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SUMMARY

There is an urgent need for prophylactic and therapeutic vaccines against human immunode®ciency

virus (HIV). Mucosal immunization strategies have great potential to elicit both mucosal and

systemic cellular immunity required to protect against HIV-induced aquired immune de®ciency

syndrome (AIDS). However, mucosal immunizations with soluble protein antigens generally

require adjuvants. In this study, we tested two mutants of the heat-labile enterotoxin (LT) from

Escherichia coli, LTK63: with no measurable ADP-ribosyltransferase activity, and LTR72: with

residual ADP-ribosyltransferase activity, as mucosal adjuvants for induction of cytotoxic T

lymphocyte (CTL) responses to coadministered HIV gag p55 protein. We found that intranasal

(i.n.) immunizations with HIV gag p55 protein coadministered with LTK63 or LTR72 induced

systemic CTL responses comparable to that obtained following intramuscular (i.m.) immunizations

with the same adjuvants. Moreover, oral coadministration of LTR72, but not LTK63, resulted in

local as well as systemic p55-speci®c CTL responses in mesenteric lymph nodes (MLN) and spleens

(SP) of the immunized mice. These data have important implications for current efforts to develop a

safe vaccine against HIV.

INTRODUCTION

It is well established that during a sexually transmitted human

immunode®ciency virus (HIV) infection, the HIV virus ®rst

enters through mucosal surfaces and then proceeds to spread

systemically.1,2 One of the challenges in developing an effective

prophylactic HIV vaccine that can protect the vaginal mucosa

is to induce mucosal as well as systemic protective immunity.

However, mucosal immunizations in general require adjuvants.

By far the majority of studies on the use of mucosally active

adjuvants have involved induction of humoral responses and

relatively little data is available about the use of mucosal

adjuvants to induce cell-mediated responses. It is important to

note that most experimental mucosal adjuvants used in animal

models are too toxic for human use.

The heat-labile enterotoxin (LT) from Escherichia coli is

known to be a potent mucosal immunogen and adjuvant for

elicitation of serum immunoglobulin G (IgG) and mucosal IgA

against coadministered antigens.3,4 LT is toxic in its native state

and produces accumulation of intestinal ¯uid and diarrhoea in

humans.5 In order to retain the adjuvanticity of these molecules

but to reduce their toxicity, several mutants have been

generated by site directed mutagenesis. Of these, two mutants

of the enzymatic A subunit, LTK63 and LTR72, maintain a

high degree of adjuvanticity.6 LTK63 is the result of a

substitution of serine 63 with a lysine in the A subunit, which

renders it enzymatically inactive.5,7±9 LTR72 is derived from a

substitution of alanine 72 with an arginine in the A subunit and

contains about 0.6% of the enzymatic activity of wild-type LT.

In addition, LTR72 is 100 000-fold less toxic than wild-type LT

in Y1 cells in vitro and 25±100 times less toxic than wild-type

LT in the rabbit ileal loop assay.10

This study assessed the ability of LTK63 or LTR72 adjuvants

coadministered with HIV gag p55 protein through mucosal or

parenteral routes to induce antigen-speci®c CTL responses. We

found that these adjuvants mixed with HIV-1 gagp55 proteincan

induce strong HIV-1 gag-speci®c CTL responses through

mucosal (oral and i.n.) immunizations comparable to that

induced by parenteral (i.m.) immunizations.

MATERIALS AND METHODS

Mice and cell lines

Female CB6F1 mice (H-2bxd from an F1 cross between H-2b

C57BL/6 and H-2d BALB/c mice) were purchased from Charles
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River Breeding Laboratories (Wilmington, MA) and were used

between 6 and 8 weeks of age. The ®broblast cell line SvBalb

(H-2d) was used as target cells. This cell line expresses class I but

not class II major histocompatibility complex (MHC) molecules.

Antigens

p7g is an H-2Kd restricted HIV-1SF2p24gag CTL epitope and is

a synthetic 9-mer peptide: (aa, 199-AMQMLKETI-207).11 This

peptide was synthesized with free amine N termini and free acid

C termini using Fmoc solid phase methods by Research

Genetics (Huntsville AL).12,13 Mice were infected intraperito-

neally with 1r107 plaque-forming units (p.f.u.) of recombinant

vaccinia virus expressing HIV-1SF2 gag/pol (Vvgagpol) pro-

vided by Dr I. Ramshaw. LTK63 and LTR72 mutants were

prepared as described.5,10 The endotoxin content of the LT

mutant preparations was routinely tested and fell below 0.1 ng

in the highest dose of LTK63 (50 mg) or LTR72 (50 mg) used in

the study. Yeast-derived recombinant p55SF2 gag protein was

obtained from Chiron manufacturing division. The p55 gag

protein was dissolved in 50 mM sodium phosphate buffer with

0.4 M NaCl and 6 M urea at pH 6.9. The protein was

subsequently dialysed into 50 mM Tris buffer with 0.5 M NaCl

and 2 M urea at pH 7.5 before use.

