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SUMMARY
Oral administration of exogenous cytokines may modulate immune
responses, and hence may act as an adjuvant to enhance the efficacy of
a co-delivered vaccine. The adjuvant capacity of IL-2 and IFN- γ for inactivated Campylobacter or cholera whole vaccines were investigated in
mice. Cytokines delivered via oral route was not toxic, and was able to
augment vaccine induced humoral, as well as cellular immune responses. This augmentation varied depending upon the organ system
(local vs. systemic), and the type of immune response (cellular vs. humoral) induced, and was a function of the cytokine delivered. This observation suggests that, to some extent, these cytokines induce and
regulate immune responses by distinct yet interdependent pathways.
INTRODUCTION
Appropriately prepared and orally
delivered, vaccines consisting of dead
bacterial cells are safe, but generally lack
sufficient immunogenicity to stimulate
long-lasting protection against disease.
Some examples of these vaccine
candidates currently being developed
include, Vibrio cholera (Sanchez et al.,
1994), enterotoxigenic Escherichia coli
(Wenneras et al., 1994), and Campylobacter jejuni (Baqar et al., 1995). Recent
attempts to produce improved mucosal
vaccines
against
these
bacterial
diarrhoeal diseases has focused on the
use of inactivated whole bacterial cells
co-administered orally with potential
mucosal adjuvants.
An effective vaccine against an infection must be capable of inducing the appropriate protective immune responses.
It is now known that cytokines have an
important role in inducing, regulating
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and augmenting protective immune responses following infection or vaccination. Therefore, the outcome of a subsequent infectious challenge after vaccination or prior infection with the same
agent may be the result of limiting or
preferentially producing one or more of
these immunological mediators. This
suggests that the use of exogenous recombinant cytokines as vaccine adjuvants may provide a mechanism(s)
whereby the magnitude and the characteristics of vaccine-specific immune responses could be favourably modulated.
Various cytokines administered parenterally or orally, have been shown to
be effective immunological adjuvants in
animal or human models augmenting
protection induced by viral (Cummins
and Rosenquist, 1980; Schijns et al.,
1994), bacterial (Miller et al., 1996) or
parasitic (reviewed in Correlissen and

Schetters, 1996) vaccines, as well as
enhancing anti-tumour immunisation in
clinical trials (Kirchner et al., 1995).
The systemic use of cytokines as thera
peutics or vaccine adjuvant has been
limited primarily due to its associated
toxicity at effective doses; however, this
draw back may potentially be overcome
by administering these molecules orally.
Cytokines delivered orally have also
been shown to alter the kinetics and the
immune response to bacterial/viral in
fections in animals (Chong 1987; Baqar
et al., 1993; Cummins and Rosenquist,
1980; ) as well as acted as therapeutics

in humans (Koch and Obe, 1990;
Jordan, 1994). We have previously re
ported that selected cytokines adminis
tered orally have no apparent side ef
fects, retain their biological activity
(Rollwagen et al., 1997), and can alter
the course of infection, as well as aug
ment immunity to C. jejuni infection in
mice (Baqar et al., 1993). Here we re
port the results of studies evaluating IL
2 and IFN- γ , both Th1 type cytokines
(Finkelman et al., 1988; Fiorentino et
al., 1989), as mucosal adjuvants for co
administered inactivated bacterial whole
cell vaccines.

