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Mycobacterium tuberculosis is a significant threat to global health. Mycobacterium bovis BCG vaccine provides
only partial protection, and the skin test reagent used to aid diagnosis of both active and latent tuberculosis,
purified protein derivative (PPD), lacks specificity and sensitivity. The use of genetically detoxified Bordetella
pertussis adenylate cyclase toxin (CyaA) as a delivery system for two immunodominant proteins of M. tuber-
culosis that are of greater specificity than PPD, early-secreted antigenic target 6-kDa protein (ESAT-6) and
culture filtrate protein 10 (CFP-10), was therefore investigated. CyaA toxoids incorporating these antigens
were able to restimulate T cells from more than 91% tuberculosis patients and healthy sensitized donors.
Delivery of antigen by CyaA decreased by 10-fold the amount of ESAT-6 and CFP-10 required to restimulate
T cells, and in low responders, the overall frequency of gamma interferon-producing cells detected by enzyme-
linked immunospot assay was increased (P < 0.01 for both antigens). Delivery of ESAT-6 and CFP-10 by CyaA
enabled the detection of both CD4� and CD8� T cells: these responses could be blocked by inhibition of major
histocompatibility complex class II or class I, respectively. Covalent linkage of antigen to the CyaA vector was
required for enhancement to occur, as a mixture of mock CyaA toxoid plus recombinant ESAT-6 did not lead
to enhancement. In a simplified whole-blood model to detect tuberculosis infection, the frequency of positive
responses to CFP-10 was increased by CyaA delivery, a potentially important attribute that could facilitate the
identification of latent infection.

Mycobacterium tuberculosis is a major threat to global health
and is responsible for more deaths than any other bacterium.
One control strategy is to prevent the progression of latent
infection by M. tuberculosis (LTBI) to clinical tuberculosis
(TB) by preventive antituberculous drug therapy. However,
the tuberculin skin test (TST) used to identify healthy individ-
uals with latent infection suffers operational drawbacks. First,
the TST reagent, purified protein derivative (PPD), is cross-
reactive, because it contains epitopes found in many mycobac-
teria. Thus, TST reactivity can arise through sensitization by
environmental mycobacteria or from Mycobacterium bovis
BCG vaccine. Second, the sensitivity of the TST is reduced by
human immunodeficiency virus (HIV) infection (20). Third,
the TST requires two visits (administration and reading) and is
operator dependent. These limitations impair identification of
LTBI and thus wider application of preventive antituberculous
drug therapy. Therefore, two major practical goals of immu-

nological studies into TB are the definition of vaccine candi-
dates of greater efficacy than BCG and the development of
immunodiagnostic methods of greater sensitivity, specificity,
and practicality than TST skin testing.

A major advance in TB research has been the identification
of a genomic segment (designated region of deletion 1 [RD1])
that is present in pathogenic members of the M. tuberculosis
complex but is absent from all attenuated BCG strains (6, 15,
29). Molecules encoded on this segment clearly could contrib-
ute to virulence (33) or stimulate species-specific T-cell re-
sponses of protective potential (43). In addition, there has
been a great deal of research focused on the potential of
RD1-encoded antigens to improve the immunodiagnosis of TB
(4, 13). However, protein subunits tend to inefficiently stimu-
late T-cell responses, and it is notable that the most promising
experimental vaccine preparations require powerful adjuvants
that are not licensed for use in humans. Along similar opera-
tional lines, the best immunodiagnostic methods rely on pep-
tide mixtures and enzyme-linked immunospot assay (ELIS-
POT) that are arguably too complex for use in medically
underserved environments (5). Our research has therefore
consistently sought simple methods by which T-cell responses
to M. tuberculosis antigens could be enhanced (44, 45).
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Bordetella pertussis secretes a calmodulin-activated adenyl-
ate cyclase toxin, CyaA, that primarily targets myeloid phago-
cytic cells expressing the �M�2 integrin receptor (CD11b/
CD18), including professional antigen-presenting cells, such as
neutrophils, macrophages, and dendritic cells (16). CyaA is
able to deliver its N-terminal catalytic adenylate cyclase do-
main (400 amino acid residues) into the cytosol of eukaryotic
target cells directly through the cytoplasmic membrane (16,
38). Genetically detoxified CyaA can be used as a vehicle to
deliver CD4� and CD8� T-cell epitopes, inserted within the
AC domain of the toxoid, into antigen-presenting cells that can
trigger specific T-cell responses (10, 14, 28, 30, 36). As inser-
tion of only peptide fragments (�20 amino acids) has hitherto
been investigated, a primary aim of this study was to determine
whether the whole RD1-encoded early-secreted antigenic tar-
get 6-kDa protein (ESAT-6) (Rv3875, 95 amino acids) or cul-
ture filtrate protein 10 (CFP-10) (Rv3874, 100 amino acids)
sequence could be delivered by CyaA. We also wished to de-
termine whether CyaA would affect the dose-response or de-
tection frequency of M. tuberculosis-specific gamma interferon
(IFN-�)-producing cells and if so, what type of response is
enhanced and by what mechanism.

