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Tuberculosis (TB) remains one of the most important infectious diseases of humans and animals. Myco-
bacterium bovis BCG, the only currently available TB vaccine, demonstrates variable levels of efficacy; therefore,
a replacement or supplement to BCG is required. Protein subunit vaccines have shown promise but require the
use of adjuvants to enhance their immunogenicity. Using the protective mycobacterial antigen Rv3019c, we
have evaluated the induction of relevant immune responses by adjuvant formulations directly in the target
species for bovine TB vaccines and compared these to responses induced by BCG. We demonstrate that two
classes of adjuvant induce distinct immune phenotypes in cattle, a fact not previously reported for mice. A
water/oil emulsion induced both an effector cell and a central memory response. A cationic-liposome adjuvant
induced a central memory response alone, similar to that induced by BCG. This suggests that water/oil
emulsions may be the most promising formulations. These results demonstrate the importance of testing
adjuvant formulations directly in the target species and the necessity of measuring different types of immune

response when evaluating immune responses.

Tuberculosis (TB) caused by infection with Mycobacterium
tuberculosis or M. bovis remains one of the most important
infectious diseases of humans or animals, respectively, and
continues to inflict a huge cost in both health and financial
terms (3). The only currently available human TB vaccine, M.
bovis bacillus Calmette-Guérin (BCG), demonstrates variable
levels of efficacy in humans and cattle (4, 9); therefore, there is
an urgent need for a new vaccine to replace or supplement
BCG. In various models, subunit vaccines against TB have
demonstrated promising efficacy when used alone but espe-
cially when used in conjunction with BCG in a “prime-boost”
strategy (12, 17, 21, 29).

One requirement for the development of novel protein sub-
unit vaccines is the need for the antigen to be administered as
an adjuvant to elicit a suitable protective immune response, as
purified protein or peptide antigens are poorly immunogenic
when administered on their own (19). In particular, in view of
the predominant protective role of CD4" Th1 responses in TB
(21), any prophylactic vaccine needs to induce cellular immu-
nity driving these responses.

Another consideration in the rational design and formu-
lation of adjuvants is that of which particular immune pa-
rameters (correlates) are predictive of protective vaccina-
tion against a particular disease. In some cases this is known,
e.g., with bacterial meningitis, where production of a certain
titer of bactericidal antibodies directed against the antigen is
sufficient (2). In the case of more complex infections, such as
TB, these protective immune parameters are unknown, al-
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though, as mentioned, evidence is clear that at the very least
cellular Thl responses are essential (21). Recent evidence
from studies of experimental Leishmania major vaccines sug-
gests that correlates to predict protective immunity are very
complex (6). Data from our laboratory have demonstrated that
the induction and measurement of central memory responses
in cattle may be a potential correlate of protective immunity in
cattle.

The great majority of research into novel adjuvant formula-
tions and their mode of action is conducted with laboratory
animal species, notably mice. However, research in our labo-
ratory has shown that immunization of cattle with adjuvant
formulations optimized for mice does not always translate to
the same results (P. J. Hogarth and H. M. Vordermeier,
unpublished). Here we sought to evaluate the efficacies of a
number of adjuvants to induce relevant cellular immune
responses to Rv3019c, a protective TB antigen (10), directly
in the desired target species of cattle and compare these to
responses induced by the only currently available TB vac-
cine, BCG.

MATERIALS AND METHODS

Animals. Holstein-Friesian calves were obtained from herds free of bovine TB
in areas where TB is not endemic and were used at 6 months of age. Disease-free
status was confirmed, and calves were selected on the basis of low-level reactivity
to M. bovis and M. avium purified protein derivative (PPD) by use of a gamma
interferon (IFN-y) Bovigam test (Prionics, Switzerland), as described previously
(26).

Animals were housed in appropriate biological containment facilities at VLA,
and work was carried out in accordance with the Animals (Scientific Procedures)
Act 1986 (Home Office, London, United Kingdom), following local ethical re-
view.

