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SUMMARY

The memory/activated T cells, which mediate the long-lived host response against tuberculosis, in
mice immunized with either bacillus Calmette–Guérin (BCG) or mycobacterium heat-shock
protein 65 (hsp 65) antigen expressed from plasmid DNA (DNA-hsp 65), were characterized.
Protection against Mycobacterium tuberculosis challenge by DNA-hsp 65 vaccination was associ-
ated with the presence of lymph node T-cell populations in which CD8+/CD44hi interferon-c
(IFN-c)-producing/cytotoxic cells were prominent even after 8 or 15 months of plasmid DNA-
mediated immunizations, whereas after BCG vaccination the majority were CD4+/CD44lo IFN-c-
producing T cells. When the cells were separated into CD4+CD8− and CD8+CD4− and then
into CD44hi and CD44lo types, CD44lo cells were essentially unable to transfer protection in
adoptive transfer experiments, the most protective CD44hi cells were CD8+CD4− and those from
DNA-vaccinated mice were much more protective than those from BCG-immunized mice. The
frequency of protective T cells and the level of protection were increased up to 8 months and
decreased after 15 months following DNA or BCG immunizations.

INTRODUCTION present mycobacterium heat-shock protein 65 (hsp 65) to the
immune system as an endogenous antigen (transfected macro-

New generation vaccines against tuberculosis are being devel-
phages, liposomes, DNA-vaccination) generate strong protec-

oped, but there is a need for improved ways of measuring
tion against tuberculosis challenge and that this is associated

their immunological effectiveness. Although adoptive transfer
with the presence of a splenic T-cell population in which

of protection with T lymphocytes from infected or immunized
CD8+/CD44hi IFN-c-producing cytotoxic cells are promi-

rats into naive animals established over 20 years ago that
nent,9–15 whereas protein in adjuvant did not protect and only

acquired immunity against tuberculosis is cell-mediated,1
increased CD4 cells selectively.6 Moreover, cells with a type 2

attempts to define the phenotype and function of the protective
profile are also present in substantial numbers following

T cells either after infection or after vaccination have given
infection with Mycobacterium tuberculosis3,5,15–17 or bacillus

conflicting results. CD4, CD8 and cd-T-cell receptor (TCR)
Calmette–Guérin (BCG) vaccination.18 Thus, the features that

T cells have all been implicated, as have interferon-c (IFN-c)
distinguish a protective immune response to mycobacterium

and cytotoxicity, without establishing how they actually con-
antigens from a non-protective response are not known with

tribute to protection.2–4 The accepted paradigm has been that
certainty. In this study we investigate phenotypes, IFN-c

protection is mainly due to antigen-specific CD4 T helper type
production, expression of CD44 and cytotoxicity as markers

1 (Th1) cells, which produce IFN-c to activate macrophages,
of immunological memory/activation of T cells which could

which then kill the mycobacterium during phagocytosis.5 A
mediate the long-lived host response against tuberculosis in

subsidiary function is then served by cytotoxic CD8 T cells
mice vaccinated with either BCG or DNA-hsp 65.

that release intracellular bacteria from infected cells so that
they can be killed during phagocytosis by activated macro-

MATERIALS AND METHODSphages.6–8 We have found that immunization procedures that
Immunization procedures
Young adult BALB/c mice were obtained from the vivariumReceived 20 July 1998; revised 17 March 1999; accepted 7 April

1999. of the School of Medicine of Ribeirão Preto, University of
São Paulo, and were maintained under standard laboratoryCorrespondence: Dr C. L. Silva, Department of Parasitology,
conditions. For DNA vaccination a 3·1-kilobase (kb) XmnIMicrobiology and Immunology, School of Medicine of Ribeirão Preto,
fragment of the M. leprae genome carrying the hsp 65 geneUniversity of São Paulo, Avenida Bandeirantes 3900, 14049–900