MATERIALS AND METHODS

Subjects. This study was conducted with ethical approval from the Harrow
Local Research Ethics Committee (LREC 1646 and 2414). Patients with TB and
their healthy contacts were recruited from Northwick Park Hospital, Harrow,
United Kingdom (North West London Hospitals National Health Service Trust).
Three groups of people with distinct clinical phenotypes were selected. The first
group was adults with overt (i.e., culture- or biopsy-positive) TB (21 adults; 14
males, 7 females; average age, 35.1 years). The second group consisted of asymp-
tomatic adults with normal chest radiographs who nevertheless exhibited strongly
positive TST reactions (Heaf grade 3 and above) and were thus thought likely to
have LTBI (44 adults; 26 males, 18 females; average age, 34.7 years). A third
control group consisted of healthy adults with no documented exposure to TB
and whose skin test reactions were negative (seven adults; three males, four
females; average age, 37.6 years). The first two groups were chosen to maximize
the chances of T-cell reactivity to M. tuberculosis-specific antigens and thus allow
us to compare the sensitivity of response to recombinant ESAT-6 (rESAT-6) and
recombinant CFP-10 (rCFP-10) and CyaA toxoids. All subjects were subse-
quently advised and, if indicated, treated according to British Thoracic Society
guidelines (21).

Cells. Peripheral blood mononuclear cells (PBMC) were separated from 20 ml
of blood by centrifugation over Ficoll-Paque Plus (Pharmacia, Uppsala, Sweden)
and suspended in RPMI 1640 supplemented with 2 mM L-glutamine, penicillin
(100 U/ml), gentamicin (5 �g/ml), and 10% heat-inactivated fetal bovine serum
(Sigma, St. Louis, MO) (R10). CD4� and CD8� T cells were depleted using
anti-CD4 or anti-CD8 monoclonal antibody (MAb) conjugated to ferrous beads
(Dynabeads M-450; Dynal, Oslo, Norway) according to the manufacturer’s in-
structions. These depletions consistently yielded cell populations of 97 to 99%
purity. Anti-major histocompatibility complex (MHC) class II blocking antibody
(L243; Leinco Technologies), anti-MHC class I blocking antibody (W6/32;
Leinco), and isotype control antibody (mouse immunoglobulin G2a; Leinco)
were used at 5 �g/ml 30 min after addition of antigens. L243 is known not to
inhibit MHC class I-restricted recognition (3, 11), and up to 50 �g/ml of W6/32
does not inhibit MHC class II presentation (19, 35). These antibodies did not
inhibit phytohemagglutinin (PHA)-induced IFN-� production, indicating that
they were not cytotoxic under the assay conditions we employed (data not
shown). Chloroquine (Sigma) at 20 �M was added to the cultures just before the
antigens. A 100 mM concentration of chloroquine has been shown not to affect
CD8� T-cell recognition of cells infected with mycobacteria (27, 39).

Ex vivo ELISPOT for single-cell IFN-� release. Polyvinylidene difluoride-
backed plates (96-well plates) (MAIPS45; Millipore, Bedford, MA), precoated
with 15 �g/ml of anti-IFN-� MAb 1-D1K (Mabtech, Nacka, Sweden), were
blocked with R10 for 2 h. A total of 3 � 105 PBMC were added in 100 �l
R10/well. Duplicate wells of CyaA toxoids and recombinant ESAT-6 and CFP10
were used at the optimum concentrations derived from Fig. 1. PPD (Evans

Medical, Liverpool, United Kingdom) at 100 U/ml and PHA (ICN Biomedicals,
Aurora, OH) at 5 �g/ml were added to positive-control wells. No antigen was
added to the negative-control wells. After 14 h incubation at 37°C in 5% CO2,
plates were washed with phosphate-buffered saline containing 0.05% Tween 20.
Fifty microliters of 1 �g/ml of biotinylated anti-IFN-� MAb, 7-B6-1-biotin
(Mabtech), was added for 2 h. Plates were washed, and streptavidin-alkaline
phosphatase toxoid (Mabtech) was added at 1:1,000 dilution. After 1 h and
further washing, 50 �l of chromogenic alkaline phosphatase substrate (Bio-Rad,
Hercules, CA), diluted 1:25 with deionized water, was added. Ten minutes later,
plates were washed and allowed to dry, and spot-forming cells (SFC) were
enumerated with a magnifying glass.

