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Antigen administration via oral and other mucosal routes can suppress systemic immunity to the antigen and has been
used to prevent experimental autoimmune disease. This approach may prove ineffective or even harmful if it leads to a
concomitant induction of cytotoxic T lymphocytes (CTLs), and indeed, mucosal administration of the model antigen
ovalbumin (OVA) has been shown to elicit CTL activation while simultaneously inducing oral tolerance. Here we show
that induction by oral OVA of CTLs in wild-type mice, and of diabetes in mice expressing OVA transgenically in pancreatic
β cells, can be prevented by transiently blocking the CD40 ligand (CD40L). However, CD40L blockade did not diminish
oral tolerance, as measured by suppression of systemic OVA-primed T cell proliferation, IFN-γ secretion, and Ab
production. Consistent with these findings, mice lacking CD40 expression could be orally tolerized to OVA. Transient
CD40L blockade therefore dissociates pathogenic from protective immunity and should enhance the efficacy and safety
of oral tolerance for preventing autoimmune disease.
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Introduction
Mucosal administration of protein antigen suppresses
the ability of the antigen to subsequently prime immune
responses (induces oral tolerance), and has been used to
prevent or suppress autoimmune disease in rodents (1,
2). However, oral autoantigen has also been shown to
exacerbate disease (3–6). Human trials of oral myelin
basic protein in multiple sclerosis (7), oral type II colla-
gen in rheumatoid arthritis (8, 9), and oral insulin in
type 1 diabetes (10, 11) have not demonstrated clinical
benefit. Besides inducing tolerance, antigens containing
peptides that bind to MHC class I molecules could also
induce CD8+ cytotoxic T lymphocytes (CTLs). CTLs may
potentially undermine the efficacy and safety of mucos-
al tolerance, which may explain its therapeutic failure in
some cases. This important issue has received relatively
little attention. Previously, a single oral dose of the
model antigen ovalbumin (OVA) was shown to prime
OVA-specific CTLs in C57BL/6 (B6) mice, and to trigger
autoimmune diabetes in B6 mice expressing OVA trans-
genically in pancreatic β cells (12). Recently, we reported
that pathogenic OVA-specific CTLs are induced in B6
mice by a range of doses and schedules of oral, aerosol,
or intranasal OVA that have been reported to induce
mucosal tolerance (13). Paradoxically, we also found, as
have others (14, 15), that oral OVA induced tolerance of
CTLs to subsequent systemic priming.

In the absence of potent inflammatory stimuli, activa-
tion of CD8+ CTLs by dendritic cells (DCs) requires help

from CD4+ T cells, usually provided by the interaction of
CD40 ligand (CD40L) with CD40 on DCs (16–18).
Blockade of CD40L with mAb prevents systemic prim-
ing of CTLs (16). In addition, CD8+ cells themselves
express functional CD40L (19), which is required for
their activation after recruitment to the gut in response
to priming with intraperitoneal OVA (20). However, the
role of CD40L-CD40 interactions in the CTL response
to oral antigen has not been reported, although CD40L
gene knockout (CD40–/–) mice were reported to be resist-
ant to induction of oral tolerance (21). In the present
study, we aimed to determine whether CTL induction by
oral OVA could be prevented by targeting CD40L, with-
out limiting oral tolerance, in order to improve the clin-
ical efficacy and safety of mucosal tolerance induction.

Methods
Mice. Mice were bred and housed at the Walter and Eliza
Hall Institute of Medical Research. Immunity and toler-
ance following administration of oral OVA were exam-
ined in female B6 mice aged 6–8 weeks. OT-I/recombi-
nation activating gene knockout mice (Rag–/– mice) (22),
subsequently referred to as OT-I mice, bear a transgenic
T cell receptor from CD8+ T cells specific for the MHC
class I–restricted OVA257-264 peptide. OT-II mice (23) bear
a transgenic T cell receptor from CD4+ T cells specific for
the MHC class II–restricted OVA323-339 peptide. Both 
OT-I and OT-II mice were used at 6–12 weeks of age as
donors of OVA-reactive T cells. OT-I T cells were trans-
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ferred into B6 mice (made congenic for Ly5.1 to facilitate
detection of transferred OT-I T cells, which are Ly5.2).
OT-I and OT-II cells were transferred into rat insulin
promoter–OVAlo (RIP-OVAlo) transgenic mice expressing
a low level of OVA on their β cells (12, 24).