MATERIALS AND METHODS
Mice
BALB/c mice (females, 10-week old)
were purchased from Jackson Labora
tories Bar Harbor, ME, and housed in
laminar flow cages for 10-12 days be
fore being used in these experiments.
Vaccines and adjuvants
The formalin inactivated C. jejuni
whole cell (CWC) vaccine, prepared as
previously described (Baqar et al.,
1995), was used at 108 vaccine particles
per dose. The V. cholerae whole cells
(VWC) vaccine (National Bacteriologi
cal Laboratory, Stockholm, Sweden,
obtained from the U.S. Army under
IND#3842) was delivered at 109 vaccine
particles/dose. Murine recombinant
Interleukin-2 (IL-2) and Interferon
gamma (IFN- γ) were purchased from
Genzyme Diagnostics, Cambridge, MA.
Enterotoxicity assays
All cytokines or CT was delivered at

the indicated concentration using 0.5 ml
PBS pH 7.4 supplemented with 0.1%
bovine serum albumin (PBS-BSA).
After neutralising stomach pH with 5%
sodium bicarbonate buffer, 0.5 ml of
PBS-BSA alone or containing 50 U to
500 U of IL-2, 40 ng to 160 ng of IFN
γ or 5 mg of V. cholera toxin (CT,
Swiss Serum and Vaccine Institute,
Berne, Switzerland) was delivered
orally to 5-7 mice. The details of the oral
feeding
procedure
are
reported
previously (Baqar et al., 1993). Six to 8
h after feeding, animals were euthanised
and weighed. The weights of the GI
tracts, and remaining carcasses from
individual animals were then also de
termined. Enterotoxicity was directly
related to the amount of fluid accumu
lated in the intestine of mice following
oral dosing, and the amount of fluid was
calculated as the ratio of the GI tract
weight to the remaining carcass weight
as:

GI tract weight
Body weight - GI tract weight
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Figure 1: Comparative enterotoxicity of orally delivered cytokines and cholera toxin. Five mice
per group were fed 0.5 ml of PBS-BSA alone or containing 500 units of IL-2, or 160 ng of IFN-γ,
or 5 mg of cholera toxin. At 6-8 hrs after feeding, gut:carcass ratios for individual mice were de
termined. The figure presents mean and standard deviation values for these ratios derived from the
indicated groups.

Vaccination
Mice (10-15 per group) received two
oral doses at 8 day intervals, of 0.5 ml
PBS-BSA only, or PBS-BSA contain
ing 500 U of IL-2, or 108 CWC vaccine
particles, or the same amount of vaccine
delivered in combination with 500 U of
IL-2. The VWC was tested using a simi
lar vaccination regimen, except that 109
vaccine particles were used. The VWC
vaccine was also delivered with 160 ng
of IFN-γ.
Humoral immune responses
Campylobacter specific sIgA (intesti
nal lavage collected 7 days after vacci
nation; Baqar et al. 1993) were mea
sured using an isotype-specific enzyme
linked immunosorbent assay (ELISA).
Mononuclear cell suspensions prepared
from Peyer’s patches, lamina propria
(Hornqvist, 1991), peripheral blood,
spleen and mesenteric lymph nodes
(Baqar et al., 1996), were used to enu
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merate vaccine antigen specific IgA and
IgG antibody secreting cells (ASC).
Details of the ELISA procedure (Baqar
et al., 1993) and the methods employed
to determine ASC in tissues (Baqar et
al., 1996) are published.
Cell mediated immune responses
Mononuclear cells isolated from
mesenteric lymph nodes and spleens
were used to determine vaccine antigen
specific in vitro lymphocyte proliferation
28 days after vaccination. Cells (105)
were stimulated in triplicate in the
presence of 105 inactivated bacterial cells
for 7 days, at which time radioactive
thymidine was added. After an ad
ditional 16 hrs incubation, tritium con
taining DNA was determined using
standard liquid scintillation procedures.
The procedures used for lymphocyte
replication assays and data analysis are
published elsewhere (Murphy et al.,
1987, 1989).

Figure 2: Campylobacter specific IgA-ASC responses after immunisation with inactivated CWC
vaccine. Seven days after immunisation cells from 5-6 mice were separated individually from the
indicated tissues and organs. The number of glycine extract antigen specific ASC/106 mononuclear
cells was determined for each mouse. The figure presents geometric mean (loge) and standard devia
tions for the indicated groups. Abbreviations used; PP Peyer’s patches; MLN mesenteric lymph
nodes; PBMNC peripheral blood mononuclear cells; LP lamina propria; SPL spleen.