Recombinant antigen and CyaA toxoid construction. Recombinant ESAT-6
was prepared as previously described (41). Recombinant CFP-10 was obtained
commercially from Lionex (Braunschweig, Germany). N-terminal sequencing
confirmed the identity of the cloned antigen. Escherichia coli XL1-Blue (Strat-
agene) was used throughout this work for recombinant DNA construction and
for expression of antigens inserted into CyaA. Bacteria transformed with appro-
priate plasmids derived from pT7CACT1 (15) were grown at 37°C in Luria-
Bertani medium supplemented with 150 �g of ampicillin per ml. The open
reading frames of Mycobacterium tuberculosis H37Rv genes esat-6 and cfp-10
were amplified by PCR from the pYUB412 cosmid clone of the RD1 region
using the following primers (with restriction sites underlined): Esat6-I, 5�-GAT
GTGTACACATGACAGAGCAGCAGTGG-3�; Esat6-II, 5�-GATGTGTACA
CTGAGCGAACATCCCAGTGACG-3�; CFP-10-I, 5�-CATGTGTACACATG
GCAGAGATGAAGACC-3�; and CFP-10-II, 5�-CATGTGTACACTGAAGCC
CATTTGCGAGGA-3�.

The PCR product was digested by BsrGI at the sites incorporated into the
PCR primers, and the purified fragments encoding the antigens were inserted in
frame between codons 335 and 336 of CyaA on the pT7CACT-336-BsrGI ex-
pression vector (15). The exact sequence of the cloned inserts was verified by
DNA sequencing. The control detoxified mock CyaA and the recombinant CyaA
proteins carrying the ESAT-6 and CFP-10 antigens were produced in E. coli,
purified from inclusion bodies in 8 M urea, 50 mM Tris-Cl, pH 8, 2 mM EDTA
and characterized as previously described (30). The resulting proteins were free
of any detected adenylate cyclase enzymatic activity.

Whole-blood assay and IFN-� ELISA. Venous blood was collected (BD Na
heparin Vacutainer; BD Pharmingen catalog no. 368480) and processed within
4 h of sampling. Whole blood was diluted 1:10 in RPMI 1640 (supplemented with
glutamine and penicillin/streptomycin). A portion of the diluted blood (180 �l)
was plated in 96-well U plates with stimulating antigens in duplicate wells. The
final concentrations of the antigens were as follows: 250 nM rESAT-6, 50 nM
CyaA-ESAT-6 (CyaA carrying the ESAT-6 antigen), 500 nM rCFP-10, 50 nM
CyaA-CFP-10 (CyaA carrying the CFP-10 antigen), 50 nM mock CyaA toxoid,
and 5 �g/ml PHA (positive control). Stimulated whole blood was cultured at
37°C in a CO2 incubator. Supernatants from duplicate wells were harvested after
72 h of culture, pooled, and immediately frozen for later IFN-� measurements by
enzyme-linked immunosorbent assay (ELISA). The optimal concentrations of
stimulants and the timing of harvesting had been previously determined by
dose-response and time course experiments (37).

ELISA reactions were performed in accordance with the instructions of the
manufacturer of the antibody. Briefly, 96-well flat-bottomed plates were coated
overnight at 4°C with purified mouse anti-human IFN-� (BD Pharmingen catalog
no. 554548). After the wells were blocked and washed, they were plated with
supernatants (1:2 dilutions in duplicate) and standards (standard curve dilutions
from 15 pg/ml to 10,000 pg/ml [duplicate measurements]) after which the plates
were again incubated at 4°C overnight. After the wells were washed, they were
incubated with biotinylated mouse anti-human IFN-� (BD Pharmingen catalog
no. 554550) for 1.5 h at room temperature, washed again, and incubated with
streptavidin (Sigma) for 30 min. Orthophenylene diamine hydrochloride (OPD)
was used as a substrate for detection, and 2 N H2SO4 was used to stop color
development. Optical densities were read at 490 nm on a plate reader, and IFN-�
concentrations were calculated from standard curves. Spearman rank correlation
coefficients between independent variables were calculated using SPSS-10 soft-
ware.