To generate bone marrow chimeras, 6- to 8-week-old
B6 mice were lethally irradiated with two doses of 550
cGy, 3 hours apart, and reconstituted intravenously
with 5 × 106 T cell–depleted bone marrow cells from B6
or CD40 knockout mice. The CD40 knockout mice
(25), originally on the 129 background, were back-
crossed three times onto the B6 background. T cells
were depleted with a cocktail of anti-CD4+ (RL172),
anti-CD8+ (3.168), and anti-Thy1 (J1j) mAb’s and rabbit
complement. One day after reconstitution, mice were
given 0.1 ml of another anti-Thy1 (T24) mAb intraperi-
toneally to eliminate any radioresistant host T cells.
Mice were then maintained for 8–10 weeks before use.

Administration of mucosal antigen. Female B6 mice were
given oral OVA (grade VII; Sigma Chemical Co., St. Louis,
Missouri, USA) in sterile, endotoxin-free mouse-tonicity
PBS, or PBS alone. The endotoxin concentration of the
OVA solution used (10 mg/ml) measured in the Limulus
lysate assay (BioWhittaker Inc., Walkersville, Maryland,
USA) was ≤ 0.5 ng/ml. Oral OVA was administered by
high- or low-dose schedules that have been reported to
induce oral tolerance (1, 13, 26, 27): either 20 mg on three
alternating days (every other day, with the third dosage
given on day 5) (high dose) or 0.5 mg on five alternating
days (low dose) via intragastric intubation under light
methoxyflurane (Penthrane) anesthesia. Two hours prior
to the first OVA treatment, mice were injected with a sin-
gle intraperitoneal dose of 250 µg hamster IgG1 anti-
mouse CD40L mAb (MR1; American Type Culture Col-
lection, Rockville, Maryland, USA) or the control hamster
IgG1 mAb 6C8, which is specific for human Bcl-2 (28).
Both mAbs were purified from hybridoma cell culture
medium by affinity chromatography on protein
G–Sepharose (Pharmacia Biotech AB, Uppsala, Sweden).

Priming and assay of CTLs. Mice were challenged intra-
venously with 2 × 107 OVA-coated H-2Kbm-1 spleno-
cytes, a form of priming that is dependent on CD4+ T
cell help (29). In some experiments, mice were primed
subcutaneously with 0.1 mg OVA in CFA, a form of
priming that is independent of CD4+ T cell help (29).
After 7 days, mice were killed and their spleen cells were
stimulated in vitro for another 6 days with irradiated
syngeneic spleen cells coated with epitope peptide
(OVA257-264), before being used as effector cells in a stan-
dard 51Cr release assay (12, 29). Lytic units were calcu-
lated by dividing the total number of effector cells gen-
erated from each spleen by the number of effector cells
required for 30% OVA-specific lysis.

Effect of oral OVA treatment, with and without anti-CD40L,
on OT-I CTL precursors. To determine the effect on OVA-
specific CTLs of oral OVA in the presence and absence
of anti-CD40L Ab, 3 × 106 OT-I cells were injected
intravenously into female B6 mice (made congenic for
Ly5.1), and the mice were then injected with either MR1

or control mAb 6C8 (250 µg, administered
intraperitoneally). The next day, mice from each
treatment group were divided into two groups and fed
either PBS or 20 mg OVA in PBS on three alternating
days. Ab treatment was repeated just before the third
feeding. After 14 days, mice were killed and the numbers
of splenic OT-I cells and their expression of activation
markers CD44 and L-selectin (CD62L) were analyzed by
FACScan using Lysys II software (Becton Dickinson
Immunocytometry Systems, San Jose, California, USA).
Cells were incubated with FITC-conjugated anti-CD44
and CD62L mAbs (PharMingen, San Jose, California,
USA), together with biotinylated anti-Ly5.2 mAb
(PharMingen) and phycoerythrin-conjugated anti-CD8+