Adjuvants and immunization. A total of six different adjuvants were evaluated.
ISA50, ISA70, and ISA206 mineral oil-based adjuvants were obtained from
Seppic (France) and formulated according to manufacturer instructions. Briefly,
antigen was added to the recommended volume of phosphate-buffered saline
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TABLE 1. Design of adjuvant screening experiments

Expt no. and Immunization Immunization
group” formulation schedule (wk)
Exptl

A None/Rv3019c¢ 0 and 4
B ISA50/Rv3019c 0 and 4
C ISA70/Rv3019c 0 and 4
D ISA206/Rv3019¢ 0 and 4
E Triple/Rv3019c 0and 4
F BCG 0°
Expt2

A None/Rv3019c¢ 0 and 4
B CAFO01 low/Rv3019¢ 0 and 4
C CAF01 high/Rv3019¢ 0and 4
D ISA70/Rv3019c 0 and 4
E BCG 0

¢ For experiment 1, each group consisted of six calves; for experiment 2, each
group consisted of five calves.
? ISA70/Rv3019¢ boost at week 14.

(PBS) and adjuvant. This formulation was then passed 10 times through a syringe
fitted with a 21-gauge needle. “Triple” adjuvant was a formulation of 70% ISA70,
12 mg/ml Quil-A (Brenntag Biosector, Denmark), and 120 mg/ml DEAE-dex-
tran (Amersham, United Kingdom) (P. Wood, personal communication). The
cationic-liposome adjuvants used were CAF01 low (dimethyldioctadecyl bromide
[DDA], 2,500 pg/ml, and trehalose 6,6'-dibehenate [TDB], 500 wg/ml) and
CAFO01 high (DDA, 5,000 pg/ml, and TDB, 1,000 pg/ml); these adjuvants were
obtained from the Statens Serum Institut (SSI, Demark) and prepared as pre-
viously described (7). All adjuvants were administered in a 1-ml dose containing
100 pg of recombinant Rv3019¢ antigen (Lionex, Germany).

Two immunization trials were performed as described in Table 1. Calves (n =
5 or 6) were immunized with either PBS or an adjuvant/antigen formulation
subcutaneously at week 0 and week 4. An additional group was immunized with
asingle dose of 1 X 10° CFU of BCG Danish 1331 (SSI, Denmark) intradermally
at week 0. In the first experiment, the BCG-immunized group was boosted with
ISA70/antigen 14 weeks following the initial vaccination.

Cell isolation. Peripheral blood mononuclear cells (PBMC) were isolated from
heparinized cattle blood before vaccination and at the time points postvaccina-
tion indicated in the figures by Histopaque-1077 (Sigma) gradient centrifugation
and cultured in RPMI 1640 (Life Technologies, United Kingdom) supplemented
with 5% fetal bovine serum (Sigma), nonessential amino acids (Sigma), 5 X 107>
M 2-mercaptoethanol, 100 U/ml penicillin, and 100 pg/ml streptomycin sulfate
(Gibco, United Kingdom).

Whole-blood IFN-y ELISA. Measurement of antigen-stimulated ITFN-y in
whole-blood cultures was determined by culturing duplicate 250-ul aliquots of
blood in the presence of 10 pg/ml of Rv3019¢c, bovine or avian PPD (VLA-
Weybridge, United Kingdom), or RPMI 1640 medium alone. Plasma superna-
tants were harvested following a 20-h incubation at 37°C and 5% CO, and tested
for IFN-y by use of a Bovigam bovine IFN-y enzyme-linked immunosorbent
assay (ELISA) kit (Prionics, Switzerland). For reporting, IFN-y optical density
values at 450 nm were transformed into ng/ml by generating a standard curve
using recombinant bovine IFN-y (Endogen).

Antigen-specific IgG ELISA. Serum levels of Rv3019c-specific immunoglobu-
lin G (IgG) were measured by ELISA as previously described (32), with the
minor modification that the plates were coated with 2 pg/ml recombinant
Rv3019c.