RESULTS

The dose of ESAT-6 or CFP-10 required to restimulate M.
tuberculosis-specific T cells is reduced 10- to 20-fold by CyaA
delivery. We first determined the optimum stimulatory dose of
rESAT-6 and rCFP-10 and their respective CyaA toxoids in
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vitro. For the CyaA toxoid, the equivalent dose of inserted
antigen to the recombinant molecule was used (i.e., the same
molar amount of ESAT-6 or CFP-10 protein). The numbers of
IFN-�-secreting SFC were counted in an overnight ELISPOT.
The response to CyaA toxoid into which no antigenic stimulus
had been inserted (mock toxoid) was also determined. In nine
healthy TST-positive donors who responded to rESAT-6, op-
timal recognition of this molecule was observed at a dose of
500 nM. Tenfold-less ESAT-6 (50 nM) was required when the
antigen was presented as CyaA-ESAT-6 (Fig. 1A). However,
an increase in the dose of CyaA toxoid beyond 500 nM was
associated with a decrease in SFC that we ascertained was due
to the high urea content of solutions necessary to solubilize the
CyaA toxoid (data not shown). In 10 donors who responded to
rCFP-10, CyaA fusion similarly shifted the dose-response
curve to the left. Approximately 10 to 20 times less CFP-10
expressed as a CyaA toxoid elicited the same response as
native antigen (Fig. 1B). There was low-level reactivity above
the background level to mock CyaA toxoid in some donors;
thus, we determined that mock CyaA toxoid would be used as
a background control in subsequent experiments. Taking this
into account, CyaA fusion nevertheless decreased by 10-fold
the amount of ESAT-6 and CFP-10 required to restimulate T
cells.

The detection of IFN-� SFC in low-responding subjects is
enhanced by CyaA delivery. As increasing the dose of toxoid
above 500 nM consistently led to toxicity and occasionally
toxicity occurred at 500 nM in some donors, we elected to

compare equivalent doses for subsequent assays. This choice
also reflected our desire to maintain the practicality and po-
tential cost advantage of CyaA fusion. Therefore, for subse-
quent experiments, 500 nM rESAT-6, 50 nM CyaA-ESAT-6,
250 nM CFP-10, and 25 nM CyaA-CFP-10 were used. We then
sought in a larger group of patients and healthy sensitized
subjects to clarify whether delivery by CyaA would lead to
enhancement in the number of IFN-�-secreting SFC. There
was no difference in the frequency or magnitude of responses
to any stimulus between TB patients and healthy sensitized
subjects, so results were combined for analysis. Of 68 donors,
63 responded (	10 SFC/106 PBMC) to rESAT-6 (average
number of IFN-�-secreting SFC/106 PBMC was 107.7 
 16.2)
and 64 donors responded to CyaA-ESAT-6 (107.5 
 12.9); 52
donors responded to rCFP-10 (104.4 
 14.3) and 62 to CyaA-
CFP-10 (94.9 
 11.3). Thus, no overall difference between the
frequencies of IFN-�-secreting SFC after stimulation of PBMC
with the free antigen or toxoids was apparent. However, the
proportion of subjects responding to CFP-10 increased from
76.4 to 91.1%. When subjects’ responses were stratified by
their response to the free antigens (500 nM rESAT-6 or 250
nM CFP-10) into low responders (�50 IFN-�-secreting SFC/
106 PBMC), intermediate responders (	50 but �100 SFC/106

PBMC), or high responders (	100 SFC/106 PBMC), we found
clear enhancement in the group of low responders. Thus, the
average number of IFN-�-secreting SFC/106 detected in-
creased from 26.1 
 2.7 to 48.2 
 7.3 (n � 27, P � 0.009) for
ESAT-6 and from 17.5 
 2.6 to 36.8 
 4.3 (n � 34, P � 0.0002)