Immunization of mice

The vaccines were administered to groups of ®ve or 10 mice.

The mice were immunized at day 0 and 21 (except for mice

immunized with vaccinia virus that were immunized only once

at day 0). All immunized mice were killed on day 42 and their

spleens (SP) collected for analysis of the CTL responses, as

described below. For i.m. and i.n. immunizations, p55 gag

protein and LT mutants were resuspended in phosphate-

buffered saline (PBS) with 2 M urea (pH 7.2). For i.n.

immunizations, vaccines were applied to the nares of mice in

a volume of 25 ml without anaesthesia. For i.n. immunization,

50 ml of the vaccines was injected into the tibialis anterior

muscle of each hind leg. For oral immunizations, the

immunogens were resuspended into PBS with 2 M urea and

3% bicarbonate solution in a volume of 200 ml and adminis-

tered intragastrically with a feeding needle without anaesthesia.

Vvgagpol was diluted into PBS to 1r108 p.f.u./ml and 100 ml

was injected intraperitoneally (i.p.) into each mouse.

Lymphocyte cultures and cytotoxic T-cell assays

Pooled SP cells from ®ve or 10 immunized mice per group were

cultured in 24-well tissue culture dishes at 5r106 cells/well. A

subset of the culture cells, 1r106 cells/well, were set aside for
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Figure 1. i.m. immunization with p55 gag protein coadministered with LTK63 or LTR72 elicits a vigorous cytotoxic response. CB6F1

mice were given i.m. injections on day 0, 7 and 21 and SP were harvested for assay on day 28. The immunizations included

unadjuvanted protein as a negative control or a single i.p. injection with Vvgagpol on day 0 as a positive control for the assay. i.m.

immunizations of p55 gag protein formulated with a range of doses of either LTK63 (a) or LTR72 (b) induced potent cytotoxic T-cell

responses. Each data point is representative of two or three independent experiments with similar results: LTK63 at 25 mg induced a

signi®cantly higher response over that of protein alone (n=3, P<0.005). Other doses of LTK63 or all doses of LTR72 clearly induced

a higher CTL response (n=2, means at least twofold higher) compared to protein alone.
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use as antigen-presenting cells (APC). These cells were

sensitized with 10 mM of the relevant synthetic CTL epitopic

peptide (p7g) for 1 hr at 37u, washed and cocultured with the

remaining 4r106 untreated SP cells in 2 ml of medium (50%

RPMI-1640 and 50% a-minimal essential medium (MEM;

Gibco, Grand Island, NY)) supplemented with 10% fetal calf

serum and 5% interleukin 2 (Rat T-stim, Collaborative

Biomedical Products, Bedford, MA). After a stimulation

period of 6±7 days, effector cells were collected and assayed

for cytotoxic activity in a standard 51Cr release assay as

described in detail elsewhere.14 Percentage speci®c release was

calculated as 100r[(release by test CTLxspontaneous release/

total releasexspontaneous release)]xspeci®c release from a

non-relevant target (to account for non-speci®c activity). The

peptide used for this purpose was a 9-mer synthetic peptide

displaying a non-relevant epitope. The cells were treated with

this peptide in the same manner as the cells treated with p7g

peptide. Non-speci®c release was generally 10±15% of total

release. As a negative control, naõÈve mice were used against

peptide-pulsed target cells in several experiments and the

percent speci®c lysis for all effector : target (E : T) ratios were

consistently near 0. In all experiments spleens were pooled from

groups of ®ve or 10 animals. The results shown are

representative of at least two independent experiments from

pools of ®ve or 10 animals per vaccination group giving similar

results as stated in the ®gure legends.

Statistical analysis

A standard Student's t-test in Microsoft Excel2 was used to

assess the statistical signi®cance of the differences in the mean

of the CTL responses as percent lysis at the 1 : 60 E : T between

the vaccination groups with adjuvants versus vaccination

groups without adjuvants where the number of experiments

was three (as indicated in the ®gure legends). In all other

instances, where the number of experiments is two, the

response of the adjuvant vaccination group is de®ned higher
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Figure 2. i.n. immunization with p55 gag protein coadministered with LTK63 or LTR72 boosts CTL activity. CB6F1 mice were given

i.n. immunizations on day 0, 7 and 14 and SP were harvested for assay on day 28. The immunizations included unadjuvanted protein

as a negative control or a single i.p. injection with Vvgagpol on day 0 as a positive control for the assay. i.n. immunizations of p55 gag

protein formulated with a range of doses of either LTK63 (a) or LTR72 (b) induced potent, titratable cytotoxic T-cell responses. Each

data point is representative of two or three independent experiments with similar results: LTK63 at 10 mg induced a statistically

signi®cant higher response over that of protein alone (n=3, P<0.005). Other doses of LTK63 or all doses of LTR72 clearly induced a

higher CTL response (n=2, means at least twofold higher) compared to protein alone.