Ribeirão Preto, SP, Brazil. was cloned into the EcoRV site downstream of the hydroxy-
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methylglutaryl-CoA-reductase promoter in plasmid pHMG.9 L3T4 mAb and sorted by FACSort (Becton Dickinson, San
Jose, CA) into of CD44hi and CD44lo populations and clonedIntramuscular injection of 50 mg plasmid DNA in 50 ml saline

into each quadriceps muscle was done on four occasions at at 0·3 cells/well in round-bottom 96-well plates in the presence
of 105 feeder cells and 2 ng rIL-2/ml. Growing clones were2-week intervals.10 For protein immunization, recombinant M.

leprae hsp 65 antigen (25 mg) emulsified in Freund’s incomplete restimulated every 2–3 weeks with phytohaemagglutinin
(0·5 mg/ml ) in the presence of feeder cells. Twelve stronglyadjuvant11 was injected subcutaneously (100 ml ), then 25 mg

in saline was injected intravenously twice at weekly intervals. growing CD4+CD8− clones (three CD44hi and three CD44lo
from DNA-immunized mice; three CD44hi and three CD44loBCG (Pasteur strain) was given as a single subcutaneous

injection of about 105 live bacteria in 50 ml saline. Additional from BCG-vaccinated mice) and 12 CD8+CD4− clones (three
CD44hi and three CD44lo from DNA-immunized mice;control animals received saline only or plasmid pHMG without

an insert. three CD44hi and three CD44lo from BCG-vaccinated mice)
were selected for characterization. All were TCR-ab-positive
by FACScan analysis.14Frequencies of antigen-responsive CD4+CD8− and CD8+CD4−

T cells
Two weeks after completion of the DNA-immunization pro- Characterisation of bulk CD4+CD8− and CD8+CD4− T cells

The CD4+CD8− and CD8+CD4− T cells had the features ofcedures or 30 days after BCG vaccination, antigen-reactive
ab-T cells with CD4+CD8− or CD8+CD4− phenotypes were antigen processing and presentation expected of these pheno-

types when assessed as previously described.12,15 In brief,purified from popliteal and mesenteric lymph nodes by negative
selection with specific monoclonal antibodies.12 In brief, each antigen specificity was checked with rhsp 65, bovine serum

albumin, purified protein derivative and concanavalin A; thegroup contained six mice that were killed and the cells from
homogenized lymph nodes were purified by centrifugation in antigen-processing pathway was tested with chloroquine and

brefeldin A; the antigen-presentation complex was probed withcomplete RPMI-1640 medium (RPMI-C13) on lympholyte M,
depletion of adherent cells on tissue culture plastic, then by the mAb L3T4, Lyt-2, anti-I-Ad, I-Ab and anti-H-2Kd.

Secretion of cytokines IFN-c and IL-4 was stimulated withtwo passages through nylon wool columns. Selection for
subpopulations was by sequential steps of complement- phorbolmyristic acid (PMA, 10 ng/ml ) and anti-CD3 mAb

(YCD3-1 [Gibco-BRL, Gaithersburg, MD]; 50 ng/ml ) tomediated lysis. The phenotype and purity of the T-cell subpop-
ulations were checked with a fluorescence-activated cell sorter achieve maximal stimulation12 measured by enzyme-linked

immunosorbent assay (ELISA).12 Antigen-specific cytotoxicity(FACScan) by using fluorescein isothiocyanate immuno-
fluorescence with rat monoclonal antibody L3T4 or Lyt2 and toxicity for cells infected with M. tuberculosis were meas-

ured by 51Cr release from appropriate J774 or J774-hsp 65against surface markers CD4 and CD8 and hamster mono-
clonal antibody (mAb) H57-597 or GL3 (Pharmingen, cells or thioglycollate-elicited peritoneal macrophages from

BALB/c mice in the presence and absence of chloroquine andUppsala, Sweden) against TCR-ab and -cc, respectively.12
Cells purified from BCG-vaccinated animals were found to be brefeldin A.12 The antimycobacterial activities of the T cells

and their supernatants were tested against M. tuberculosis infree from cultivatable bacteria. Limiting dilution analysis was
used to determine the frequencies of hsp 65-reactive lympho- bone marrow-derived macrophages in the presence and

absence of anti-IFN-c mAb.12cytes.12 The transfected J774 macrophages (J774-hsp 65 cells,
endogenously expressing hsp 65 antigen) were irradiated
(40 Gy) and used as antigen-presenting cells11,12 in RPMI-C FACS analysis of CD44 expression