FIG. 1. The dose of antigen required to restimulate T cells is reduced 10- to 20-fold by CyaA delivery. The numbers of IFN-�-secreting SFC
(IFN-� SFC) were determined in an overnight ELISPOT in the presence of ESAT-6 or CFP-10 or their CyaA toxoid equivalents or mock CyaA
toxoid containing no antigenic insert. The corrected response to antigen containing toxoid (i.e., minus the response to mock toxoid) ([CyaA-
ESAT-6]-CyaA) is also shown. A) In nine healthy TST-positive responding donors, the recognition of recombinant ESAT-6 was optimal at 500 nM,
whereas similar recognition occurred in the presence of 10-fold-less CyaA-ESAT-6. B) In 10 similar donors who responded to rCFP-10, CyaA
delivery also shifted the dose-response curve to the left. Approximately 10 to 20 times less CFP-10 expressed as a CyaA-CFP-10 toxoid elicited the
same response. Results are shown as means 
 standard errors (error bars).
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in the case of CFP-10 (Fig. 2). Interestingly, the PBMC of 10
donors who did not respond to rCFP-10 did produce IFN-�
after stimulation with CyaA-CFP-10 (mean number of IFN-�-
secreting SFC/106 PBMC, 37.8 
 8.2). This indicates that
CyaA-CFP-10 more efficiently restimulates CFP-10-specific T
cells, thereby increasing the detection frequency of CFP-10
responders.

The primary objective of our study was to determine
whether the CyaA fusion increased the sensitivity of detection
of M. tuberculosis-specific T cells. However, we were also in-
terested to determine whether the well-documented specificity
of the RD1-based ex vivo ELISPOT in differentiating BCG-
vaccinated individuals from M. tuberculosis-sensitized individ-
uals (13, 26) would be compromised by CyaA fusion. For this
purpose, we selected seven BCG vaccinated donors who were
thought unlikely to have been exposed to TB and exhibited
negative PPD skin test reactions. Of these donors, none re-
acted to mock CyaA or CFP-10, two showed weak reactivity to
ESAT-6 or CyaA-ESAT-6, one reacted to CyaA-CFP-10, and
5 reacted to PPD in vitro (Table 1). These data reassured us
that the increment in reactivity we had seen in M. tuberculosis-
sensitized donors was due to the presence of T cells specific for
M. tuberculosis, rather than Bordetella pertussis CyaA.

Both CD4� and CD8� responses can be detected by CyaA
delivery. In order to define the T-cell subset that recognized
the CyaA toxoids, we enriched populations by performing
prior immunomagnetic depletion of either CD4� or CD8� T
cells from PBMC. The remaining cells were set up in the
ELISPOT and stimulated overnight with the detoxified CyaA
incorporating ESAT-6 or CFP-10. Eleven donors were tested
for CyaA-ESAT-6 and six donors for CyaA-CFP-10. Both
CD4� and CD8� responses were seen to the toxoid antigens,
the CD4� response being dominant (Fig. 3). Compared to the
response to corresponding free antigen, responses to the CyaA
toxoids increased towards CD4 in three instances and towards
CD8 in two instances (data not shown).

Increased detection of IFN-�-secreting SFC requires cova-
lent association of the antigen to CyaA, and antigen presen-
tation is via the MHC. To determine whether the M. tubercu-
losis protein has to be covalently linked to CyaA, the effect of
mixing ESAT-6 with mock CyaA toxoid was tested. PBMC
from four subjects were set up with ESAT-6 (500 nM), CyaA-
ESAT-6 (50 nM), or the mixture of rESAT-6 (500 nM) and
CyaA (50 nM). The median numbers of IFN-�-secreting SFC/
106 PBMC for these stimulants were 113, 147, and 58, respec-
tively, showing that covalent linkage between the antigen and
carrier is required for enhancement to occur. In fact, it ap-
peared that a simple mixture of rESAT-6 and CyaA might have
actually decreased the response to rESAT-6.

We next determined whether recognition of the CyaA anti-
gen toxoids could be altered by manipulation of MHC class I
or II antigen presentation. This was primarily tested by the use
of blocking antibodies of well-established specificity (W6/32
and L243) (3, 11, 19, 35). In some experiments we also tested
20 �M chloroquine, a known inhibitor of endosomal process-

FIG. 2. The detection of IFN-�-secreting SFC (IFN-� SFC) in low-responding subjects is enhanced by CyaA delivery. Subjects who responded
to 500 nM rESAT-6 or 250 nM rCFP-10 were stratified by their magnitude of response into low (�50 IFN-�-secreting SFC/106 PBMC),
intermediate (50 to 100), and high (	100) responders. CyaA delivery significantly increased the detection of IFN-�-secreting SFC in low-
responding subjects. Average CyaA toxoid results are shown corrected for the background response to wild-type CyaA (CyaA-WT) ([CyaA-
ESAT-6]-CyaA-WT). Results are shown as means 
 standard errors of the means (error bars).