mAb (Sigma Chemical Co.). This incubation was
followed by a second-step incubation with streptavidin-
conjugated peridin chlorophyll protein (PerCP;
PharMingen) to detect Ly5.2. In addition, intracellular
IFN-γ expression was measured according to the
recommended protocol (PharMingen). In brief,
splenocytes dispensed into 24-well plates were incubated
for 6 hours in “complete medium” (RPMI 1640 medium
containing 2 mM glutamine, 50 µM 2-mercaptoethanol,
and 5% FCS), with either 100 µg/ml OVA257-264, or 25
ng/ml PMA and 500 ng/ml ionomycin (Sigma Chemical
Co.). Brefeldin A (10 µg/ml; Sigma Chemical Co.) was
added for the last two hours of the incubation period.
Cells were then stained for surface markers and for
intracellular IFN-γ. For the detection of OT-I cells,
splenocytes were surface-stained with FITC-conjugated
rat anti-mouse CD8+ and biotinylated rat anti-mouse
Ly5.2 Ab’s, followed by streptavidin-conjugated PerCP.
After paraformaldehyde fixation and permeabilization
with saponin, cells were stained intracellularly with Ab
against IFN-γ or with isotype control Ab, each
conjugated to phycoerythrin (PharMingen). To analyze
OT-I cells, cells that were positive for the markers CD8+

and Ly5.2 were collected in the live gate.
Effect of oral OVA with and without anti-CD40L treatment on

diabetes induction in RIP-OVAlo mice. To examine the effect
of anti-CD40L treatment on activation of CTLs by oral
OVA in vivo, RIP-OVAlo mice expressing OVA in pancre-
atic β cells were adoptively transferred with 3 × 105

OT-II and 2 × 105 OT-I cells, followed by intraperitoneal
injection with 250 µg control mAb 6C8 or anti-CD40L
mAb MR1. Starting the next day, oral OVA (0.5 mg) was
given on five alternating days. Blood glucose was meas-
ured in a drop of retroorbital venous blood with a glu-
cometer on days 12 and 20; confirmed values above 12
mmol/l were considered to be diagnostic for diabetes.

Evaluation of mucosal tolerance. To evaluate CTL toler-
ance to systemic priming, 14 or 21 days after the last
dose of oral OVA, mice were injected intravenously with
2 × 107 OVA-coated H-2Kbm-1 spleen cells, or subcuta-
neously with 0.1 mg OVA in CFA. Subsequently, splenic
CTL activity was measured as described above. To eval-
uate conventional indices of mucosal tolerance, 7 days
after the last dose of oral OVA, mice were immunized by
subcutaneous injection with 0.1 mg OVA in CFA at the
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base of the tail. Ten days later, they were anesthetized,
bled from the retroorbital venous plexus with a glass
capillary tube, and killed by CO2 asphyxiation. Spleens
and inguinal lymph nodes were removed. Serum was
harvested, and was stored at –20°C for assay of OVA
Ab’s. Cell suspensions were prepared from spleens and
nodes by mechanical disruption by passing them
through a stainless steel mesh. Cells were then washed,
counted, and resuspended in complete medium to assay
proliferative and cytokine responses to OVA.

Proliferative responses of splenocytes (1 × 106) or
inguinal lymph node cells (5 × 105) in 200 µl complete
medium were measured in replicates of eight in round-
bottomed wells of 96-well Linbro plates (Flow Labora-
tories Inc., McLean, Virginia, USA), after incubation with
or without 0.1 mg/ml OVA at 37°C in 5% CO2/air for 96
hours. 3H-thymidine (1 µCi) was added to each well for
the last 10–16 hours of the incubation period, and the
cells were harvested, washed, and counted using a Top-
Count Scintillation Counter (Packard BioScience B.V.,
Groningen, The Netherlands). Splenocyte or inguinal
lymph node cell IFN-γ and IL-4 responses to OVA were
measured by ELIspot assay. Cells (5 × 105 per 200 µl)
were added to wells of MultiScreen Immobilon-P mem-
brane 96-well plates (MAIPS 4510; Millipore Australia
Ltd., North Ryde, Australia) that had been precoated
with monoclonal rat anti-mouse IFN-γ (clone R4-6A2)
or IL-4 (clone 11-B11) Ab at 5 µg/ml PBS overnight, and
incubated with or without 0.1 mg OVA at 37°C in 5%
CO2 /air for 24 hours. After washing to remove cells,
membrane-bound cytokine was reacted with 4 µg/ml
biotin-conjugated monoclonal rat anti-mouse IFN-γ
(clone XMG1.2) or IL-4 (clone BVD6-24G2) overnight at
4°C. After washing the membrane, color was developed
with streptavidin-peroxidase followed by 3-amino-9-
ethylcarbazole (DAKO Corp., Carpinteria, California,
USA). All mAb’s were from PharMingen.

