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SUMMARY

CD8+ T lymphocytes are required to protect mice against Mycobacterium tuberculosis, although
in early infection the mechanism appears not to be via perforin or granzyme-mediated lysis of the
infected target, and may be via interferon-7y (IFN-y) production. We therefore investigated whether
CD8+ T cells specific for the immunoprotective 38 000 MW antigen of M. tuberculosis could be
detected in infected humans. Using a recombinant vaccinia virus expressing the 38000 MW
antigen of M. tuberculosis (rV38) and a control vaccinia virus (rVras) we demonstrated that both
viruses stimulated IFN-y production from freshly isolated peripheral blood mononuclear cells
(PBMC) in a 36-hr enzyme-linked immunospot assay. Cell depletion and antibody blockade
established that the bulk of the 38000 MW antigen-specific IFN-'y response was mediated by
CD8 +, major histocompatibility complex class I-restricted T cells, whereas the anti-vaccinia virus
response was predominantly mediated by CD4+ T cells. In further evaluations PBMC from all
seven healthy tuberculosis-exposed contacts had a 38000 MW antigen-specific IFN-y response,
whereas seven patients with untreated sputum-positive pulmonary tuberculosis had very low levels
of 38 000 antigen-specific IFN-y-producing cells. These preliminary observations demonstrate the
utility of recombinant vaccinia viruses in restimulating freshly isolated CD4+ and CD8+ T cells.
The bias towards a higher frequency of IFN-y-producing CD8+ T cells in contacts rather than
patients may indicate a protective role for CD8+ cells in human tuberculosis.

INTRODUCTION

Tuberculosis can only be partially prevented by the vaccine
bacillus Calmette-Guerin (BCG) and remains an important
cause of death.' The first step towards improving vaccine-
induced protection is to define the immune correlates of
protection. In the murine model a need for CD8+ T cells has
been identified,2 although the mechanism in early infection
does not appear to require perforin or granzyme-induced lysis
of the infected target,3 and may be via the production of
interferon-y (IFN-7y).' In humans the picture is less clear,
although children with a mutation in the IFN-y receptor
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succumb to atypical mycobacterial infection,5 the best available
evidence for an important role for this cytokine in humans.
Several studies have examined the hypothesis that there is a
deficiency of CD4+-mediated IFN-y production in patients
with active tuberculosis with conflicting results.6'7

In contrast to CD4+ cells, the role of CD8+ T cells in
human disease is relatively poorly defined. A patient with an
isolated deficiency of CD8+ cells had recurrent attacks of
tuberculosis despite chemotherapy.8 CD8 + cells are selectively
increased in broncho-alveolar lavage from patients with pul-
monary or miliary disease9"0 and in tuberculous cervical
adenitis nearly as many CD8+ cells as CD4+ are present.1'
Major histocompatibility complex (MHC) class I-restricted
CD8+ T-cell clones proliferate in response to mycobacterial
antigen;'2 and the lysis of BCG-infected monocytes by CD8+
cells has been demonstrated,'13'4 although the antigenic speci-
ficity and restriction of the responding cells was not deter-
mined. More recently it has been shown that CD8 + oc double-
negative T-cell clones, responding to mycobacterial mycolic
acid in the context of the relatively non-polymorphic CDlb
molecule, produce IFN-y and can reduce the intracellular
growth of Mycobacterium tuberculosis in vitro.15 However, the
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analysis of CDlb-restricted T cells so far has been restricted
to T-cell clones and lines and the crucial estimation of precur-
sor frequency in vivo has not been reported.