CD4+CD8− and CD8+CD4− T-cell subpopulations werewith 5×104 cells per V-bottomed well in 96-well plates.
Dilutions of subpopulations of splenocytes in RPMI-C were prepared by negative selection as described above. The cells

were then stained immediately with fluorescein isothiocyan-added to give final concentrations of 2–4096 T cells per well
in 0·2 ml with 24 replicates. The cells were cultured in the ate (FITC)-labelled anti-CD44, Lyt-2, or L3T4 mAb

(Pharmingen) and analysed by FACScan.14presence of recombinant interleukin-2 (rIL-2; 1 ng/ml ) at 37°
with 5% CO2 in air for 12–14 days then pulsed with
[3H ]thymidine for 18 hr and assessed for radiolabel incorpor- Cytokine ELISPOT assays

CD4+CD8− and CD8+CD4− T cells prepared by negativeation.12 Wells giving counts that exceeded the counts from
control (unstimulated) wells by three standard deviations were selection from lymph nodes as described above were separated

by FACS into subpopulations of CD44hi and CD44lo cells.15scored as positive. Frequencies of antigen-responsive T cells
were estimated from plots of the percentage of wells that were These T-cell subpopulations were assayed for the frequency of

IFN-c- and IL-4-producing cells by ELISPOT.16 In brief,negative against T-cell concentration according to Poisson
distribution using the minimum x2 method. Cell concentrations 96-well nitrocellulose-bottomed plates (Millititre HA,

Millipore Inc. Bedford, MA) were coated with mAb specificat which all of the wells were positive or negative were not
included in the calculations. for IFN-c or IL-4 (R4-GA2 or 11B11; Pharmingen) by

overnight incubation at 4°. T cells (2×104, 1×104 and 5×103
per 200-ml well in triplicate) were incubated with 5×104Isolation of T-cell clones

CD4+CD8− and CD8+CD4− T-cell subpopulations were irradiated J774-hsp 65 cells as a source of hsp 65 antigen or in
the presence of J774 cells and whole BCG antigen or PMAprepared by negative selection as described above, seeded at

256 cells per well into V-bottom 96-well plates, and cultured (10 ng/ml ) and anti-CD3 mAb [ YCD3-1 (Gibco-BRL);
50 ng/ml ] to achieve maximal stimulation.12 After overnightfor 14 days in the presence of irradiated (40 Gy) J774-hsp 65

feeder cells (5×104 in 0·1 ml ) and rIL-2 (1 ng/ml ). The cells incubation, cells were washed off and IFN-c and IL-4 bound
to the nitrocellulose were detected with biotinylated ratwere then two-colour-stained with anti-CD44 and Lyt-2 or
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Table 1. Effect of immunization with BCG or DNA expressinganti-mouse IFN-c (Pharmingen) and rat anti-mouse IL-4
hsp 65 on hsp 65-reactive T-cell frequencies in lymph nodes*(BVD6-24G2; Pharmingen) followed by streptavidin–alkaline

phosphatase as substrate. Spots were counted by light
Frequency of T cellsmicroscopy. The frequency of IFN-c- and IL-4-producing cells
responding to hsp 65for each T-cell concentration was calculated by averaging the

number of spots for triplicate wells. Treatment CD4 CD8

Adoptive transfer of immunity rhsp 65 157850 1564 000
Mice were c-irradiated (9·5 Gy15) then injected intravenously hsp 65-DNA 153460 152320
with 5×106 T cells that were bulk-purified from lymph nodes BCG 158700 1512 300

Saline <15100 000 <15100 000of DNA-hsp 65-immunized or BCG-vaccinated mice as
Vector-DNA (control ) <15100 000 <15100 000described above. Control mice received T cells purified from

lymph nodes of normal mice or were untreated. Mycobacterium
*Lymph node subpopulations were purified by negative selectiontuberculosis [105 colony-forming units (CFU )] was immedi-

after completion of immunization with DNA or 4 weeks after BCGately injected intravenously, the mice were killed after 4 weeks
vaccination, then the frequencies of hsp 65-reactive cells were assessedand the numbers of CFU in the lungs were determined.11
by limiting dilution analysis with J774-hsp 65 as antigen-presenting
cells.