Serum IgG subclass Ab’s to OVA were measured by
ELISA using peroxidase-conjugated anti-mouse IgG1,
IgG2a, IgG2b, or IgG3 Ab’s (Southern Biotechnology
Associates, Birmingham, Alabama, USA) as previously
described (30). IgG1 was measured at a serum dilution
of 1:1,000 and IgG2 and IgG3 at 1:100, which gave no
background and OD values in the range of 0.1–1.0.

Statistics. Differences between treatment groups
were analyzed by Fisher’s exact test or the unpaired
Student t test.

Results
CTL induction by oral OVA requires CD40L signaling. Ini-
tially, we determined that systemic priming of CTLs by
intravenous OVA-coated splenocytes, which is depend-
ent on CD4+ T cells (29), could be blocked by a single
250-µg intraperitoneal dose of the anti-CD40L mAb
MR1 (Figure 1a). The same dose of MR1 or control mAb
6C8 was then given to B6 mice that had been fed a high
dose (20 mg) (26, 27) of OVA on three alternating days.
A CTL response to oral OVA was detected in 25% (3/12)
of the mice given anti-CD40L treatment, compared

with 75% (9/12) of controls (P = 0.04) (Figure 1b). A sin-
gle dose of MR1 given before low-dose oral OVA (0.5 mg
on five alternating days) reduced CTL responses by a
similar degree (see also Figure 3 and Figure 4, b and d).

Activation and expansion of CTLs by oral OVA requires
CD40L. To demonstrate that CTL induction by oral
OVA is associated with activation and expansion of CTL
precursors, we adoptively transferred OVA-specific 
OT-I cells into naive Ly5.1 congenic B6 mice and fed
them OVA. The role of CD40L in the response of OT-I
cells to oral OVA was examined by pretreating recipient
mice with either control mAb 6C8 or anti-CD40L mAb
MR1. OT-I cells in the spleen were analyzed 14 days after
the last dose of oral OVA, to allow time for activation,
proliferation, recirculation, and possible cell death. The
protocol was the same as that used to measure the OVA-
induced CTLs shown in Figure 1. In response to oral
OVA given after control mAb, OT-I cells in the spleen
(mean ± SD) expanded significantly (2,398 ± 1,273 com-
pared with 108 ± 40 for oral PBS, P = 0.01) (Figure 2b).
However, in the presence of anti-CD40L mAb, the num-
ber of OT-I cells after oral OVA was not significantly dif-
ferent from the number measured after treatment with
oral PBS (564 ± 578 compared with 280 ± 191, P = 0.31)
(Figure 2b). Oral OVA increased CD44 and decreased 
L-selectin (CD62L) expression on OT-I cells (example
shown in Figure 2a), indicating the acquisition of an
activated/memory phenotype. The oral OVA–induced
increase in CD44 expression for the group (Figure 2c)
failed to reach significance because of one unresponsive
outlier, but the increase in the percentage of cells
expressing a low level of CD62L was significant
(30.5 ± 9.3 compared with 3.3 ± 3.1, P = 0.03) (Figure
2d). As with the expansion of OT-I cells, anti-CD40L
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Figure 1
CTL priming by systemic or oral OVA requires CD40L signaling. (a)
A single intraperitoneal injection of 250 µg of control mAb 6C8
(squares) or anti-CD40L mAb MR1 (circles) was given to B6 mice 
(n = 4 in each group), 1 day before challenge with 2 × 107 intravenous
OVA-coated H-2Kbm-1 splenocytes to prime CTLs. After 14 days, mice
were killed and their splenocytes were tested for CTL activity,
expressed as OVA-specific lysis for representative individual mice.
Primed splenocytes as effectors (E) were tested against 51Cr-loaded
cells as targets (T). (b) The same doses of 6C8 or MR1 were given to
mice (n = 12 in each group) that were then fed 20 mg OVA on three
alternating days. After 14 days, without further priming, mice were
killed and their splenocytes were tested for CTL activity, this time
expressed as lytic units per spleen for individual mice.