Figure 3. (Figure on p. 157.) Oral immunization with p55 gag protein coadministered with LTR72 boosts CTL activity. CB6F1 mice were orally

immunized on days 0,7, and 14 and SP or MLN were harvested on day 28. The immunizations included protein alone as a negative control or a single

i.p. injection with Vvgagpol on day 0 as a positive control for the assay. A negative control group of naõÈve mice was also included. Oral

immunizations of p55 gag protein with LTR72 (b), but not LTK63 (a) induced potent systemic cytotoxic T-cell responses in the SP. In MLN, only

the high dose of LTR72, induced a CTL response (c). Each data point is representative of two independant experiments with similar results: LTR72

but not LTK63, at the 50 mg dose clearly induced a higher CTL response (n=2, means at least twofold higher) compared to protein alone.
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than the no adjuvant vaccination group if the mean of the

adjuvant group is at least twofold higher than the mean of the

no adjuvant group.

RESULTS

Immunization (i.m.) with p55 gag protein coadministered with

LTK63 or LTR72 elicits a vigorous cytotoxic response

In order to determine the ability of LT mutants to act as

adjuvants for induction of HIV gag p55-speci®c CTL responses

by parenteral immunizations, CB6F1 mice were immunized by

the i.m. route with LTK63 or LTR72 coadministered with

HIV-1 p55 gag protein. i.m. immunization of mice with 25 mg

of p55 gag protein alone did not elicit a signi®cant cytotoxic

response. However, when LTK63 was coadministered with p55

gag protein, the effectors were capable of strong cytotoxic

activity (Fig. 1a). The adjuvant effect of LTK63 was evident at

the 1 mg dose which clearly increased the speci®c cytotoxic

activity over the unadjuvanted protein. Moreover, an increased

dosage of LTK63 (10 mg and 25 mg) appeared to increase the

speci®c cytotoxic activity to a potency equivalent to that of the

Vvgagpol positive control.

Immunizations (i.m.) with LTR72 coadministered with p55

gag protein also provided an increase in the speci®c cytotoxic

activity over immunizations with protein alone (Fig. 1b).

Similar to LTK63, the LTR72 adjuvant increased the cytotoxic

activity at a dose of only 1 mg and this increase was

considerably higher with doses of 10 mg and 25 mg.

These results show that LTK63 and LTR72 adjuvants

coadministered with p55 gag protein by the i.m. route induce a

vigorous cellular response that is not obtainable with protein

alone.

Immunization (i.n.) with p55 gag protein coadministered with

LTK63 or LTR72 induces speci®c CTL activity

Because the mucosal delivery of safe vaccines against HIV is

important, we immunized mice by the i.n. route with various

concentrations of p55 gag protein mixed with LTK63 or

LTR72. In Fig. 2, the potency of LT mutant adjuvants to

invoke strong cytotoxic responses after mucosal immunization

is demonstrated. Although both mutants are effective at

increasing the speci®c cytotoxic responses after i.n. immuniza-

tion, LTK63 appears to be more potent than LTR72.

LTK63 and p55 gag protein increased the CTL response to

several-fold higher than that of the protein alone (Fig. 2a). The

highest dose used, 25 mg, resulted in a potent CTL response

that was comparable to that of the Vvgagpol positive control.

LTR72 exhibited an adjuvant effect at a dose of 10 mg and

higher (Fig. 2b). Although the lowest dose of LTR72, 1 mg, did

not raise cytotoxic activity above that of protein alone, the

higher doses induced a CTL response comparable to that of the

10 mg dose of LTK63 adjuvant.

These data show that i.n. immunizations with HIV gag p55

protein coadministered with LTK63 or LTR72 result in strong

cytotoxic activity that is similar to that achieved by i.m.

immunizations.