Ex vivo IFN-y ELISPOT assay. Ex vivo enzyme-linked immunospot
(ELISPOT) assays to enumerate effector T cells were performed according to
manufacturer instructions (Mabtech, Sweden), with minor modifications.
Briefly, ELISPOT plates (MAIP S4510; Millipore) were coated overnight at
4°C with a bovine IFN-vy-specific monoclonal antibody. Wells were blocked
with 10% fetal calf serum in RPMI 1640 medium, and PBMC suspended in
supplemented RPMI were added (2 X 10° PBMC/well) and cultured in the
presence of bovine PPD or Rv3019c at 10 pg/ml for 24 h in a humidified 37°C,
5% CO, incubator. Plates were washed once with distilled H,O and three
times with PBS-0.05% Tween 20 (PBS-T). A pan-biotin IFN-y monoclonal
antibody was added (1 h at room temperature), and plates were washed three
times with PBS-T. This was followed by incubation with streptavidin-horse-
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radish peroxidase (1 h at room temperature) and three washes with PBS-T.
Spots were visualized using a 3-amino-9-ethylcarbazole substrate (Sigma).

Cultured IFN-y ELISPOT assay. Cultured ELISPOT assays to enumerate
memory T cells were performed using a modification of a previously described
method (32). Briefly, short-term-cultured T-cell lines were generated by stimu-
lating 2 X 10° PBMC/ml with antigen (Rv3019c¢, 5 pg/ml). Recombinant human
interleukin-2 (IL-2) (10 U/ml; Sigma, United Kingdom) was added to the PBMC
cultures at days 5 and 8. Fresh medium without IL-2 was added to the cultures
at days 10 and 12. The total culture period was 13 days.

On day 12, ELISPOT plates (Millipore) were coated with anti-IFN-y
(Mabtech, Sweden) as described above. The following day, wells were blocked
with 10% fetal calf serum in RPMI 1640 medium (2 h), and autologous PBMC
suspended in supplemented RPMI were added (2 X 10° PBMC/well) for 2 h
(37°C, 5% CO,). Nonadherent cells were aspirated, autologous cells were added
from the short-term culture (2 X 10* cells/well), and the mixture was incubated
overnight (37°C, 5% CO,). The following day, the ELISPOT plate was processed
as described above.

Cellular proliferation assay. Cellular proliferation to Rv3019¢ was measured
by a [*H]thymidine incorporation assay, as described previously (28).

Statistical analysis. Statistical analysis was performed by nonparametric anal-
ysis of variance (ANOVA) with a Tukey-Kramer multiple comparison test, using
the statistical package Prism InStat 3.

RESULTS

Water-in-oil emulsions induce rapid and sustained effector
responses in cattle. IFN-vy is an essential component of the
protective immune response against TB. To analyze the anti-
gen-specific component of the effector responses induced by
vaccination, we measured the ex vivo frequencies of IFN-y-
producing cells induced by vaccination with (i) water/oil emul-
sion-based adjuvants or (ii) cationic-liposome-based adjuvants.

Vaccination with protein and adjuvants based on water-
in-oil emulsions (ISA50 and ISA70) but not water/oil/water
emulsions (ISA206) induced a statistically significant, rapid,
sustained induction of effector cells, as assessed by ex vivo
antigen-induced IFN-y ELISPOT assay responses in PBMC
(Fig. 1a). ISA70-induced responses showed a noticeably more
pronounced boosting effect than ISA50-induced responses, in-
dicating a clear anamnestic immune response. ISA70-induced
responses were significantly stronger than control-induced re-
sponses from week 8 (P < 0.05, ANOVA) and ISA50-induced
responses from week 12 (P < 0.05, ANOVA).There were no
other statistically significant differences between the groups.

In a separate experiment (Fig. 1b), vaccination with protein
in adjuvants based on cationic liposomes did not induce a
measurable effector cell response, whereas a positive-control
adjuvant (ISA70) induced significantly stronger responses than
the controls did from week 4 (P < 0.05, week 4; P < 0.0005,
weeks 6 to 12; P < 0.005, week 14; ANOVA) in this experi-
ment. There were no other statistically significant differences
between the groups.

BCG vaccination induced a weak and transient effector cell
response in both experiments shown (Fig. 1a and b).

Levels of IFN-vy produced in antigen-specific in vitro recall
assays were also determined in both experiments, and results
showed the same patterns as for the ELISPOT assays (data not
shown).