The focus of this study was the MHC class I-restricted
CD8 + T-cell response. The detection of human CD8 +
responses in tuberculosis requires antigen to be processed
endogenously, possibly at odds with the intraphagosomal
location of the mycobacteria.'6 A further difficulty is that the
conventional read-out assay (the release of "Cr from labelled
targets) is relatively insensitive for detecting low responder
frequencies. The required in vitro expansion of CD8+ cells for
detection by "Cr release also complicates direct estimation of
the frequency of antigen-specific T cells. The release of IFN-'y
detected by the interleukin enzyme-linked immunospot
(ELISPOT) assay correlates with cytotoxicity as determined
by 5'Cr release.17-'9 We used the IFN-'y ELISPOT assay in
combination with peptide pools based on published human
leucocyte antigen (HLA) class I motifs to define an HLA-
B52-restricted T-cell epitope within the ESAT-6 antigen of M.
tuberculosis.'9 However, as this predictive method relies on
published algorithms it may miss potential epitopes, and a
range of pooled peptides containing motifs for a large number
of class I alleles has to be used. In this study we have also
detected class I-restricted, CD8 + M. tuberculosis antigen-
specific T cells by the IFN-'y ELISPOT assay. However,
endogenous presentation of antigen was achieved by a different
method: we infected fresh peripheral blood mononuclear cell
(PBMC) cultures at low multiplicity (to avoid excessive cyto-
pathic effects) with a recombinant vaccinia virus expressing
the 38 000 MW molecule, another important immunoprotec-
tive antigen of M. tuberculosis.20'2' In this way we were able
to demonstrate frequencies of 38 000 MW antigen-specific
CD8+ T cells as high as 1/6410 CD8+-enriched freshly iso-
lated PBMC.

MATERIALS AND METHODS

Subjects
Twenty- to thirty-millilitre samples of citrated peripheral blood
was drawn from purified protein derivative (PPD)-positive
patients with untreated sputum- and culture-positive pulmon-
ary tuberculosis attending the Department of Infection and
Tropical Medicine, Northwick Park Hospital, Harrow, UK.
Healthy tuberculin PPD-positive donors (Heaf Grade <2)
with close occupational or family exposure to infectious cases
of M. tuberculosis but normal chest radiography were recruited
from the tuberculosis contact clinic at the same hospital. In
both patients and healthy contacts a history of previous BCG
or vaccinia virus vaccination was sought both by enquiry and
by inspection of likely scar sites. Where ascertainment was
equivocal the subjects' status was assigned 'Not known' (NK).
Ethical permission for the study was given by the Harrow
Local Research Ethics Committee (LREC; Reference
number 1646).

Isolation ofPBMC and immunomagnetic depletion of T-cell
subsets
Whole citrated blood was diluted 1/2 in phosphate-buffered
saline (PBS; Gibco, Paisley, UK) and the PBMC were separ-
ated over a Ficoll gradient (Pharmacia, Uppsala, Sweden).
Immunomagnetic depletion of either CD4+ or CD8+ T-cell

subsets was performed using Dynabeadss (Dynal, Merseyside,
UK) according to the manufacturer's instructions. Briefly
Dynabeads washed twice in washing buffer [PBS/2% fetal calf
serum (FCS)] were added to 5 x 106 PBMC/ml in washing
buffer at 40 using the ratio five Dynabeads per PBMC. The
suspension was then gently mixed at 40 on an orbital shaker
for 45 min. Taking care not to let the temperature of the
solution rise above 40 the solution was immediately subjected
to two rounds of immunomagnetic capture of the undesired
T-cell subset before counting, washing and resuspension of
uncaptured cells in RPMI-1640 supplemented with 2mM L-
glutamine, 100 U/ml penicillin, 100 gig/ml streptomycin sul-
phate and 10 mm HEPES buffer (Gibco). Fluorescence-
activated cell sorter (FACS) analysis (Becton Dickinson, Santa
Fe, CA) showed that immunomagnetic depletion as described
consistently resulted in .90% reduction of the chosen T-cell
subset.

Construction, and infection with, the recombinant vaccinia virus
(r V38) expressing the 38 000 MWantigen
A recombinant vaccinia virus expressing the 38 000 MW anti-
gen (rV38) was produced as previously described.2' Briefly,
the coding sequence of the M. tuberculosis 38 000 protein was
inserted into the SmaI site of the vaccinia virus recombinant
plasmid pSC1 1. The coding fragment was obtained by subclon-
ing into the SmaI site a 1 2-kilobase NdeI-BamHI fragment
derived from the plasmid pMSlO.4 that encoded the
38 000 MW protein.22 Recombinant vaccinia viruses were pro-
duced by transfection of the plasmid into the osteosarcoma
cell line 143 coinfected with wild-type vaccinia virus followed
by selection for recombinant viruses. The resulting recombi-
nant virus, designated rV38, was plaque purified by repeated
plating (four times) and protein expression was confirmed by
Western blot analysis of infected 143 cells using the monoclonal
antibody (mAb) TB7l 21,23 A recombinant vaccinia virus
expressing the human Ras protein, designated rVras24 was
used as control. To determine the conditions under which
rV38 would stimulate the production of IFN-y by CD8 +
T cells, a healthy tuberculin-positive donor with high occu-
pational exposure to tuberculosis was chosen and various
numbers of CD4-depleted PBMC/well (62 500-500 000) and
multiplicities of viral infection (0 1-10) were tested. An opti-
mal response was obtained at a multiplicity of infection (MOI)
of 1 and using 250 000 cells (data not shown) and was adopted
as standard protocol in all further experiments.