RESULTS
Enterotoxicity of orally delivered
cytokines
The enterotoxicity of orally delivered
cytokines were evaluated at a range of
doses that were potentially thought or
previously reported (Baqar et al., 1993)
to have adjuvant action in mice. IFN- γ
was tested across a 40 to 160 ng/mouse
dosing range, and IL-2 at 50-500
units/mouse. In addition, a group of
mice received 5 mg of CT as a positive
control for enterotoxicity. The data pre
sented in Figure 1 demonstrate that mice
receiving only PBS-BSA exhibited no
significant fluid accumulation as evi
denced by a mean gut:carcass ratio of
0.10±0.01 (mean±standard deviation).
CT stimulated a substantial amount of
fluid secretion (ratio of 0.24±0.03),
while the doses of IL-2 and IFN- γ
examined failed to show any enterotox
icity giving gut:carcass ratios (IL-2:
0.11±0.01; IFN- γ: 0.10±0.02, data
shown are for the highest dose only)

which were essentially identical to those
seen in control (PBS) mice.
C. jejuni vaccine
Inactivated CWC vaccine given alone
or in combination with IL-2 was well
tolerated with no apparent vaccine as
sociated side effects being observed in
mice.
Immune response to Campylobacter antigen
Separate groups of mice were im
munised with PBS, IL-2, CWC or
CWC+ IL2 and Campylobacter specific
IgA-ASC were determined in tissues
and peripheral blood samples collected
7-10 days after immunisation (Figure
2). No antigen specific ASC were
detected in animals receiving PBS or IL
2. Campylobacter whole cell vaccine
alone induced only a marginal ASC re
sponse, whereas, the response was aug
mented when the vaccine was delivered
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Table 1: Murine IL-2 as an oral adjuvant for inactivated Campylobacter whole cell vaccine
———————————————————————————————————————
Campylobacter specifica sIgA
Campylobacter colonisationb
Immunisation
Titre
% Responder
log10/mg Excretion (%) Efficacy (%)
——————————————————————————————————————
PBS
2.86±0.73
0
3.11±0.4
100
0
IL-2
3.06±0.88
0
2.40±0.8
100
0
CWC
3.44±0.89
14
2.04±0.5
57
43
CWC+IL2
4.75±0.48
71
1.47±0.5
28
72
———————————————————————————————————————
a:

C. jejuni 81-176 glycine extracted proteins (Logan and Trust, 1982) were used as antigens. Data are
presented as geometric mean (loge) and standard deviation (stds). Responders are animals whose end
point titres were >4.32 (geometric mean + 2 stds of PBS mice = 4.32).
b: Four weeks after vaccination mice were orally challenged with 8x109 CFU of C. jejuni 81-176, 6 days
following challenge, faecal samples from individual mice were collected and CFU of C. jejuni / mg of
faeces were determined. Vaccine efficacy was calculated as:
% control colonised - % vaccinee colonised
x 100
% control colonised

