-
ulate debris was removed by centrifugation for 5 min at 15,000 X g, and super-
natants were collected and stored frozen at —70°C. Total IgA levels in fecal
extracts were determined by enzyme-linked immunosorbent assay. Briefly, levels
of total IgA were measured by coating 96-well enzyme-linked immunosorbent
assay plates with 2 ug of goat anti-mouse a-chain-specific antibodies (Sigma,
Poole, United Kingdom)/ml. The plates were then blocked with 1.5% BSA in
PBS for 1 h at 37°C. Dilutions of stool supernatants were added to the wells,
incubated for 2 h at 37°C, and washed, and then a 1/1,000 dilution of an
IgA-specific HRP-conjugated (Dako) antibody was added to each well. Bound
antibody was detected by addition of o-phenylenediamine substrate (Sigma), and
the A,9) was measured. Total IgA in each sample was determined by comparison
with a standard curve generated using mouse myeloma IgA (ICN). Titers of
EspA-specific IgA were determined using the IgA-specific HRP-conjugated
(Dako) antibody as described above. The EspA-specific IgA titers were deter-
mined arbitrarily as the reciprocal of the sample dilution corresponding to an
optical density of 0.3. The EspA-specific IgA titers thus obtained were divided by
the total amount of IgA in the sample to correct for mouse-to-mouse variation
and also for the amount of stool collected.

Histology. In some experiments the terminal 0.5 cm of colon was removed into
10% (vol/vol) buffered formalin for subsequent histological analysis. Transverse,
paraffin-embedded sections were prepared and stained with hematoxylin and
eosin. The biopsies were assessed by a pathologist blinded to the experimental
groups from which the animals came.

Transfer of immune sera. Convalescent-phase sera used in transfer experi-
ments were derived by cardiac exsanguination of mice that had been orally
challenged twice with 10° CFU of C. rodentium 1 month apart. Sera were
collected 14 days after the last challenge infection. Normal mouse sera used in
transfer experiments were obtained by cardiac exsanguination of naive C57Bl/6
mice. To establish infection in wWMT mice, groups of six animals were orally
infected with 10° CFU of C. rodentium. Infected wMT mice received 0.5-ml
intraperitoneal injections of PBS or sera (normal mouse sera or convalescent-
phase sera) on days 10, 14, 17, and 21 postinfection, and the pathogen burden in
spleen, liver, and distal colon was determined on day 24.

Adoptive transfer of B cells. Single-cell suspensions were prepared from
spleen and MLNs harvested from naive C57BI/6 mice and in parallel, from
C57Bl/6 mice that had been infected with C. rodentium 5 weeks previously. A
FACSVantage SE flow cytometer was used to sort CD19" lymphocytes. Purity
and viability was 97 to 98%. Sorted B cells (5 X 10°) from naive or convalescent
mice were then injected intravenously into separate groups of naive wuMT mice,
which were orally infected 24 h later with 10° CFU of C. rodentium. Control uMT
mice received PBS instead of purified B cells. Mice were killed 5 weeks postin-
fection, and the pathogen burden was measured in various tissues.

Statistics. The unpaired Student ¢ test was used to compare normally distrib-
uted values from groups of mice. The nonparametric Mann-Whitney test was
used to compare non-normally distributed values.

RESULTS

RAG1~/~ mice are highly susceptible to C. rodentium infec-
tion. The contribution of T and B cells to the development of
immunity and mucosal injury during infection with C. roden-
tium, or indeed any other A/E bacterial pathogen, has not been
systematically described. To address this, RAG1~/~ mice and
control C57BI/6 mice were orally infected with 2 X 10° CFU of
C. rodentium. Mucosal and systemic tissues were collected
from infected mice at different times postinfection, and the size
of the pathogen burden was determined by viable count.
RAG1 '~ mice had significantly greater pathogen burdens in
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FIG. 1. Viable counts of C. rodentium recovered from colons and
spleens of orally infected C57B1/6 and RAG1~/~ mice. The data depict
the mean number (= standard deviation) of C. rodentium CFU recov-
ered from colons (A) and spleens (B) of RAG1 ™/~ and C57BI/6 mice
(n = five to six per time point) orally infected with 2 X 10° CFU of C.
rodentium. C. rodentium could not be recovered from C57BI/6 mice
beyond 28 days postinfection. The data shown are from one of two
experiments performed which gave identical results.