treatment blocked the effect of oral OVA on CD44 and
CD62L expression (Figure 2, c and d).

Anti-CD40L treatment does not alter IFN-γ expression by
oral OVA–activated OT-I cells. Loss of IFN-γ expression
has been shown to reflect functional inactivation or
anergy of virus-specific CTLs (31). We measured intra-
cellular IFN-γ in splenic T cells from B6 mice after
treatment with control or with anti-CD40L mAb and
oral OVA, according to the protocol used to obtain the
data shown in Figure 2, following restimulation ex vivo.
Splenocytes were analyzed by three-color fluorescence,
in which OT-I (Ly5.2) cells were gated from host CD8+

(Ly5.1) cells. Host CD8+ T cells and OT-I cells both pro-
duced IFN-γ in response to stimulation with PMA and

ionomycin. In addition, OT-I
cells produced IFN-γ in response
to OVA257-264, but this was not
altered by anti-CD40L treatment
(data not shown).

Induction of diabetes by oral OVA
in RIP-OVAlo mice is blocked by anti-
CD40L treatment. Feeding small
doses of OVA (0.5 mg, five alter-
nating days) to mimic low-dose
oral tolerance regimens induces
diabetes in RIP-OVAlo mice bear-
ing adoptively transferred OVA-
specific transgenic CD4+ (OT-II)
and CD8+ (OT-I) T cells (13). The
transfer of transgenic T cells is
required because RIP-OVAlo mice
also express OVA in the thymus,
which deletes their OVA-specific
T cell repertoire. In separate
experiments, we found that the
minimum numbers of trans-
ferred OT-II and OT-I cells
required to induce diabetes after
priming RIP-OVAlo mice system-
ically with OVA-coated spleno-
cytes were 3 × 105 and 2 × 105,
respectively. These numbers of
OT-II and OT-I cells were trans-
ferred into RIP-OVAlo mice. The
following day, mice were given
control mAb 6C8 or anti-CD40L
mAb MR1, and then fed 0.5 mg
OVA on five alternating days. In

response to oral OVA, 60% (9/15) of the control mice
developed diabetes, compared with only 14% (2/14) of
mice treated with anti-CD40L mAb (P = 0.02) (Figure 3).

Induction of oral tolerance is not blocked by anti-CD40L
treatment. Although experiments in CD40L–/– mice indi-
cated that CD40L signaling is required for induction of
oral tolerance (21), it was necessary to determine
whether oral tolerance could still be induced in geneti-
cally unmanipulated mice treated short-term with anti-
CD40L mAb. To determine the effect of anti-CD40L
treatment on the tolerogenic effect of oral OVA to sup-
press systemic priming of CTLs (12–15), B6 mice were
first given control mAb 6C8 or anti-CD40L mAb MR1
(250 µg, intraperitoneally), and then fed PBS or OVA in
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Figure 2
Activation and expansion of CTLs by oral OVA requires CD40L. B6 recipient mice congenic for
Ly5.1 were adoptively transferred with 3 × 106 transgenic OT-I cells (Ly5.2) and then given con-
trol mAb 6C8 or anti-CD40L mAb MR1 (250 µg, intraperitoneally). Mice from each treatment
group were then divided into two groups and fed either PBS or 20 mg OVA in PBS on three alter-
nating days. mAb treatment was repeated before the third feeding. Mice were killed 14 days from
the start of feeding, and the numbers and phenotype of OT-I cells in their spleens were analyzed
by flow cytometry. (a) Dot plots of individual mice show CD44 (left) and CD62L (L-selectin)
(right) expression on OT-I cells. The percentage of cells expressing a high level of CD44 or a low
level of CD62L is shown in the corresponding quadrant. The number of OT-I cells per spleen (b),
CD44 expression as mean fluorescence intensity (MFI) (c), and % CD62Llo OT-I cells (d) in indi-
vidual recipient mice treated with 6C8 (squares) or MR1 (circles) and then fed PBS (open sym-
bols) or OVA (filled symbols). Data on individual mice are pooled from two experiments.