Duration of protection
At 1, 4, 8 and 15 months after completion of immunization,

Table 2. Expression of CD44 on CD4+CD8− and CD8+CD4− lymphT cells were purified from the lymph nodes of groups of six
node T cells freshly purified from hsp 65-DNA-immunized or BCG-

mice by depletion of adherent cells on tissue culture plastic vaccinated mice, or from control mice
then by two passages through nylon wool columns as described
above and assessed for CD44 expression by two-colour Percentage of T-cell subpopulations
cytofluorimetry; lymphoproliferation, cytotoxicity, cytokine showing CD44hi fluorescence
production and protection as described above.

Treatment CD4 CD8
Lymphoproliferation assay

Saline (control ) 19±3·2 22±4·1Lymph nodes of groups of six mice challenged 1, 4, 8, or
rhsp 65 24±2·7 21±4·315 months after completion of immunization were purified by
BCG 48±5·9* 36±4·8*depletion of plastic-adherent and nylon wool-adherent cells.12
hsp 65-DNA 62±7·6** 69±7·4**

After a 3-day incubation in triplicate 96-well microtitre wells Vector-DNA 15±2·5 19±3·4
that contained 3×105 T cells and 1×105 irradiated J774-hsp 65
cells (or J774-vector) per well, uptake of [3H]thymidine during T cells were prepared by negative selection from lymph nodes as
18 hr was assessed. Results are expressed as stimulation index described in the Materials and Methods and were stained with mAb
(SI ), calculated as the radioactivity counts in the presence of against CD4 or CD8 and against CD44 then analysed by FACScan.

Results represent the percentage of T-cell subpopulations showingantigen (J774-hsp 65 cells) divided by the counts in the absence
CD44hi fluorescence. Asterisks indicate a significant difference fromof antigen (J774-vector cells).
vaccinated (DNA- or BCG-) and control group (saline). *P<0·01
and ** P<0·001.Statistics

The statistical significance of the data was determined by
Student’s t-test and P<0·05 was considered significant. In irrespective of whether they were of the CD4+CD8− or

CD8+CD4− phenotypes (Fig. 1). The same level of inter-normal protection experiments we considered data to be
significant when CFU in vaccinated mice was 2 logs lower leukin production in response to hsp 65 was observed for cells

from BCG-immunized mice, again irrespective of whether theythan in control mice. For protection in adoptive transfer
experiments we considered significant when P<0·01. were CD4+CD8− or CD8+CD4, and it was twofold less

effective than that observed for DNA immunization (Fig. 1a).
However, BCG immunization induced more IFN-c in

RESULTS
CD4+CD8− and CD8+CD4− T cells in response to whole
BCG antigen when compared in response to hsp 65 (Fig. 1b).Both vaccinations with BCG or with plasmid DNA expressing

hsp 65 caused substantial increases in the frequency of A similar level of interleukin production was also observed in
both T-cell populations under stimulation with PMA plushsp 65-reactive T cells in lymph nodes (Table 1). The increase

occurred equally in cells with CD4+CD8− and CD8+CD4− anti-CD3 (Fig. 1c). When the cells were further subdivided
into CD44lo and CD44hi prior to assessing the relative frequen-phenotypes and this contrasted with the response to immuniz-

ation with the protein in adjuvant, where the increase was cies of IL-4- and IFN-c-producing cells it was seen that IL-4
production was particularly associated with CD44lo cells andalmost entirely in the CD4+CD8− cells. Both the vaccination

procedures, BCG and DNA immunization, increased the IFN-c production was particularly associated with CD44hi
cells (Table 3). This was the case whether the cells hadfrequency of CD44hi-activated or memory phenotype seen in

freshly harvested lymph node T cells (Table 2). CD4+CD8− or CD8+CD4− phenotypes, came from BCG- or
DNA-vaccinated mice, or those stimulated with hsp 65, wholeThe lymph node T cells from DNA-vaccinated mice more

often produced IFN-c than IL-4 in response to either hsp 65, BCG antigen, or PMA plus anti-CD3. Taken together, these
FACSort and ELISPOT assays indicated that in DNA-whole BCG antigen, or stimulation with PMA and anti-CD3,