with IL-2. The adjuvant effect of IL-2
was differentially expressed within the
various tissues examined. The most
pronounced immune enhancing effect of
IL-2 was seen in mesenteric lymph
nodes (2.9±0.35 vs. 4.3.4±0.21) and
the lamina propria of vaccinated mice
(compare the CWC vs. CWC+IL2 ASC
responses in Figure 2). The detection of
similar ASC response levels in the
spleens of animals immunised with
CWC or CWC+IL2 may be, in part, due
to the less than optimal time (7-10 days)
that these cells were collected to
enumerate ASC.
Intestinal lavage fluid collected from
PBS or IL-2 immunised mice had no
detectable levels of Campylobacter spe
cific sIgA (Table 1). When CWC was
delivered alone, only 14% of vaccinated
mice mounted a significant antigen spe
cific sIgA response. In contrast, admin
istering the same dose of CWC vaccine
with IL-2 resulted in a significant en
hancement in the number of sIgA re
sponders (71%) to this vaccine.
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Acquired resistance to Campylobacter infection
Vaccine efficacy was determined by
orally challenging mice with C. jejuni 28
days after primary immunisation. Six
days following challenge, 100% of PBS
or IL-2 immunised animals were shed
ding the challenge organisms in their
faeces, whereas, only 57% of CWC
immunised and 28% of CWC+IL2 im
munised animals remained colonised at
this time. Mice which were positive for
colonisation were excreting bacteria at
much lower level (3.11±0.4 vs.
1.47±0.5 log10CFU/mg of faeces). Vac
cine efficacy based on intestinal coloni
sation was calculated to be 43% and
72% for CW or CWC+IL2 immunised
groups, respectively (Table 1).
V. cholerae vaccine
Inactivated VWC vaccine alone or in
combination with IL-2 or IFN- γ was
well tolerated with no apparent vaccina
tion associated side effect being seen in
mice.

Figure 3: V. cholerae 01-LPS specific IgA- and IgG-ASC responses after immunisation with in
activated VWC vaccine. Seven days after immunisation cells from 5-6 mice were separated individ
ually from the indicated tissues and organs. The number of 01-LPS specific ASC/106 mononuclear
cells was determined for each mouse. The geometric mean (loge) and standard deviations for these
values within the various group were determined. The figure presents these mean values after back
transformation to linear form. The standard deviations remained between 2-14%.

Humoral immune response to
Vibrio antigen
Experiments were done to learn if
humoral immune responses to cholera
vaccine associated antigens could be en
hanced by co-administering the VWC
vaccine with IL-2 or IFN- γ , as oral mu
cosal adjuvants. Mononuclear cells iso
lated from Peyer's patches, mesenteric
lymph nodes and spleens were used to
detect cholera 01-LPS specific IgA- and
IgG-ASC 7-10 days after vaccination
(Figure 3). Oral administration of

cholera vaccine alone resulted in a sig
nificant IgA-ASC response in Peyer’s
patches and mesenteric lymph nodes.
These responses were further enhanced
when the vaccine was delivered with IL
2, but not with IFN- γ . Compared to
other tissues, the IgA-ASC response
pattern in the spleen was different; VWC
alone was a poor immunogen, but
inclusion of IL-2 at the time of vaccina
tion enhanced the response in this or
gan. In contrast to IgA responses, IL-2
had only a minimal adjuvant effect on
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Figure 4: Vibrio cholerae whole cell antigen specific lymphocyte replicative responses after
immunisation with inactivated cholera whole cell vaccine. The counts per minute for each culture
well were loge transformed and geometric means were calculated. Data are presented as back trans
formed means, standard deviations were <13%.

vaccine specific IgG-ASC. However,
IFN- γ substantially enhanced 01-LPS
specific IgG-ASC in mesenteric lymph
nodes and spleens.
Cellular immune response to
Vibrio antigen
To determine the extent to which cell
mediated immune responses may de
velop following immunisation with the
VWC vaccine alone or the IL-2 or IFN-γ
supplemented formulations, spleen and
mesenteric lymph nodes from individual
(5 mice per group) animals were isolated
and cultured in medium alone or
medium containing VWC vaccine.
Spleen and mesenteric lymph node cells
from the various vaccination groups
exhibited similar rates of basal lympho
cyte replication (Figure 4: open bars).
Cells from all the groups responded
similarly to stimulation with Con
canavalin A, thus vaccination did not
cause non-specific stimulation or sup
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pression of lymphocyte replication (data
not shown). The proliferative response
patterns differed substantially when
lymphocytes from immunised and con
trol (PBS, IL-2 or IFN- γ immunisation)
mice were cultured in vitro in the pres
ence of cholera whole cell antigens.
Spleen and mesenteric lymph node lym
phocytes from control mice showed low
(mean CPM <3,000) and similar repli
cation responses to vaccine antigens.
Inclusion of either cytokine with VWC
vaccine did not enhance the cholera
antigen specific replicative responses of
the splenocytes (mean CPM of 3,570;
3,170; 3,566 for VWC, VWC+IL2,
VWC+IFN-γ respectively). In contrast,
compared to spleen cells, mesenteric
lymph node cells from VWC+IFN-γ
vaccinated animals showed substantially
enhanced proliferative responses to
Vibrio antigens (mean CPM 14,3331
vs. 5,830 for VWC).