colonic and systemic tissue (spleen) than C57Bl/6 animals (Fig.
1A and B). Unlike C57BI/6 mice, which eradicated infection
within 4 weeks, RAG1~/~ mice were chronically infected at
least till day 56. In addition to the increased pathogen burden,
approximately 25% of RAG1 ™/~ mice also developed diarrhea
during the course of infection. Although mortality among
RAG1/~ mice did not exceed 5%, experiments were not
continued beyond 8 weeks, since 10 to 15% of animals had
prolapsed rectums. Pathological changes in the colonic mucosa
of infected RAG1 ™/~ mice were grossly and histologically
more severe than in infected C57Bl/6 mice (Fig. 2A to D). The
submucosa and lamina propria of RAG1 ™/~ mice infected 28
days previously contained a patchy focal polymorphonuclear
infiltrate with coincident crypt hyperplasia. In contrast, on day
28 postinfection there was little evidence of inflammation in
the mucosa of C57Bl/6 mice. The distal colons of infected
RAG1 /" mice were visibly thickened and weighed signifi-
cantly more than colons of infected C57Bl/6 mice 4 weeks after
infection and thereafter (Fig. 2E).

CD4*-T-cell-depleted mice are highly susceptible to C. ro-
dentium infection. To help discriminate between the relative
contributions of B and T cells in immunity to C. rodentium,
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C57BI/6 mice were depleted of CD4™ or CD8™ T cells using
MADbs GK1.5 (rat anti-mouse CD4) or YTS169 (rat anti-
mouse CDS8) just prior to and during a primary infection with
10° CFU of C. rodentium. Control mice received an equivalent
intraperitoneal dose of purified rat IgG. The affect of T-cell
depletion on immunity was assessed by bacterial culture of
splenic and colonic homogenates following oral C. rodentium
challenge. Mice depleted of CD8" T cells were as competent
as control mice in their ability to eradicate C. rodentium from
mucosal and systemic tissue (Fig. 3A and B). In contrast, mice
depleted of CD4" T cells had dramatically higher pathogen
burdens in mucosal and systemic tissue on days 18 and 28
postinfection (Fig. 3C and D). Although no CD4"-T-cell-de-
pleted mice died during infection, the experiments were not
continued beyond 28 days, since some mice had prolapsed
rectums. Histological analysis of colonic tissue from infected
mice depleted of CD4™ T cells showed edema in the submu-
cosa and a mixed cellular infiltrate in the lamina propria and
submucosa (Fig. 4). There was also substantial crypt hyperpla-
sia and disruption of crypt organization. Macroscopically, the
colons from CD4-depleted mice were grossly thickened and
weighed significantly more than colons from either CD8-de-
pleted or control mice (Fig. 4E). Collectively, these results
imply an important role for CD4" T cells, but not CD8" T
cells, in immunity to C. rodentium.

Mice depleted of CD4* T cells mount weaker humoral im-
mune responses to EspA. The previous data demonstrated a
critical role for CD4™ T cells in immunity to C. rodentium. It
remained unclear, however, whether this T-cell subset contrib-
uted to immunity via the secretion of cytokines, which acti-
vated antibacterial mechanisms in host cells, and/or via provi-
sion of “help” to B cells in the lymphoid follicles for anti-C.
rodentium antibody production. Therefore, serum IgG and IgA
antibody responses were measured against the C. rodentium
surface-associated proteins Int2808 and EspA 28 days postin-
fection to determine if the depletion of CD4* T cells affected
pathogen-specific antibody responses. Both antigens are the
targets of antibody responses following C. rodentium infection
of mice and are essential for the formation of A/E lesions (12).
Mice depleted of CD4* T cells had dramatically diminished
IgA and IgG antibody responses to EspA compared to mice
administered the control antibody (Fig. SA and B). This ob-
servation was against the background of a substantially greater
pathogen burden in mice depleted of CD4" T cells. Mice
infected with C. rodentium also mounted EspA-specific IgA
responses that were detected in supernatants of fecal homog-
enates. However, fecal homogenate EspA-specific IgA titers
were low, highly variable, and not significantly different be-
tween infected mice depleted of CD4" T cells and those
treated with the control antibody (data not shown). Serum IgG
responses to Int280p3 were more variable than those observed
against EspA and of a lower titer. Although there was a trend
towards diminished IgG (Fig. 5C) antibody responses to in-
timin in CD4*-T-cell-depleted mice, these were not signifi-
cantly lower than in control mice. Serum IgA titers to Int2808
were absent or very low in both groups of mice and were not
compared. Collectively, these data suggest that mice depleted
of CD4" T cells, despite having a substantially greater load of
C. rodentium in host tissues, have an impaired ability to mount
serum EspA-specific, and to a lesser extent intimin-specific,
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FIG. 2. Histology and weights of colons from C57Bl/6 and RAG1 '~ mice infected 28 days previously. The panels (hematoxylin and
eosin-stained sections; original magnification, X200) show representative stained colonic sections from uninfected C57Bl/6 mice (A), infected
C57BI/6 mice (B), uninfected RAG1~/~ mice (C), and infected RAG1 ™/~ mice (D). Colonic crypts in infected RAG1 ™/~ mice were elongated and