© 1999 Blackwell Science Ltd, Immunology, 97, 573–581
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BCG-vaccinated mice and CD8+CD4− cells were more effec-
tive than CD4+CD8− cells (Fig. 2). Statistical analysis showed
that these differences were significant (P<0·01 and 2 logs
difference in CFU counts). When the cells for adoptive transfer
experiments were further subdivided into CD44lo and CD44hi
it was seen that protection was associated with the CD44hi
phenotype (Fig. 3). CD44hi cells from DNA-immunized mice
were more protective than CD44hi cells from BCG-vaccinated
mice, and the most protective cells were the
CD8+CD4−/CD44hi cells from DNA-immunized mice.
Statistical analysis showed that these differences were highly
significant (P≤0·01 and 2 logs difference in CFU counts).

Twenty-four hsp 65-reactive T-cell clones representing the
CD4, CD8 and CD44 phenotypes were established, 12 from
DNA-immunized and 12 from BCG-vaccinated mice, and then
characterized and tested for their ability to confer protection
to recipient mice in adoptive transfer experiments. The 12
CD8+/CD4− clones recognized hsp 65 processed and presented
via the major histocompatibility complex (MHC) class I and
not the class II pathway and the 12 CD4+CD8− clones had
the converse characteristics. This was established as described
in the methods by using mAbs to selectively block CD4, CD8,
and specific MHC class I and II haplotypes, and brefeldin A
and chloroquine to block processing in lympho-
proliferation assays (data not shown) essentially as described
for clones from mice immunized with J774-hsp 65 cells.12,15 As
expected, most produced either IFN-c or IL-4 (Table 4). Some
of the IFN-c-producing clones showed antigen-dependent
cytotoxicity against M. tuberculosis-infected macrophages
(Table 4). Clones that produced IFN-c and were cytotoxic
were the most effective in adoptive transfer of protection
(Table 4). Statistical analysis showed that these differences
were significant (P≤0·01 and 2 logs difference in CFU counts).
These tended to be properties of the CD44hi clones. The
CD8+/CD44hi clones with these characteristics were more
effective than the corresponding CD4+/CD44hi clones. All
three of the CD8+/CD44hi clones from DNA-immunized mice
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were of this highly protective phenotype, whereas one of the
Figure 1. ELISPOT estimates of the frequencies of cells that produced three CD8+CD44hi clones from BCG-immunized mice was
IL-4 or IFN-c in response to hsp 65 (a) (assay in the presence of

almost non-protective, was not cytotoxic and produced IL-4.J774-hsp 65 cells as feeder cells); whole BCG antigen in the presence
We have now characterized the immune response in termsof J774 cells (b) and PMA plus anti-CD3 (c) among lymph node

of duration of response, cytokine profile (IFN-c and IL-4)T cells from hsp 65-DNA-immunized or BCG-vaccinated mice.
and expression of CD44, a marker of immunologicalCD4+CD8− and CD8+CD4− T cells were prepared by negative
memory16,17 after, 1, 4, 8 and 15 months after DNA or BCGselection from lymph nodes as described in the Materials and Methods.