TABLE 1. Effect of CyaA fusion on the specificity of RD1-based
detection of sensitization by M. tuberculosisa

Donor

No. of IFN-�-secreting SFC/106 PBMC

ESAT-6
(500 nM)

CyaA-ESAT-6
(50 nM)

CFP-10
(250 nM)

CyaA-CFP-10
(25 nM)

CyaA
(50 nM)

PPD
(100 U/ml)

1 0 0 0 0 0 0
2 0 0 0 0 0 100
3 17 0 2 0 0 0
4 16 30 3 26 0 98
5 0 0 0 0 0 65
6 2 10 0 2 0 93
7 0 0 0 0 0 97

a Seven BCG-vaccinated donors who were thought unlikely to have been
exposed to TB and exhibited negative PPD skin test reactions were selected.
Only weak and occasional ELISPOT responses to ESAT-6, CyaA-ESAT-6, and
CyaA-CFP-10 were observed in this group of donors.
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ing that therefore decreases presentation via MHC class II (27,
45). CD4- or CD8-depleted cells were set up on the ELISPOT
plates from seven donors. Due to limited cell numbers, not all
combinations could be tested in every donor. Anti-MHC class
I blocking antibody, anti-MHC class II blocking antibody, or
isotype control antibody (all at 5 �g/ml) was added to selected
wells, and the plates were incubated overnight.

L243 barely inhibited the CD4� T-cell response to rESAT-6
but inhibited the response to CyaA-ESAT-6 more (15 and
43%, respectively) (Fig. 4A). The effect of preincubation with
chloroquine was more marked (77% inhibition in both cases)
(Fig. 4B). L243 rather better inhibited the CD4 response to
both rCFP-10 and CyaA-CFP-10 (53 and 45%, respectively)
(Fig. 4D). The effect of chloroquine was similar (59 and 57%,
respectively) (Fig. 4E). W6/32 inhibited CD8� T-cell recogni-
tion of rESAT-6 and CyaA-ESAT-6 by 56 and 57%, respec-
tively (Fig. 4C). No donor in this group had a CD8� T-cell
response to rCFP-10, but in donor 2, W6/32 strongly inhibited
the response to CyaA-CFP-10 (Fig. 4F).

The response to CyaA-CFP-10 is also enhanced in a simple
whole-blood IFN-� production assay. Detection of IFN-� se-
creted into the supernatant of whole-blood cultures requires
less blood and is potentially more applicable to epidemiolog-
ical surveys in resource-poor environments than the ex vivo
IFN-� ELISPOT. However, such whole-blood assays, while
retaining specificity, tend to be less sensitive than ELISPOT.
We therefore sought to determine whether the enhanced re-
sponse to CyaA toxoids carrying ESAT-6 or CFP-10 could
compensate for this deficiency. Thirty-three patients and
healthy sensitized subjects were tested in parallel using the two
read-out assays of IFN-� production. Interestingly, the back-
ground reactivity in whole blood to the mock CyaA was greater
than we had observed in ELISPOT analysis with 30% subjects
having values above 100 pg/ml. This may reflect the presence of
Bordetella pertussis-specific memory T cells, undetected by the
overnight ELISPOT, that have greater time to differentiate
and produce cytokine during the longer whole-blood assay (72
h). However, this potentially confounding factor was compen-

sated for by the greater dynamic range of reactivity to the M.
tuberculosis CyaA fusions (0 to 23,993 pg/ml IFN-�). There-
fore, we subtracted the mock CyaA values from the values
obtained with the M. tuberculosis CyaA fusions for analysis.
The ELISPOT and (mock-CyaA-corrected) whole-blood
IFN-� responses to CyaA-ESAT-6 and CyaA-CFP-10 were
positively correlated (r � 0.58 and 0.64, respectively) (P �
0.001 in both cases) (Fig. 5A). Donors were stratified accord-
ing to their responses to the free antigen into low (�250 pg/ml
IFN-�), intermediate (250 to 1,000 pg/ml IFN-�), or high
(	1,000 pg/ml IFN-�) responders in the whole-blood assay.
Intermediate and high responders had similar responses to
free and toxoid antigens. In low responders, the results showed
a similar effect of CyaA delivery on antigen recognition as
found by the ELISPOT. Thus, the amount of IFN-� produced
in the presence of CyaA-CFP-10 was on average 27.7-fold 

9.5-fold higher than in the presence of free rCFP-10 (P �
0.021) (Fig. 5B). The response to CyaA-ESAT-6 showed the
same general trend (average, 5.6-fold 
 3.2-fold), although this
effect did not reach statistical significance.