irregular. The lamina propria and submucosa also contained a focal polymorphonuclear infiltrate. (E) The distal colon of infected RAG1™/~ mice
weighed significantly more than the colons of infected C57BI/6 mice at different times during infection (asterisk, P < 0.05).
antibody responses. These data suggested that impaired B-cell Role of B cells in immunity to C. rodentium. To determine if

responses to C. rodentium antigens might form a basis for the B cells contribute to immunity to C. rodentium, pMT mice (B
susceptibility of CD4*-T-cell-depleted mice. Therefore, the cell deficient) and control C57Bl/6 mice were orally infected
role of B cells in immunity to C. rodentium was examined. with 3 X 10° CFU of C. rodentium. Infected uMT mice had
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FIG. 3. Viable counts of C. rodentium recovered from colons and spleens of mice depleted of CD4" or CD8" T cells. The data depict the mean
number of C. rodentium CFU recovered from spleens (A) and colons (B) of C57BI/6 mice (n = five per time point) infected orally with 10° CFU
of C. rodentium and treated with the CD8"-T-cell-depleting MAb YTS169 or the control antibody, rat IgG. Results from a parallel experiment
show the number of C. rodentium CFU recovered from the spleens (C) and colons (D) of C57Bl/6 mice treated with the CD4"-T-cell-depleting
MAb GKI.5 or the control antibody, rat IgG. There were significantly more C. rodentium bacteria recovered from the spleen and colons of
CD4"-T-cell-depleted mice on day 18 postinfection than from rat IgG-treated mice (asterisk, P < 0.05). On day 28 postinfection, no viable C.
rodentium bacteria could be recovered from C57BI/6 mice treated with rat IgG. The data shown are from one of two experiments performed which

gave similar results.

significantly higher pathogen burdens in mucosal and systemic
tissues than C57Bl/6 controls on days 8 and 18 (Fig. 6). C57Bl/6
mice cleared C. rodentium from host tissues by day 28. In
contrast, mucosal and systemic tissues of wMT mice remained
infected at least until day 46. Although no wMT mice died
during infection, the experiments in wMT mice were not con-
tinued beyond day 46, since ~10% of mice had prolapsed
rectums. Histological analysis of colonic tissue from infected
wMT mice revealed focal, occasionally transmural cellular in-
filtrates plus crypt hyperplasia and disruption (Fig. 7).

Aside from antibody production, B cells have a probable
role in the maintenance of memory T-cell responses to patho-
gens (22). The impaired resistance of uMT mice to C. roden-
tium infection did not appear to be due to broadly deficient
T-cell responses, however, since flow cytometry revealed as
many CD4" and CD8" T cells with an activated phenotype
(CD45RB'") in the spleens and MLNs of infected uMT mice
as in infected C57Bl/6 animals (data not shown). Collectively,
the substantially increased susceptibility of B-cell-deficient
mice to C. rodentium infection suggested a critical role for
antibody in immunity to this agent.

Adoptive transfer of convalescent mouse sera only partially
restores immunity to pMT mice infected with C. rodentium. To
assess if sera containing C. rodentium-specific antibody could
complement the defective host response in wMT mice, pooled
sera from mice that had resolved two challenge infections with

C. rodentium were transferred into wWMT mice that had been
infected 10 days previously with 10° CFU of C. rodentium. In
parallel, infected uMT mice received either PBS or normal
mouse sera. Infected wMT mice received sera on days 10, 14,
17, and 21 postinfection, and the pathogen burden was deter-
mined on day 24. The adoptive transfer of immune mouse sera
significantly reduced the number of C. rodentium that were
recovered from systemic tissue (spleens) of infected wMT mice
(Table 1). However, in colonic tissue, the affect of transferred
immune sera on pathogen burden was not significant (Table 1).