The results shown are mean estimates (±SD) from triplicate wells. * vaccination. Both immunization procedures generated strong
indicates statistically significant differences for IFN-c production from lymphoproliferative responses to hsp 65 (Table 5). These
DNA-immunized and from BCG-vaccinated mice (P<0·01); † indi- responses were sustained for at least 8 or even 15 months after
cates significant difference for IL-4 production from DNA-immunized hsp 65-DNA or live BCG vaccination. With the exception of
and from BCG-vaccinated mice mice (P<0·01); and ‡ indicates a rhsp65 IFA, all of the immunization procedures elicited sub-
significant difference from frequencies of cells that produced IL-4 or

stantial protective immunity against virulent M. tuberculosisIFN-c in the same experimental group (P<0·01).
(Table 5). When challenge infection was given 1 or 4 months
after completion of immunization, bacterial numbers in lungs
4 week later were at least 2 logs lower than in lungs ofimmunized mice the CD4+CD8− or CD8+CD4− T cells were

more frequently CD44hi IFN-c producers, whereas in BCG- vaccinated controls. Protection was sustained even after
15 months of vaccination with DNA or BCG.vaccinated mice the T cells produced similar levels of

CD44lo/IL-4 and CD44hi/IFN-c phenotypes. Since we have found that protective immunity is particu-
larly associated with T cells and the development of immuno-When tested for their ability adoptively to transfer protec-

tive immunity to naive mice, bulk CD4+CD8− and logical memory is known to be associated with the persistence
of cells expressing high levels of CD44,15 we monitored theCD8+CD4− cells purified from lymph nodes of either

BCG- or DNA-immunized mice were effective. Cells from expression of CD44hi by lymph node T cells after both immun-
ization procedures (Table 5). Both BCG and DNA at 1 monthDNA-immunized mice were more effective than those from

© 1999 Blackwell Science Ltd, Immunology, 97, 573–581
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Table 3. Association of IFN-c production with CD44hi cells

ELISPOT estimates of the frequencies of cells that produced
cytokines in response to different stimulus

hsp 65 BCG PMA+anti-CD3

Vaccine T cells CD44 IL-4 IFN-c IL-4 IFN-c IL-4 IFN-c

DNA CD4 CD44lo 146±26 74±12 94±12 87±13 113±14 58±6
CD44lhi 39±7 358±53 21±5 135±14 39±5 268±17

CD8 CD44lo 135±27 92±14 78±9 57±8 185±14 44±7
CD44hi 43±8 302±49 17±3 261±34 31±6 321±58

BCG CD4 CD44lo 208±36 133±19 178±24 91±13 257±37 47±9
CD44hi 76±11 204±38 45±7 229±14 21±4 275±48

CD8 CD44lo 177±24 91±17 117±15 68±13 213±37 51±11
CD44hi 58±10 179±34 34±6 239±28 43±7 349±61

Control CD4 CD44lo 17±5 36±4 25±4 41±5 115±13 61±9
CD44hi 21±4 42±5 18±6 58±7 18±4 196±34

CD8 CD44lo 24±3 28±3 39±7 17±5 129±22 84±12
CD44hi 15±4 27±5 18±4 62±6 21±5 217±38

Freshly purified CD4+CD8− and CD8+CD4− T cells from the lymph node of DNA- or
BCG-vaccinated mice or from control (immunized with plasmid DNA without insert) were
separated into CD44hi and CD44lo by FACSort and IL-4 and IFN-c production was analysed
by ELISPOT as described in Fig. 1.

after vaccination had caused only a modest increase in CD44hi
expression but this continued to increase, reaching 66 and 73%
of total T cells by 8 months and 72 months and 76% after
15 months. We next assessed the cytokine produced by lymph
node T cells after 1, 4, 8 and 15 months of vaccination. The
T cells from BCG-vaccinated mice more often produced IL-4
than IFN-c in all of the time-points analysed (Table 5). The
opposite was true for cells from DNA-immunized mice, where
threefold more cells produced IFN-c than IL-4.