Local and systemic HIV-1 p55-speci®c CTL responses

following oral immunization with p55 protein coadministered

with LTR72 but not LTK63

Various routes of inoculation with the simian immunode®-

ciency virus have been shown to rapidly decrease the numbers

of CD4+ cells in the intestinal mucosa before such loss is

detectable in peripheral lymphoid tissues.15,16 Therefore, it is

important to explore the oral immunization route for local

protection against HIV. Figure 3 demonstrates the adjuvant

ability of the LT mutants to induce p55-speci®c CTL when

administered by the oral route. Because of the acidity of the

stomach and the harsh microenvironment of the intestine, the

amount of p55 gag protein used for oral immunizations was

higher compared to the other routes, i.e. 100 mg rather than

25 mg.

The mice immunized with protein alone had a low CTL

response (Fig. 3a). The result of oral immunization with 25 mg

of LTK63 was similar to that of protein alone. The 50 mg dose

of LTK63 increased the CTL response above that of the

protein given alone. Mice immunized with 25 mg of LTR72

(Fig. 3b) showed a higher cytotoxic response than mice

immunized with protein alone, although the best results were

obtained with a higher dose (50 mg) of LTR72. Importantly,

mice immunized orally with 100 mg of p55 and 50 mg of LTR72

demonstrated local speci®c CTL responses in mesenteric lymph

nodes (MLN). In contrast, mice immunized orally with even

the higher dose of LTK63 failed to demonstrate local CTL

responses in MLN (Fig. 3c).

These results show that LTR72 is superior to LTK63 when

administered orally with p55 gag protein for induction of CTL

responses.

DISCUSSION

The principal aim of this study was to determine the ability of

LT mutant adjuvants with low or no toxicity to promote local

and systemic cell-mediated responses against HIV-1 gag-p55

through mucosal immunizations. As such, this is the ®rst

comparative report on the use of adjuvants with no or low

toxicity for eliciting local as well as systemic anti-HIV CTL

responses through mucosal immunizations. Thus, this study

has important implications for development of safe mucosal

vaccines against HIV.

This study also provides evidence on the importance of

adjuvants with residual ADP-ribosyltransferase activity versus

no ADP-ribosyltransferase activity when oral and i.n. routes of

mucosal immunizations are compared. An important observa-

tion was the induction of strong local and systemic CTL

responses following oral immunizations with LTR72 but not

LTK63, even though LTK63 induced potent CTL responses

following i.n. immunization. It appears that some ADP-

ribosyltransferase activity may be required for induction of

immunity through oral but not i.n. immunizations as shown

here and elsewhere.17

A recent study demonstrated the capacity of various LT

mutants to act as adjuvants for the induction of ovalbumin

(OVA)-speci®c CTL responses, although the mice were

immunized under anaesthesia, in effect making the immuniza-

tion intratracheal.17 Compared to i.n. immunization of mice

without anaesthesia, intratracheal immunization of mice under
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anaesthesia generally yields higher local as well as systemic

immune responses.18 Because the aim of our study is to

ultimately develop an HIV-related vaccine for use in humans,

the intratracheal vaccine administration or the use of wild-type

LT would pose undesirable health issues and would not have

clinical relevance.

A noteworthy observation was that following oral immu-

nization, LTK63 induced a low systemic CTL response in SP

but no detectable local CTL responses in MLN. It is generally

believed that antigens are taken up into mucosal inductive sites

where antigen-speci®c B- and T-cell activation is induced,

following which the activated lymphocytes migrate to distant

mucosal and systemic lymphoid tissues.19 Therefore, it may be

expected that if a systemic CTL response is detected, a local

CTL response should also be detected. We do not have an

explanation for this discrepancy. However, a plausible

explanation may be that the CTL responses induced by oral

immunization with LTK63 induced marginally poor CTL

responses as measured by the 51Cr-release assay with generally

low sensitivity. Whether our immunization strategies induce

CTL responses in the mucosal effector sites (lamina propria) of

the nasal, intestinal or vaginal mucosa following i.n. or oral

immunization needs further investigation. Others have shown

that cells with CTL activity reside in the lamina propria of

mucosal membranes,20 and i.n. immunizations induce immune

responses in the nasal as well as the vaginal mucosa.21±25

To determine whether our immunizations induced gag-

speci®c humoral responses we performed an enzyme-linked

immunosorbent assay (ELISA) on sera collected from the

immunized animals. Although strong p55-speci®c antibody

responses appeared to have been induced in mice immunized

i.m. or i.n. with LTK63, the results from mucosally immunized

animals were generally poor and not reproducible (data not

shown). Thus, although these LT mutants induce potent

antigen-speci®c mucosal and systemic humoral responses when

administered with other protein antigens (e.g. in¯uenza HA26),

they are poor inducers of humoral responses following mucosal

immunizations with HIV gag protein. Therefore, the ability of

the LT mutant adjuvants to induce immunity against

coadministered proteins may be antigen dependent.
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