IFN-y ELISPOT assay
Sterile immobilon-P microtitre plates (Millipore Corp.,
Bedford, MA) were coated overnight at 40 with 100 pl/well of
anti-IFN-y mAb 1-DIK at 15psg/ml (Mabtech AB, Nacka,
Sweden) in sterile PBS. The plates were washed once in sterile
PBS then blocked by incubating at 370 for 1 hr in 100 p1
RPMI-1640 plus 20%/0 blood group AB+ human serum. Cells
suspended in 100 pl RPMI+recombinant virus+blocking
antibody were then added directly to duplicate wells to give a
final serum concentration of 10%. Concanavalin A (Con A;
5 ,ug/ml) -stimulated wells were included as positive controls
in all experiments. To establish restriction a pan anti-HLA
class I antibody (Pharmingen, San Diego, CA) at concen-
trations of 0- 1-10 ,ug/ml; an anti-CD8 antibody OKT8 at
dilutions of 1/50-1/5000; the pan-anti-HLA-DR antibody
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L243 [American Type Culture Collection, Rockville, MD
(ATCC); HB-55, mouse IgG2a] at 10 jg/ml; or the same

concentrations of isotype control (murine anti-mouse I-Ab+k
ATCC HB-163), were used. The plates were incubated for
36 hr at 370 in 5% CO2. The wells were then washed up to
nine times (to remove all the cells) in 045 gM filtered
PBS/0 05% Tween-20. The wells were then incubated for 2 hr
at room temperature with 100 jil of biotinylated detection mAb
7B-61 anti-IFN-y at 1 gg/ml (Mabtech) in PBS/3% bovine
serum albumin (BSA)/0 05% Tween-20. The wells were washed
five times and then incubated at room temperature for 30 min
in 100 p1 1: 750 streptavidin alkaline phosphatase (Sigma, St.
Louis, MO) in PBS/3% BSA/0-05% Tween-20. Following six

final washes, the substrate BCIP/NBT (Biorad, Hercules, CA)
was added at a concentration of 2% of each in substrate
buffer. The colour development was stopped by holding the
plate under a running tap and after drying, the spots were

enumerated using a stereomicroscope. Apart from antibody-
blocking experiments, duplicate wells were tested and the
variability between duplicates was + 2-8%.

RESULTS

We first determined whether the IFN-y response was directed
towards the 38 000 MW antigen or to vaccinia virus antigens.
The responses of total PBMC, as well as CD4+- and CD8+-
depleted fractions were assayed. Undepleted PBMC responded
to rV38 and to a lesser extent to rVras (Fig. 1). Cell depletion
established that most of the 38 000 MW antigen-specific
response was in the fraction enriched for CD8 + cells.
Conversely the bulk of the anti-vaccinia virus response was in

the CD4 +-enriched fraction. A similar predominance of CD4+
response to rVras was seen in other donors vaccinated with
vaccinia virus (Table 1). By contrast, the numbers of rVras-
specific IFN-^y-producing T cells in donors unequivocally not
vaccinated with vaccinia virus was very low.

To characterize the effector population within the CD8+-
enriched PBMC fraction, we performed antibody-blocking
experiments using mAb known to be effective in blocking
either class I or class II responses. Anti-HLA class I antibody at
concentrations of 0 1-10 jig/ml; an anti-CD8 antibody OKT8
at dilutions of 1/50-1/5000; the pan-anti-HLA-DR antibody
L243 at 10 ,ug/ml; or the same concentrations of isotype
control were used. These antibodies had no effect on the
number of Con A-stimulated IFN--y spot-forming cells (SFC)
which remained too numerous to reliably count (> 1000
SFC/125 000 cells). Anti-class I antibody caused a dose-
dependent decrease in response to rV38, maximal at 10 jg/ml
(Fig. 2a). The same dose of anti-class II or isotype control
antibody had no effect. In a further experiment using CD8+-
enriched PBMC mAb blockade of CD8 also reduced the
response in a dose-dependent manner, and the combination
of anti-CD8 and anti-class I antibodies completely abolished
it (Fig. 2b). Taken together, these results demonstrate that the
38 kDa-specific effectors are class I-restricted CD8+ T cells.