DISCUSSION

Following our unexpected observation of the effectiveness of
J774-hsp 65 cells in raising protective immunity against
tuberculosis,11 and of the prominence of antigen-specific
CD8+/CD44hi IFN-c-producing/cytotoxic cells in expressing
protection,12,15 we earlier hypothesized that the endogenous
origin of the antigen via the cytosol in antigen-presenting cells
could be of critical importance.12 The validity of this interpret-
ation is strengthened by our previous finding10,15 and by the
results presented here, that an alternative method of introduc-
ing antigen into the cytosol, such as plasmid DNA, also
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generated protective immunity with a typical type 1 immune
Figure 2. Adoptive transfer of protective immunity against tubercu- response. On the other hand, the immune responses to myco-
losis by bulk transfer of CD4+CD8− or CD8+CD4− T cells to naive

bacterium, whether to BCG vaccine, M. leprae, or virulent M.mice. T-cell subsets were obtained by negative selection from lymph
tuberculosis, whether in mouse or man, are well known tonodes of DNA-immunized or BCG-vaccinated mice. Recipient mice
show at times strong CD8+CD4−-mediated immune responseswere c-irradiated then injected intravenously with 5×106 T cells and
which are associated with the later or chronic phases of the1×105 M. tuberculosis cells. The number of live bacteria in the lungs

was determined 4 weeks after infection. Control mice were either infection.15,18–20 To better understand what contribution the
untreated or were irradiated and reconstituted with non-specific lymph different T cells make to protection against tuberculosis we
node T cells enriched from normal mice. Results are shown as mean determined here the correlation among the frequency of the
CFU±SD from groups of five animals. Asterisks indicate a significant different phenotypes, cytokine production, adoptive transfer
difference from vaccinated (DNA- or BCG-) and control group. * of protection, memory, cytotoxicity and duration of protection
P<0·01 and ** P<0·001 and 2 logs difference. in purified subpopulations or T-cell clones obtained from
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Figure 3. Association of protection with CD8+/CD44hi T cells. Purified CD4+CD8− and CD8+CD4− T cells were separated into
CD44hi and CD44lo by FACSort and amplified by culture for 14 days on the presence of J774-hsp 65 feeder cells. The expanded
cells were tested for their ability to protect naive recipient mice against challenge with M. tuberculosis as described in Fig. 2. There
was no variation in the CD44 and interleukin expression in expanded cells in relation to freshly purified cells. Asterisks indicate a
significant difference from vaccinated (DNA- or BCG-) and control group. * P<0·01 and ** P<0·001 and 2 logs difference.

lymph nodes of hsp 65-DNA-immunized or BCG-vaccinated hsp 65 is only one of many antigens involved in the immune
response, and others may have equal or greater roles inmice.

The equal increase in CD4+CD8− and CD8+CD4− protective immunity, this pattern of activation and cytokine
profile is likely to extend to cells with other antigen specificitieshsp 65-reactive cells seen in BCG-vaccinated mice (Table 1)

resembles that seen in mice protected by immunization with through the regulatory role of the cytokines in the local
environment. CD8+/CD44hi cells of BCG-vaccinated mice,plasmid DNA or with M. tuberculosis infection.15 Although

this strong CD8+CD4− response is consistent with the besides being less abundant than the CD8+/CD44hi cells of
DNA-immunized animals, were also less efficient per cell inendogenous origin of the antigen and appears to be important

for protection,10,12,15 there were marked differences in the transfer of protective immunity. The basis for this was not
established. It may have been related to a lower frequency ofprofiles of memory/activation (CD44hi) and cytokine pro-

duction (IL-4, IFN-c) between the BCG- and DNA-immun- either IFN-c-producing cells or cytotoxic cells or to some
other unidentified factor affecting this minority population.ized mice. Since the bulk-purified CD8+CD4− cells from

DNA-immunized mice were more efficient than that BCG- We showed previously that although both cytotoxicity and
IFN-c can come from either CD4+CD8− or CD8+CD4−vaccinated mice in transferring protection to naive animals

(Fig. 2), we could assess how these differences might relate to T cells, the most potent protective cells in our model is
CD8+CD4−, produces IFN-c and is cytotoxic.12,15 This con-the inadequate immunity in the BCG-vaccinated animals.