DISCUSSION

We have investigated the use of genetically detoxified Bor-
detella pertussis adenylate cyclase toxin (CyaA) as a delivery
system for two immunodominant proteins of M. tuberculosis,
ESAT-6 and CFP-10. We found that CyaA toxoids were able to
restimulate T cells from over 91.1% TB patients and healthy
sensitized donors. CyaA delivery decreased by 10-fold the
amount of ESAT-6 and CFP-10 required to restimulate T cells,
and in low responders, the overall frequency of IFN-�-produc-
ing cells detected was increased. Both CD4� and CD8� T cells
responded to CyaA toxoids: this response could be blocked by
inhibition of MHC class II or class I, respectively. In addition,
CD4 recognition of toxoids was sensitive to inhibition by chlo-
roquine. In a simplified whole-blood model, the frequency of
positive responses to CFP-10 was increased by CyaA delivery,
a potentially useful attribute that could help identify LTBI,
especially in low responders, such as subjects coinfected with
HIV.

A simple mixture of mock CyaA toxoid and rESAT-6 did not
increase the response. In addition, CD8� T-cell responses
were sensitive to inhibition by antibody specific for MHC class
I (Fig. 4C and F). While we did not investigate in detail the
antigen processing of the toxoids, our data are consistent with
the interpretation that antigen delivery by CyaA increases the
availability of processed M. tuberculosis-derived peptide to nas-
cent MHC class I molecules. It is known that CyaA toxoids
become accessible to proteosomic cleavage in the cytoplasm, as
CyaA is specifically taken up via CD11b/CD18 (18). In vivo,
CyaA has been demonstrated to be delivered efficiently to the
cytosol of dendritic cells (17). Thus, CD8 responses are more
readily detected when comparing the response to soluble re-
combinant antigen, because the latter is typically processed in
the endosome and thus less accessible to MHC class I. CD8�

T cells potentially contribute to the human protective response
against M. tuberculosis (24, 32), but the detection of antigen-
specific responses has so far been limited by the need to use
peptide pools or recombinant vaccinia viruses that express the
antigen of interest (24, 32, 46). Delivery of antigens by CyaA

FIG. 3. Both CD4� and CD8� responses can be detected by CyaA
delivery. Immunomagnetic depletion of either CD4� or CD8� T cells
from PBMC was performed, and the response of the remaining cells to
CyaA toxoids was assayed. The response of CD4�-depleted PBMC
was interpreted as CD8� and vice versa. Both CD4� and CD8� re-
sponses to the toxoid antigens were seen, with the CD4� response
being dominant. Average responses are indicated by bars. IFN-� SFC,
IFN-�-secreting SFC.
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represents a novel method by which the response of CD8� T
cells to whole M. tuberculosis proteins could be assayed.

M. tuberculosis-specific CD4� T cells also responded to
CyaA toxoids; in fact, this was the dominant response (Fig. 3).
Enhancement of response to antigens fused to CyaA was es-
pecially pronounced in donors who had low responses to free
antigen. The CD4� T-cell response to CyaA toxoids was sen-
sitive to inhibition by chloroquine and to blockade of MHC
class II (Fig. 4A, B, D, and E). We have previously docu-
mented CD4� T-cell recognition of CyaA toxoids (28). Fur-
thermore, we have recently demonstrated that CD4� T cells
from cattle infected with M. bovis recognize both the ESAT-6
and CFP-10 CyaA toxoids (42). Like human T cells, bovine
T-cell recognition was sensitive to antibody blockade of MHC
class II and chloroquine, and it was also sensitive to antibody
blockade of CD11b. These data therefore lead us to hypothe-
size that recombinant antigen is less efficiently taken up by
pinocytosis (and thus less available for endosomal processing)
than the macromolecular CyaA antigen conjugate that binds
specifically to CD11b/CD18 (18) whereupon it is rapidly en-
docytosed (23). This would explain why 10- to 20-fold-less
toxoid antigen (on a molar basis) could restimulate the same
response (Fig. 1 and 4) and why some donors with negative

responses to recombinant antigen showed a response to the
antigen fused to CyaA (Fig. 2, 4D, and 5B).