We evaluated the ELISPOT technique further in seven

healthy tuberculin-positive healthy contacts (all male, average

age 39+4-5 years) and seven patients with untreated sputum-
and culture-positive pulmonary tuberculosis (five female, two
male, 39+ 8-8 years). In all cases there was a strong response

to Con A 5 gg/ml (data not shown). Amongst all the healthy

©D 1998 Blackwell Science Ltd, Immunology, 95, 585-590

45 T

40 +

35 +

0c

0

0

0

a)
a

IL
cn>

z

30 +

25

20

15 +

10

5+

0

Total PBMC CD8+ enriched

Stimulus:
* rV381:1

rVras1:1
Nil

Li
CD4* enriched

Figure 1. Number of IFN-y spot-forming cells (SFC)/250000 cells in
cultures of PBMC from a healthy contact of tuberculosis stimulated
at a multiplicity of infection of 1 for 36 hr with rV38 or rVras. The
CD4+ or CD8 + T cells were depleted using DynabeadsO. Both viruses
stimulated IFN-y production. Cell depletion established that the bulk
of the 38 000 MW antigen-specific response was in the fraction enriched
for CD8 + cells, whereas the anti-vaccinia virus component was almost
entirely abolished by this depletion. Error bars indicate the SEM of
duplicate or quadruplicate wells.

contacts we were able to elicit a 38000 MW antigen-specific
response from either PBMC or CD8 +-enriched PBMC,
although in some cases (e.g. C6, C7) the magnitude of response
was low (Table 1). By comparison the 38000 MW-specific
response in patients was diminished, even the best response

(P1) showed only 4/250 000 rV38 specific IFN--y spots in

CD8+-enriched PBMC. Although the bulk of the anti-rVras
response was in undepleted PBMC or the CD4 + -enriched
cells, there was evidence in four cases (C6, C7, P2 and P5) of
low frequency vaccinia virus-specific IFN-,y SFC in the CD8 +-
enriched compartment at a frequency of 1/22 700-1/83 333
(Table 1). Although the vaccinia virus status of three of these
four donors could not be unequivocally determined by the
presence or absence of a characteristic scar, all were of
sufficient age (56, 28, 33 and 86 years, respectively) to have
received vaccinia virus vaccine.

DISCUSSION

We have demonstrated that the infection of fresh PBMC
cultures with vaccinia virus at low multiplicity leads to the
activation of T cells as detected by the production of IFN--y
by the ELISPOT assay. Both CD4+ and CD8+ cells were

restimulated. Interestingly, the bulk of the antirVras response

was mediated by CD4+ cells whereas the CD8+ cell response
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Table 1. Numbers of IFN-y spot-forming cells per 250000 cells in cultures stimulated at a MOI of 1 for 36-40 hr with recombinant vaccinia
viruses expressing either the 38 000 MW antigen of M. tuberculosis or the proto-oncogene ras

Vaccination PBMC CD8-enriched PBMC

38 000-
Subject Sex Origin and ethnicity Age BCG vaccinia rV38 rVras 38000-specific rV38 rVras specific

Contacts
Cl M 'UK, White' 35 Yes Yes 29 11 18 41 2 39
C2 M 'Nigeria, African' 34 Yes NK 10 3 7
C3 M 'Germany, White' 38 No Yes 36 17 19 15 1 14
C4 M 'Kenya, Asian' 53 No NK 47 33 14
C5 M 'Uganda, Asian' 29 No No 8 0 8
C6 M 'Kenya, Asian' 56 No NK 12 8 4 5 6 -1
C7 M 'Guyana, Afro-caribbean' 28 No NK 11 8 3

Patients
P1 F 'Indian, Asian' 22 No No 3 4 -1 4 0 4
P2 M 'Nigeria, African' 33 No Yes 57 70 -13 2 3 -1
P3 F 'Djibouti, African' 35 Yes Yes 3 3 0 3 2 1
P4 F 'Russia, White' 23 Yes No 0 0 0 3 1 2
P5 M 'Indian, Asian' 86 No NK 2 5 -3
P6 F 'UK, Afro-caribbean' 22 Yes No 3 2 1
P7 F 'Somalia, African' 52 No NK 0 0 0