Encouragingly, the best-performing adjuvant (based on ef-
fector responses), ISA70, was able to significantly boost re-
sponses induced by BCG vaccination, reaffirming the potential
for BCG prime-protein boost vaccination protocols (P < 0.05,
weeks 16 and 18 compared to preboost week 14; ANOVA)
(Fig. 1a).
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FIG. 1. Kinetics of IFN-y-producing cells following immunization with water-in-oil emulsion-based (a) or cationic-liposome-based (b) adjuvant
formulations. Animals were immunized at weeks 0 and 4. At week 14, the group immunized with BCG was boosted with an immunization of
antigen formulated in ISA70. Points represent the mean (*standard error) spot-forming units (SFU) induced by stimulation with Rv3019c,

normalized to SFC/10° cells.

Specific antibody levels mirror IFN-y-based effector cell re-
sponses. The antigen-specific IgG levels in the sera from im-
munized cattle throughout both experiments were also mea-
sured. As can be seen in Fig. 2, these IgG levels mirror the
responses measured by the ELISPOT readout. In the first
experiment, ISA70-induced responses were significantly stron-
ger than responses for the control group (P < 0.05) and the
group receiving BCG (P < 0.01) at weeks 4 to 12 (Fig. 2a). In
the second experiment, only ISA70 induced significantly stron-
ger responses than the controls did (P < 0.01 versus all other
groups at weeks 2 and 4; P < 0.001 versus other groups at all
other time points) (Fig. 2b).

It is also interesting to note that, despite failing to induce an
IFN-vy response, the emulsion formulation ISA206 did induce
an IgG response, although not a significant one. Antibody
responses were observed only with BCG-immunized cattle fol-

lowing a boosting immunization with ISA70 at week 14
(Fig. 2a).

Cationic-liposome-formulated adjuvants are able to induce
central memory responses. In light of the weak effector re-
sponses induced by the cationic-liposome formulations, we
sought to investigate whether these vaccines induced other,
immunologically relevant responses. This was determined by
measuring antigen-specific T-cell proliferation as a surrogate
for IL-2 production, as no bovine-specific IL-2 reagents are
available. Central T-cell memory responses were measured
using a cultured IFN-y ELISPOT assay.

The assessment of T-cell proliferation revealed that the cat-
ionic-liposome formulation CAF(1 induced a moderate re-
sponse at the highest dose, approximately half of the magni-
tude of the ISA70 formulation, while BCG immunization did
not induce a T-cell proliferative response (Fig. 3a). Only re-
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FIG. 2. Kinetics of antigen-specific serum IgG production follow-
ing immunization with water-in-oil emulsion-based (a) or cationic-
liposome-based (b) adjuvant formulations. Animals were immunized
at weeks 0 and 4. At week 14, the group immunized with BCG was
boosted with an immunization of antigen formulated in ISA70. Points
represent the mean (=*standard error) Rv3019c-specific serum IgG

levels, as measured by optical density at 450 nm (OD 450nm).

sponses induced by ISA70 were statistically significantly differ-
ent from control responses (P < 0.05, ANOVA).

The measurement of central memory responses, however,
showed that CAFO01 induced statistically significant robust re-
sponses above the level for the control (P < 0.05, ANOVA),
approaching the level for the reference formulation ISA70
(P < 0.0005, ANOVA), in a dose-dependent manner. BCG
induced moderate central memory responses (Fig. 3b).

DISCUSSION

We demonstrate that immunization of cattle with different
formulations of adjuvant induces two immunologically distinct
phenotypes of measured responses. Mineral oil-based formu-
lations induced both effector and central memory responses,
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FIG. 3. Assessment of T-cell proliferation (a) and assessment of
central memory function by cultured ELISPOT assay (b) in PBMC 12
weeks following vaccination and boost with different adjuvant formu-
lations. (a) Rv3019c-induced proliferation, expressed as counts per
minute (CPM), as determined by [*H]thymidine incorporation. Bars
represent means * standard errors (SE). (b) IFN-y production fol-
lowing cultured ELISPOT assay, expressed as spot-forming units
(SFU) induced by stimulation with Rv3019¢c, normalized to SFC/10°
cells. Bars represent means * SE. *, P < 0.05; %%, P < 0.0005 (versus
PBS controls; ANOVA).

while cationic-liposome-based formulations induced weak ef-
fector responses but strong central memory responses, simi-
larly to the live attenuated BCG vaccine, which is currently the
“gold standard” for animal models.