Adoptive transfer of convalescent B cells to uMT mice con-
fers partial resistance to C. rodentium infection. The previous
experiment failed to show a significant effect of immune sera
on the pathogen burden in the colons of wuMT mice. To exam-
ine whether purified B cells could reconstitute mucosal immu-
nity to C. rodentium in pMT mice, we adoptively transferred
into WMT mice 5 X 10° B cells from naive C57BI/6 mice or 5
X 10° B cells from C57BI/6 mice that had previously resolved
a C. rodentium infection. Control puMT mice received PBS
instead of purified B cells. One day later all mice were orally
infected with C. rodentium. In the following weeks, there were
three deaths among infected mice, two in the group that re-
ceived naive B cells (days 25 and 31) and one in the group that
received convalescent B cells (day 15). All remaining mice
were killed on day 35. Measurement of the pathogen burden in
the colons and livers of mice revealed that three of eight
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surviving mice that received convalescent B cells had substan-
tially lower colon counts than mice that received PBS or naive
B cells (Fig. 8A). C. rodentium was also absent from the livers
(Fig. 8B) and spleens (not shown) of these same three mice.
The reduced pathogen burden in these three animals was ac-
companied by significantly reduced pathology in the colon
compared to the rest of the mice in the group (mean colon
weight, 0.21 = 0.03 g versus 0.5 = 0.06 g). Surprisingly, on day
35, flow cytometry failed to detect CD19™ B cells in the spleens
or MLNs of any wMT mouse that received B cells prior to
infection.

DISCUSSION

The mechanisms through which the host eradicates bacterial
infections that are confined to the lumenal side of the gut
epithelium are relatively poorly understood. In part, this has
been due to the absence of robust, manipulable animal models
of infection for enteric bacterial pathogens, such as Vibrio
cholerae and pathogenic E. coli. To help overcome this, infec-
tion of mice by C. rodentium has been used as a surrogate
model of infections caused by A/E EPEC. Members of our
group and others have used this model to test vaccine candi-
dates (12), characterize virulence determinants (24, 25), and

FIG. 4. Histology and weights of colons from infected mice de-
pleted of CD4™ T cells. The panels (hematoxylin and eosin-stained
sections; original magnification, X200) show representative stained
colonic sections from uninfected C57Bl/6 mice treated with rat IgG
(A) or CD4-depleting MAb GK1.5 (C) for the previous 4 weeks.
Sections from C. rodentium infected mice treated with rat IgG (B) or
CD4-depleting MAb GK1.5 (D) for the previous 4 weeks are shown in
comparison. There were focal inflammatory cell infiltrates, crypt hy-
perplasia, disruption of the crypt architecture, and evidence of vascu-
litis in the submucosa of infected CD4"-T-cell-depleted mice. (E) On
day 28 postinfection, the distal colon of infected CD4*-T-cell-depleted
mice also weighed significantly more (asterisk, P < 0.05) than the
colons of infected CD8"-T-cell-depleted mice or rat IgG-treated con-
trol mice.

identify components of the immune response that contribute
to protection and infection-associated mucosal pathology (13,
14, 28, 32). This study dissects the relative contributions of T
and B cells in the eradication of C. rodentium from the murine
colonic mucosa. A critical role for B cells in immunity to
primary infection represents a key finding of this study.
RAG1~/~ mice are unable to perform V(D)J recombination
of Ig and T-cell receptor genes and therefore lack mature T
and B cells. In this study, RAG1 ™/~ mice were highly suscep-
tible to mucosal and systemic infection with C. rodentium, and
this was associated with more-severe clinical signs, e.g., diar-
rhea. These results imply that acquired immune responses are
essential for pathogen clearance and that innate immune re-
sponses in themselves are insufficient. The heightened suscep-
tibility of RAG1 ™/~ mice was also associated with greater
colonic pathology as revealed by histology at day 28 and mea-
surement of colon weight. Vallance et al. have previously de-
scribed the susceptibility of RAG1 ™/~ mice to mucosal C.
rodentium infection (32). These authors observed significantly
greater mortality in RAG1 ™/~ mice (40 to 70% in first 3
weeks) than was observed in the present study (~5% in 8
weeks) and found that on day 21, mucosal inflammation was
less pronounced in RAG1~/~ animals than in C57Bl/6 control
mice. The contrasting pathology and mortality results in our
two studies might be best ascribed to the timing of the sam-
pling for histology, i.e., day 21 versus day 28, and to differences
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FIG. 5. Serum IgG and IgA responses to EspA and intimin in
CD47"-T-cell-depleted and control mice. Shown are individual IgG
(A) and IgA (B) antibody responses to EspA in serum for mice de-
pleted of CD4™ T cells (administered GK1.5 MAb) or control mice
(administered rat IgG). (C) Individual IgG serum antibody responses
to the C-terminal 280-99 of intimin in the same mice are shown. IgG
and IgA antibody responses to EspA were significantly lesser for mice
administered GK1.5 than for control mice that received rat IgG (P <
0.05).

in the ages of the mice at infection; adult mice were used in this
study, while 3- to 4-week-old mice were used in the study by
Vallance et al. That infection of young mice results in higher
mortality rates has been documented previously (2).