Figure 3
Anti-CD40L treatment prevents induction of diabetes by oral OVA in RIP-OVAlo mice.
RIP-OVAlo mice bearing OT-I and OT-II cells were injected intraperitoneally with 250 µg
control mAb 6C8 (squares) or anti-CD40L mAb MR1 (circles). To mimic low-dose oral
tolerance regimens, mice were then fed 0.5 mg OVA on five alternating days. Blood glu-
cose was measured 12 days after the start of feeding; values above 12 mmol/l were con-
sidered diagnostic of diabetes. Data on individual mice are pooled from two experiments.



PBS. After 14 or 21 days, and prior to measurement of
OVA-specific CTL activity ex vivo, mice were primed in
a CD4+ T cell–dependent manner with intravenous
OVA-coated splenocytes (Figure 4a), or in a CD4+

T cell–independent manner with 100 µg subcutaneous
OVA in CFA (Figure 4b). CTL activity plots (examples
shown for individual mice in Figure 4, a and b) were
converted into lytic units per spleen (Figure 4, c and d).
In all cases, oral OVA suppressed the CTL response to
systemic priming, but this was not altered by anti-
CD40L treatment. For example, lytic units per spleen
(mean ± SD) for treatment with oral PBS versus OVA
were 1,540 ± 981 and 254 ± 202 (P = 0.002) after control
Ab, and 633 ± 498 and 116 ± 92 after anti-CD40L Ab.

We then determined the effect of anti-CD40L treat-
ment on more conventional parameters of oral tolerance.
Anti-CD40L mAb MR1 given before the first dose of oral
OVA (20 mg on three alternating days) had no effect on
oral OVA–induced suppression of systemic OVA-primed
T cell proliferation (3H-thymidine incorporation) (Figure
5a), IFN-γ production measured as ELIspots (Figure 5b),
or serum anti-OVA Ab responses (not shown). Mean ± SD
stimulation indices for proliferation (ratio of 3H-thymi-
dine incorporation in the presence and absence of OVA)
decreased from 3.56 ± 1.07 (oral PBS) to 1.96 ± 0.199 (oral
OVA) (P = 0.03) after treatment with control mAb 6C8,
and from 3.21 ± 0.199 to 2.01 ± 0.091 (P = 0.001) after
anti-CD40L mAb MR1 (Figure 5a). Suppression of
primed IFN-γ ELIspot responses following oral OVA was
more dramatic, and was not affected by anti-CD40L
treatment (Figure 5b). Very few IL-4 ELIspots (≤ 4/well)
were detected under any conditions. Mean ± SD ELISA
absorbance values (nm) for IgG1 anti-OVA Ab’s decreased
from 0.71 ± 0.07 (oral PBS) to 0.15 ± 0.10 (oral OVA) 
(P = 0.04) after control mAb, and from 0.60 ± 0.11 to
0.11 ± 0.09 (P = 0.02) after anti-CD40L mAb. Values for
IgG2a, IgG2b, and IgG3 showed the same directional
changes and, except in the case of IgG2a, were below the
level of detection after oral OVA.

Oral tolerance can be induced in the absence of CD40. To
confirm that induction of oral tolerance did not require
CD40-CD40L signaling, we compared oral tolerance in
B6 mice chimeric for bone marrow from either CD40–/–

mice or control B6 mice. After oral OVA (20 mg admin-
istered on three alternating days), systemic OVA-primed
T cell responses were suppressed to a similar degree in
both wild-type B6 and CD40 knockout chimeras. This
is shown for IFN-γ production (Figure 6). The effect on
T cell proliferation (not shown) was similar but less dra-
matic. Compared with oral PBS, mean ± SD stimulation
indices for T cell proliferation after oral OVA decreased
from 4.53 ± 0.730 to 2.64 ± 0.221 (P = 0.02) in wild-type
chimeras, and from 4.67 ± 1.11 to 2.93 ± 0.848 (P = 0.05)
in CD40 knockout chimeras.