The mechanisms by which water-in-oil emulsions operate
are still not fully defined, but it is likely that these distinct
phenotypes are due to differing mechanisms. It is becoming
clear, however, that the formulations also express similarities;
for example, both formulations used in this study can act via
Toll-like receptor-independent mechanisms (8, 24).

The modes of action of DDA-TDM formulations have been
studied extensively (5, 14, 23). These formulations operate via
a synergistic mechanism of a delivery vehicle (DDA liposomes)
promoting antigen delivery and uptake to antigen-presenting
cells, interacting with the immunomodulatory component
(TDB). TDB acts in a MyD88-dependent but a Toll-like re-
ceptor 2, 3, 4, and 7-independent manner (1), with a defined
molecular activation pathway (31). DDA-TDM formulations
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are potent Thl and IFN-vy inducers in mice (1, 11, 23) and
promote long-term protective immune responses, character-
ized by high levels of multifunctional T cells (16).

In light of the potent effector cellular immune response
induced by cationic liposomes in mice and the protective effect
observed to occur in mice, guinea pigs, and nonhuman pri-
mates (1, 15, 20), the weak discernible effector responses in
cattle were unexpected. This could be due to a number of
reasons. It is possible that the dose of the cationic-liposome
formulation was not optimal for cattle, although the responses
observed using the cultured ELISPOT assay as a marker of
memory cell activation indicate that the dose used was capable
of inducing relevant immune responses. These results also
suggest that these formulations are not murine specific, thus
discounting species specificity as a reason for the lack of effec-
tor cell responses. It is also possible that cattle require a par-
ticularly reactogenic adjuvant formulation. The cattle used in
these studies are not housed under the usual specific-patho-
gen-free facilities in which laboratory animals are kept and are
constantly under immunogenic exposure. Due to the poten-
tially high level of continuing immune responses in cattle,
perhaps preexisting regulatory mechanisms require a particu-
larly reactive formulation to cross a threshold and instigate an
effector response. We have previously observed immunization
regimens which induce memory responses in the absence of
demonstrable active ex vivo responses (27), but the mecha-
nisms remain unclear.

The major caveat associated with the use of a subunit vac-
cine is the necessity for coadministration in an effective adju-
vant formulation. Clearly, the most appropriate method of
evaluating adjuvant formulations is that of assessing levels of
protection induced, using known protective subunit antigens.
The species specificity of adjuvants necessitates the use of the
target species, and given the enormous costs involved in con-
ducting these experiments with cattle, this becomes an unre-
alistic proposition. The challenge is then to determine on
which immune parameter to base adjuvant evaluation in the
absence of protection data.

In the case of TB, specific correlates of immunity are un-
known. IFN-vy production is known to be an essential compo-
nent, but its detection based on ex vivo responses does not
reliably predict vaccine success whether total or individual
T-cell IFN-y responses are measured (18). Indeed, as demon-
strated in previous studies, BCG immunization, which induces
significant protection against bovine TB, often induces a weak
and transient IFN-y effector cell response (26).

It has been proposed that the evaluation of central memory
responses may represent a better correlate of immunity. In
malaria vaccination trials, the measurement of central memory
T-cell responses by a cultured but not ex vivo IFN-y ELISPOT
assay represents a correlate of protection (13, 22). In our
previous studies (25, 27, 30, 32), we have reported an associ-
ation between protective immunity and cultured ELISPOT
assay responses and so have measured these to elucidate
whether vaccination with a protein subunit formulated with
adjuvants induces these responses.

The established efficacy of BCG suggests that weak effector
but strong central memory induces protection. As defined im-
mune correlates are unknown, it is not known what the con-
tribution of a concomitant strong effector response as induced
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by ISA70 may be and which one (or both) of these phenotypes
would result in the most effective protective response.

This highlights several factors that are relevant in adjuvant
screening regimens. First, there is a need to use relevant assays
to screen the induction of different types of immune responses
in adjuvant testing protocols. Second, there is a need for ad-
juvant screening of the target species (or those with proven
comparability to the target species). Finally, it is important to
establish reliable correlates of protection, such that promising
vaccine formulations could be tested without the need to
progress to challenge. This would greatly reduce the cost of
such studies and accelerate vaccine discovery and evaluation.
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