Mice systemically depleted of CD4™" T cells, but not CD8*
T cells, failed to eradicate C. rodentium from mucosal or sys-
temic tissues, and the pathogen burden was as much as 10”-fold
greater than in control mice 4 weeks after infection. The sus-
ceptibility of CD4*-T-cell depleted mice, like that of
RAG1 /" mice, was highlighted by the presence of significant
numbers of viable C. rodentium bacteria in spleens, implying
impaired host resistance in both mucosal and systemic com-
partments. Although we only determined the number of viable
C. rodentium bacteria in spleens, it seems probable that other
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FIG. 6. Viable counts of C. rodentium recovered from colons and
spleens of orally infected pMT and C57BIl/6 control mice. Mice were
orally infected with 3 X 10° CFU of C. rodentium. The data depict the
mean number (* standard deviation) of C. rodentium recovered from
colons (A) and spleens (B) of muMT and C57Bl/6 mice. There were
significantly more C. rodentium bacteria recovered from the colons of
muMT mice on day 18 postinfection than with control C57BI/6 mice
(asterisk, P < 0.05). C. rodentium could not be recovered from C57Bl/6
mice beyond day 28. The data shown are from one of two experiments
performed which gave similar results.

bacteria resident in the colon could also be translocated across
the inflamed epithelium to internal tissues, thereby exacerbat-
ing inflammation. The enormous contrast in infection outcome
between animals depleted of CD4" or CD8* T cells was sur-
prising and suggested that the basis for susceptibility to infec-
tion in CD4 " -T-cell-depleted animals was linked to a property
uniquely associated with CD4™ T cells. This led to the hypoth-
esis that inadequate CD4 *-T-cell help for conventional (B2)
B-cell responses to C. rodentium antigens formed the basis for
the susceptibility of CD4 *-T-cell-depleted mice. Subsequently,
systemic antibody responses to an immunogenic and essential
C. rodentium virulence determinant, EspA, were found to be
significantly reduced in CD4"-depleted animals, despite their
having a massively greater pathogen burden. Similarly, there
was a trend, despite their enormously greater antigen expo-
sure, for CD4"-T-cell-depleted mice to mount lower-level an-
tibody responses to intimin than control mice, although this
was not statistically different. The importance of immune re-
sponses to intimin is suggested from a previous study whereby
vaccination of mice with the C-terminal portion of intimin
afforded partial protection against C. rodentium infection (12).
More generally, evidence supporting a role for antibody in
immunity to A/E pathogens stems from the observation that
disease severity in human subjects experiencing a secondary
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FIG. 7. Histological changes in the colonic mucosa of muMT mice 28 days postinfection. Mice were orally infected with 3 X 10° CFU of C.
rodentium, and 28 days postinfection, sections from the distal colon were examined histologically. The panels show colonic sections from uninfected
(A) and infected (B) muMT mice (hematoxylin and eosin-stained sections; original magnification, X200). There was an increase in lamina propria
inflammatory cells and extensive crypt hyperplasia in infected muMT mice.

EPEC infection is inversely correlated with the level of pre-
challenge serum IgG specific for the lipopolysaccharide on the
challenge strain (8). Furthermore, antibodies derived from se-
rum and colostrum are functionally relevant and can limit
adherence of EHEC or EPEC to cultured epithelial cells in
vitro (11, 21).