Discussion
The concomitant induction of tolerance and CTLs
potentially limits the efficacy and safety of mucosal
administration of autoantigens for the prevention of

autoimmune disease. Our results show that CD40L-
CD40 signaling is required for the induction of CTL
immunity, but not for induction of tolerance to oral
antigen, and that CD40L blockade at the time of oral
OVA administration dissociates CTLs from tolerance
induction. This selective effect was associated with pro-
tection from diabetes development in mice bearing
transgenic OVA-specific T cells and OVA in pancreatic β
cells. In other studies (N.R. Martinez and L.C. Harrison,
unpublished observations), we have found that anti-
CD40L treatment can dissociate CTLs from tolerance
induction after intranasal OVA in B6 and NOD mice.
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Figure 4
Anti-CD40L treatment does not prevent oral tolerance as measured by
suppression of systemic priming of CTLs. CTL activity in response to
intravenous priming with OVA-coated splenocytes (a) or to subcuta-
neous priming with OVA in CFA (b) is similarly suppressed after oral
OVA given to mice treated with control mAb 6C8 (squares) and those
given anti-CD40L mAb MR1 (circles). Mice were injected with 6C8 or
MR1 (250 µg intraperitoneally), then fed either PBS (open symbols)
or OVA in PBS (filled symbols). After 14 days, mice were primed sys-
temically. Seven days later they were killed and their splenocytes were
recovered for a standard in vitro 51Cr release assay. CTL activity was
expressed as percent OVA-specific lysis; the percent of total radioac-
tivity, corrected for background, released from 51Cr-loaded, OVA257-264

peptide-coated target cells (T) by primed effector spleen cells (E). CTL
activity plots for individual mice (shown in a and b) were converted
into lytic units per spleen from four experiments (c) in which mice
received either PBS or 20 mg oral OVA in PBS on three alternating days
and were primed as in a, and from two experiments (d) in which mice
received either PBS or 0.5 mg oral OVA in PBS on five alternating days
and were primed as in b. Horizontal bars are mean values.



Our results contrast with the apparent resistance of
CD40L–/– mice to oral tolerance induction reported by
Kweon et al. (21). They found that oral OVA did not
diminish T cell proliferation or IL-2 secretion to subse-
quent priming with OVA. However, the level of T cell pro-
liferation was low and IFN-γ secretion was suppressed in
both CD40L–/– and wild-type mice. Developmental or sec-
ondary abnormalities in the CD40L–/– mice, rather than
CD40L deficiency itself, could be responsible for these
observations. Our findings both in mice treated with
anti-CD40L Ab and in CD40-deficient chimeric mice
argue strongly that CD40-CD40L interactions are not
required for the induction of oral tolerance.

The suppression of oral OVA–induced CTLs by anti-
CD40L treatment may be explained by more than one
mechanism. First, because CD40L on CD4+ T cells acti-
vates DCs to prime CTL precursors, CD40L blockade
should directly impair the ability of DCs to prime CTLs.
At the same time, if the CD4+ T cells that provide help for

CTL priming fail to receive reciprocal signals, such as 
IL-12 from activated DCs, they themselves may become
tolerant (32). Alternatively, DCs that fail to be activated
by CD40L could interact with CTL precursors to render
them tolerant. In addition, activated CD8+ T cells them-
selves express low levels of CD40L (19), and anti-CD40L
blockade may directly influence CD8+ T cells (20). When
we gave oral OVA and then measured OVA-specific CTLs
following either CD4+ T cell–dependent or –independent
means of systemic priming, OVA-specific CTL responses
were suppressed in both cases, indicating that the effect
of oral OVA is exerted at least at the level of CTLs.