Although there were differences in the doses favoring the
free antigen, in a few donors the recognition of rESAT-6 was
actually superior to that of CyaA-ESAT-6 (Fig. 4A). In these
circumstances, blockade of the human MHC class II-present-
ing molecule HLA-DR by L243 antibody poorly inhibited the
response to free, but not CyaA delivered, ESAT-6 (Fig. 4A).
We note with interest reports that some C-terminal peptides
can be recognized without intracellular processing, the pro-
posal being that peptide is accessible to the MHC extracellu-
larly and is cleaved by cell surface exopeptidases (1, 12). In-
terestingly, both the C- and N-terminal peptides of ESAT-6,
which may be similarly accessible to the MHC, are immuno-
dominant in humans (31, 34). The recognition of the N-termi-
nal peptide of ESAT-6 is restricted by HLA-DQ (31), but L243
is specific for HLA-DR (2). Thus, the relative failure of L243
inhibition after the addition of rESAT-6 could be explained by
these factors. Extracellular recognition of free ESAT-6 would
also tend to offset any beneficial effect of CyaA fusion on
intracellular processing, as the C- and N-terminal peptides
would not be accessible when ESAT-6 is expressed in this way.

Several years ago, we showed the potential to replace the

FIG. 4. Effects of inhibition of antigen presentation on the T-cell responses to free and toxoid antigens. CD8�-depleted (i.e., CD4�-enriched)
and CD4�-depleted (CD8�-enriched) PBMC were set up in the overnight IFN-� ELISPOT in the presence or absence of antibodies to MHC class
I and II and isotype control (5 �g/ml) or chloroquine (20 �M). Antigens were added as free ESAT-6 (500 nM) or CFP-10 (250 nM) or as CyaA
fusions (50 and 25 nM, respectively). There were insufficient cells to test all combinations in all donors; the donors who were tested and responded
are indicated. (A and B) Antibody to HLA-DR moderately inhibited the response to both rESAT-6 and CyaA-ESAT-6 (15 and 43%, respectively).
The effect of chloroquine was more marked (77% in both cases). (C) Antibody to MHC class I inhibited the CD8� T-cell recognition of rESAT-6
and CyaA-ESAT-6 by 56 and 57%, respectively. (D and E) Antibody to MHC class II inhibited the response to both rCFP-10 and CyaA–CFP-10
(53 and 45%, respectively). The effect of chloroquine was again more marked (59 and 57%, respectively). (F) No donor had a CD8� T-cell response
to rCFP-10. In donor 2, antibody to MHC class I strongly inhibited the response to CyaA-CFP-10. Isotype control antibody had no effect on antigen
recognition. Values are shown as means 
 standard deviation (error bars). IFN-� SFC, IFN-�-secreting SFC; AB, antibody; CQ, chloroquine;
CyaA, antigen presented as CyaA fusion; �, presence of antibody and/or presentation as CyaA toxoid.
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TST by a test that assays the in vitro production of IFN-�
produced by T cells in response to defined M. tuberculosis
antigens (22). This approach has been refined and improved by
incorporation of the highly immunogenic RD1-encoded anti-
gens ESAT-6 and CFP-10 (7, 40). Several studies have shown
that in vitro responses to RD1 encoded antigens in either
whole-blood or ELISPOT format differentiate immune sensi-
tization by BCG from infection by pathogenic mycobacteria (4,
8, 9, 25, 37). The IFN-� ELISPOT response to multiple pep-
tides of ESAT-6 can be utilized to detect latent or overt tu-
berculosis infection with a sensitivity of 96% and a specificity of
92% (26). The very high frequency of recognition of the
ESAT-6 and CFP-10 antigen toxoids that we observed in M.
tuberculosis-sensitized subjects closely accords with these esti-
mates that were made on similar patients and control subjects
in our hospital. The more practical approach of using antigen
stimulated whole-blood cultures is unfortunately associated
with a fall in sensitivity to 72% (8). However, our data suggest
that the use of CyaA toxoid as a delivery system may overcome
this deficiency. A particular advantage is that smaller amounts
of blood are required, making this assay applicable to studies
of children. A particular issue that needs to be addressed is
whether background reactivity to Bordetella pertussis in whole
blood will ultimately compromise specificity. To address both
these issues, we plan prospective studies of the utility of CyaA
toxoids carrying M. tuberculosis antigens in high-incidence en-
vironments. In particular, we are interested in determining
whether LTBI in HIV-infected subjects can be detected with
greater sensitivity. One limitation is that immunosuppressed
patients might have low or undetectable M. tuberculosis-spe-
cific T-cell responses. However, we are encouraged that deliv-
ery by CyaA best enhanced the detection of IFN-� in low-
responding subjects, an attribute that could be an obvious
advantage in the setting of HIV infection.
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