The role of B cells in immunity to C. rodentium infection was
tested using wuMT mice. These animals are deficient in IgG™
and IgM™ B cells but have a small number of IgA™ B1 cells
(20). uMT mice were extremely susceptible to C. rodentium
colonization, a phenotype discernible as early as 1 week postin-
fection. The ability of adoptively transferred immune sera to
restore systemic immunity, although not mucosal immunity, to
infected pMT mice implies that B-cell-derived antibodies are
the most significant effectors missing in systemic tissue of these
animals. In this setting, transferred specific antibody might
facilitate systemic immunity through opsonization of bacteria
for complement-mediated lysis or phagocytosis by reticuloen-
dothelial phagocytes. The reasons why adoptively transferred
convalescent-phase sera did not significantly modulate muco-
sal infection in wuMT mice are not clear. Conceivably this might
be due to qualitative (e.g., antibody class and avidity) and
quantitative (absolute amount) differences between the sera
transferred and that which is produced in the tissues of in-
fected immunocompetent mice. In further attempts at recon-

TABLE 1. Mean number of C. rodentium CFU (log 10) recovered
from tissues of infected wMT mice treated with PBS, normal
mouse sera, or convalescent-phase sera“

Bacterial count with treatment

Organ

PBS NMS” Convalescent sera
Colon 6.3+ 04 6.8 £ 0.5 6.9 £0.9
Spleen 2.8 £0.8 24 +0.3 0.5 +0.7*
Liver 2.7+0.1 3.1x0.1 0.9 = 0.9*

“ Mice (n = 6) were orally infected with 10° CFU of C. rodentium and received
sera on days 10, 14, 17, and 21 postinfection. The number of bacteria in each
organ was determined on day 24. Asterisk, P < 0.05 (student 7 test) compared to
results for mice treated with PBS or NMS.

® Normal mouse sera.

stituting immunity in uMT mice, we performed adoptive B-cell
transfer experiments. The adoptive transfer of B cells from
convalescent mice, but not naive mice, partially restored im-
munity to 3 of 8 wMT mice. The mechanism through which
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FIG. 8. Viable counts of C. rodentium recovered from colons and
livers of puMT mice that were recipients of B cells from either naive or
convalescent mice. Mice were intravenously administered 5 X 10° B
cells and then 24 h later challenged with 10° CFU of C. rodentium. The
data depict the number of C. rodentium recovered from the colons
(A) and livers (B) of individual mice 35 days postinfection.
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adoptive transfer achieved this is not immediately obvious,
however, since CD19" B cells were absent from the lymphoid
tissues of wMT recipients at day 35 and we could not detect
significant levels of Ig in sera of any B-cell recipient mice (data
not shown). The inconsistent phenotype among mice that re-
ceived immune B cells may be attributed to the difficulties, as
has been described previously (30), associated with achieving
B-cell reconstitution in puMT mice. Further studies will be
required to explain the underlying mechanisms that lead to
partial immunity in immune B-cell recipients and also the
deletion of adoptively transferred B cells in uMT mice.

A possible explanation for the inability of transferred im-
mune sera or B cells to fully restore mucosal immunity to
infected wuMT mice is that resistance to C. rodentium infection
at the epithelium is actually independent of antibody. Instead,
immunity may be dependent upon a population of CD4" T
cells that produce proinflammatory cytokines that activate ef-
fector mechanisms at the epithelium. If this hypothesis is cor-
rect, then these CD4™ T cells must be entirely defective in
wMT mice but susceptible to depletion by the anti-CD4 GK1.5
MAD. This scenario is not implausible, since T-cell-associated
immunological defects in wMT mice have been reported pre-
viously. Typically, these T-cell defects have been described in
the context of systemic infection with intracellular pathogens
and range from a reduced capacity to maintain long-term
memory T-cell responses (4, 22) and to switch from a Thl to a
Th2 response following parasite infection (19). In disagree-
ment with this T-cell hypothesis is the observation that mice
deficient in the T-cell-expressed inflammatory -cytokines
gamma interferon and tumor necrosis factor or the T-cell-
polarizing cytokine interleukin 12, although more susceptible,
nevertheless resolve infection with C. rodentium with identical
(tumor necrosis factor and gamma interferon) or only moder-
ately delayed (interleukin 12) kinetics (13, 28). Coinciding with
resolution of disease in these inflammatory cytokine-deficient
animals is the development of robust antibody responses to C.
rodentium (28). These data suggest that cytokine-mediated in-
flammatory responses at the mucosa can contribute to resolu-
tion of infection, but ultimately other effectors, of which anti-
bodies are candidates, are critical for pathogen eradication.
Further studies will be required to define the precise mecha-
nisms through which CD4™ T cells and B cells contribute to
immunity to C. rodentium.

This study is the first to describe the relative importance of
T-cell subsets and B cells in immunity to the mucosal pathogen
C. rodentium. A significant finding was the critical role of
CD4™" T cells and B cells in immunity to primary infection. A
better understanding of the mechanisms through which the
host resolves infections with A/E pathogens should assist in the
rational development of vaccines and therapeutics against
these agents.
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