Using tetramer reagents to identify CTLs specific for
the two major immunodominant epitopes of lympho-
cytic choriomeningitis virus (LCMV), Zajac et al. (31)
showed that in the absence of CD4+ T cell help, viral
challenge induced both deletion and functional inacti-
vation of CTL with loss of IFN-γ expression. Activation
of DCs in this LCMV model is mediated by CD40L (33),
and to a lesser extent by TRANCE, another member of
the TNF family (34). OVA-specific CTLs could respond
analogously under CD40L blockade, assuming that
CD40L-CD40 is the major pathway of CD4+ T cell help
for CTL induction by oral OVA. To elucidate the fate of
CTL precursors that respond to oral OVA during CD40L
blockade, we determined the numbers and phenotype of
adoptively transferred OT-I cells in Ly5.1 congenic B6
mice fed OVA following anti-CD40L treatment. We also
measured intracellular IFN-γ in OT-I cells, because loss
of IFN-γ expression has been reported to reflect CTL
anergy (31). The expansion of OT-I cells, and the appear-
ance of OT-I cells with activated/memory phenotype,
was greatly diminished in response to oral OVA after
CD40L-blockade, but there was no change in IFN-γ
expression by OT-I cells, which might be expected if
CTLs had been anergized. OT-I cell numbers were ana-
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Figure 5
Anti-CD40L treatment does not prevent oral tolerance measured as
suppression of systemic priming of (a) T cell proliferation measured
as 3H-thymidine (T) incorporation, or (b) IFN-γ production meas-
ured as ELIspots. Mice (n = 3 in each group) were injected with con-
trol mAb 6C8 or anti-CD40L mAb MR1 (250 µg intraperitoneally),
and then fed either PBS or 20 mg OVA in PBS on three alternating
days. After 7 days, they were immunized subcutaneously with OVA
(0.1 mg) in CFA in the base of tail. Ten days later, spleens and
inguinal lymph nodes were harvested for measurement of T cell pro-
liferation (a) and cytokine production (b) in the absence (white bars)
or presence (black bars) of 0.1 mg/ml OVA (mean and SD shown for
spleen), and sera obtained for measurement of anti-OVA Ab’s (not
shown, see text), as described in Methods. 3H-T, 3H-thymidine.

Figure 6
Oral tolerance can be induced in CD40-deficient mice. B6 mice were
irradiated and reconstituted with bone marrow from either wild-type
B6 or CD40 knockout mice. Mice were fed PBS or 20 mg OVA in PBS
on three alternating days. As described in the legend to Figure 5, mice
(n = 3 in each group) were then immunized subcutaneously with OVA
in CFA. Ten days later, their spleens were harvested for measurement
of T cell proliferation (not shown, see text) and IFN-γ ELIspots in the
absence or presence (black bars) of 0.1 mg/ml OVA (mean and SD
are shown). No ELIspots were detected in the absence of OVA.



lyzed in the spleen at a relatively late time (14 days) after
oral OVA treatment. It is possible that OT-I cells were
only transiently activated in the mucosal compartment,
and lacked appropriate stimulation for a sustained
response. This would be consistent with evidence that
accumulation but not differentiation of CTLs in intes-
tinal mucosa is dependent on CD40L (20), and with a
requirement for CD40L in order to sustain Th1 respons-
es (35) and maintain CTL memory (33).

If these studies with OVA can be extrapolated to other
proteins containing candidate CTL epitopes, then the
outcome of mucosal antigen administration may well
reflect the balance between protective tolerance and
pathogenic CTL immunity. In the context of autoim-
mune disease prevention, induction of CTL immunity
is a potential hazard that could nullify any benefit of
oral tolerance induction, or could even exacerbate dis-
ease. Mucosal administration of unmodified protein
antigens in rodent autoimmune disease models usual-
ly results in only partial clinical protection (1, 2), and
the ability of oral autoantigen to exacerbate disease has
been documented (3–6). Recognition that mucosal anti-
gen can induce not only protective immunity but poten-
tially pathogenic CTL immunity has important impli-
cations for clinical trials. Although CD40L is critical for
humoral and cell-mediated immunity, its transient
blockade during exposure to mucosal antigen is not
likely to seriously compromise host immunity, but, as
shown, may improve the efficacy and safety of mucosal
tolerance induction in the prevention of CTL-depend-
ent autoimmune diseases such as type 1 diabetes.
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