Seven healthy recent contacts and seven untreated patients with sputum- and culture-positive pulmonary tuberculosis were studied. IFN-y
spot-forming cells in the absence of viral stimulation were low. The frequency of IFN-y-producing CD8+ T cells specific for the 38000 MW
antigen was calculated by subtracting the rVras response from the rV38. NK, not known; blank spaces indcated instances when an assay was
not performed.
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Figure 2. The 38 000 MW antigen-specific IFN-y-producing cells are CD8 + and HLA class I-restricted. In both (a) and (b): 250 000

CD8+-enriched PBMC from two healthy donors were stimulated at a multiplicity of infection of 1 for 36 hr with rV38 or rVras.

(a) The effect of anti-HLA class I or class II mAb on the number of IFN-y spot-forming cells. Anti-class I antibody (10,g/ml)
was able to substantially diminish the M. tuberculosis-specific response, whereas anti-Class II (101tg/ml) and isotype control

antibodies had no effect. (b) The effect of anti-CD8 mAb and combined antibody blockade on the number of IFN-y spot-forming
cells. ND=no IFN-y SFC detected.

was better stimulated by a vaccinia virus expressing the patients with, tuberculosis. Both CD8+ T cells and IFN-'y are

38 000 MW antigen of M. tuberculosis. This component of required for protection against tuberculosis in mice',' 25,26 and
the response was Class I-restricted and the frequency of 38 kDa vaccination using either a plasmid construct expressing the
specific CD8 +T cells was higher in contacts, rather than 38000 MW antigen or using the same rV38 vaccinia virus is
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protective by a mechanism involving both CD8+ T cells and
the production of IFN-y.20'27 We therefore speculate that the
38 000 antigen-specific CD8 + IFN-y-producing T cells we
detected may also protect humans.

Although our primary objective in this preliminary investi-
gation was the M. tuberculosis specific response, the anti-
vaccinia virus response was also of interest. The donor in the
example shown in Fig. 1 had been vaccinated against smallpox
in 1967. Our observation that I1/12 500 CD4' cells were
vaccinia-specific is similar to the conventional limiting dilution
analysis of the vaccinia virus-specific memory CD4+ T-cell
response from a donor immunised with vaccinia virus 35 years
earlier.28 These findings suggest that a significant proportion
of memory to vaccinia virus resides in the IFN-,y-secreting
CD4' compartment. However, the exact precursor frequency
cannot be determined using our system due to lytic and
cytopathic effects of the virus. In addition this effect may be
different in depleted and undepleted cultures as the greater
CD4 +-mediated rVras-specific IFN-,y production in undepleted
cultures may reduce cytopathic effects of the virus leading to
a greater net IFN-y response. In some donors we also detected
a low frequency of CD8+ vaccinia virus-specific CD8+ IFN-,y-
producing cells. The existence of a population of long-lived
antiviral memory CD8+ T cells that exhibit effector function
without needing to divide and differentiate over several days
has recently been demonstrated by Lalvani and colleagues"8
and our observations are consistent with this hypothesis.

In conclusion, we have demonstrated M. tuberculosis
38000 MW antigen-specific, MHC class I-restricted CD8+
T cells able to produce IFN-y on contact with endogenously
processed antigen expressed via a recombinant vaccinia virus.
The technique of using low-dose recombinant vaccinia express-
ing mycobacterial antigen(s) and the ELISPOT assay could
be readily extended to larger studies of other important
antigens of M. tuberculosis and other pathogens, even in
suboptimal conditions such as field studies in the tropics.
Although the intraphagosomal location of M. tuberculosis
might tend to mitigate against entry of proteins into the MHC
class I-processing antigen pathway our work is further evidence
in favour of the hypothesis that this does occur.29 As the
38000 antigen is a phosphate-binding protein secreted under
conditions of phosphate depletion30'31 it may be secreted into
the cytosol. Our data also indicate that the frequency of such
IFN-'y-producing CD8+ T cells is higher in subjects infected
with but healthy, when compared to patients with active
pulmonary tuberculosis. Although an analysis of 38 000 MW-
specific CD8+ cells from disease sites might show a higher
frequency of response,'0,32 it is also possible that the prepon-
derance of MHC class I-restricted IFN-y-producing CD8+
cells in healthy infected subjects indicates that these cells
contribute to protection in humans.
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