DISCUSSION
Recombinant IL-2 and IFN- γ re
tained their biological activity when
orally delivered to mice. The doses used
were sufficient to initiate a physiologi
cal/immunological cascade of action(s)
to modulate protective immune re
sponses without causing any detectable
enterotoxicity. Some of these cytokines
are known to be acid-stable and it has
been suggested that recombinantly pro
duced proteins that are glycosylated may
resist proteolysis in the intestine
(Rollwagen and Baqar, 1996). It has
also been shown, that it takes at least 20
minutes in the presence of high concen
tration of trypsin or chymotrypsin to in
activate IL-6 in vitro. In vivo studies
also showed that a longer incubation
was necessary to inactivate IL-6 than the
“normal” transit time through the gut. In
this study where nonoglycosylated cy
tokines were used, administering these
molecules with a carrier protein (BSA)
after neutralising stomach acidity may
have protected them from complete or
partial digestion.
Previous work in our laboratory has
shown the induction of various cyto
kines in response to C. jejuni infection
in mice (Baqar et al., 1991). We have
shown that exogenous orally delivered
cytokines (IL-2, IL-5, IL-6) could mod
ulate the course of C. jejuni infection
and also enhanced protective immune
responses in mice (Baqar et al., 1993).
In the present study, we found that
immune responses to cholera vaccine
and protective immunity against Campy
lobacter colonisation in mice were
induced only when inactivated bacterial
whole cell vaccines were given with IL
2 or IFN-γ at the time of vaccination.
An adjuvant when delivered with an
antigen, is capable of selectively enhanc
ing specific immune responses in vivo.
In mice immunised with vaccine alone
(no cytokine added), immune responses
and protection against infection were

minimal, whereas, when the same vac
cine was given with IL-2 or IFN- γ a
distinct enhancement of vaccine-specific
immune responses were observed. This
augmentation varied depending upon the
organ system (local vs. systemic), and
the type of immune response (cellular
vs. humoral) induced, and was a func
tion of the cytokine delivered. This ob
servation suggests that, to some extent,
these cytokines induce and modulate
immune responses by distinct yet inter
dependent pathways. We have previ
ously (Rollwagen et al., 1997) shown,
that 125I-labelled IL-6 or IL-2 fed to mice
have different distribution patterns in
vivo; IL-6 remained in the gut for up to
6 hrs post administration whereas, IL-2
counts were more uniformly distributed
among local and systemic com
partments.
The mechanism(s) underlying the
adjuvant effect of IL-2 or- IFN- γ re
mains to be determined. These T cell
subset-specific cytokines are known to
regulate and expand their own subset,
although at times the activation of Th1
vs. Th2 subsets could be mutually ex
clusive (Fiorentino et al., 1989). Thus,
administration of particular cytokines
during immunisation might be expected
to influence the physiological cytokine
balance; and may serve to inhibit or
stimulate antigen-specific immune reac
tions. The fact that these orally adminis
tered molecules can modulate humoral,
as well as cellular immune responses
both at the local site and systemically,
suggests that they can also exert their
adjuvant effect beyond the intestinal
mucosa, the primary site of delivery.
Although some biological activity is
probably destroyed when cytokines are
given by this route, a sufficient amount
apparently remains to effect im
munomodulatory functions which leads
to enhanced protective immune re
sponses to killed bacterial vaccines.
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