The lower protective efficacy of cells from BCG-vaccinated clusion is now refined by this study of new clones to include
the observation that cells with that phenotype are most effectivemice in adoptive transfer experiments was probably not due

to differential entry of fewer CD8+CD4− than CD4+CD8− when they also express CD44hi (Table 4). It was striking that
CD4+CD8−/CD44lo IL-4-producing or CD8+/CD4−CD44locells into the activated/memory state; the CD85CD4 ratio

among CD44hi hsp 65-reactive cells was about 151 in both IL-4-producing T cells had essentially no effect in our model.
They might not be expected to be protective, since theyBCG- and DNA-vaccinated mice. However, it might be related

to the no preponderance of IFN-c-producing cells in the BCG- produced little IFN-c and were not cytotoxic, but their failure
to interfere with expression of immunity was remarkable. Sincevaccinated animals. This was clearly indicated by the ELISPOT

assays of both CD4+CD8− and CD8+CD4− cells responding type 2 cytokines down-regulate T-cell differentiation for
expression of type 1 cytokines in vivo and in vitro21–23 we mayto either hsp 65, whole BCG antigen or PMA plus anti-CD3

stimulus (Fig. 1). Furthermore, IL-4 production was associ- conclude that the low rate of growth of the bacteria in the
model of BCG-vaccination is not dependent on such differen-ated with CD44lo cells (Table 3), suggesting a predominance

of CD44lo cells in BCG-vaccinated mice. FACScan of freely tiation; some other mechanism is retarding bacterial multipli-
cation in the presence of only limited numbers of CD44hiisolated lymph nodes CD4+CD8− or CD8+CD4− cells also

indicated predominance of CD44lo cells in BCG-vaccinated cytotoxic type 1 cells. The existence of such additional anti-
mycobacterial mechanisms has been indicated in severalanimals. Thus it appears that the majority of T cells in BCG-

vaccinated mice were not memory/activated and produced low studies, for example in ab-T-cell-depleted mice24 and gene-
deleted (‘knock-out’) mice.24–27 Presumably, if the low growthlevels of IFN-c, whereas the majority of T cells in DNA-

immunized mice were activated and produced IFN-c. Although rate is a consequence of residence within IFN-c-activated
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Table 4. Correlation between CD44 expression, cytokine production, cytotoxicity and protection by hsp 65-specific T cell clones from BCG or
DNA vaccinated mice

Interleukin†

T-cell IL-4 IFN-c %
Clones Vaccine clones CD44 (pg/ml ) ug/ml ) Cytotoxicity‡ CFU (lungs)§

Unspecific – CD4 CD44lo 397±51 38±21 8±3 5·43±4·21
Unspecific – CD4 CD44hi 45±13 566±59 10±5 5·46±4·35
Unspecific – CD8 CD44lo 456±43 68±18 10±5 5·49±4·31
Unspecific – CD8 CD44hi 52±51 853±59 10±5 5·44±4·30

1 DNA CD4 CD44lo 890±56 34±9 5±3 5·24±4·36
2 678±82 54±12 8±2 5·30±4·43
3 412±63 196±28 19±5 5·18±4·32
4 CD44hi 135±19 655±51 7±3 5·23±4·28
5 86±12 848±79 18±4 4·14±3·20*
6 547±61 158±38 26±6 5·12±4·14
7 CD8 CD44lo 1125±104 37±10 8±3 5·20±4·26
8 728±82 68±18 12±4 5·18±4·35
9 326±46 461±49 36±8 4·93±4·23

10 CD44hi 42±8 843±91 48±8 3·88±3·23*
11 65±11 792±67 46±6 3·67±3·18*
12 74±9 670±82 59±11 3·36±3·21*

1 BCG CD4 CD44lo 450±46 42±7 5±3 5·25±4·47
2 387±54 113±15 7±2 5·28±5·51
3 512±39 97±11 8±4 5·24±4·38
4 CD44hi 138±14 298±34 12±4 5·19±4·34
5 95±12 471±44 26±6 5·15±4·21
6 124±10 564±52 32±5 5·13±4·19
7 CD8 CD44lo 624±43 67±9 5±2 5·20±4·37
8 871±56 85±10 6±4 5·23±4·41
9 246±28 186±16 25±6 5·16±4·31

10 CD44hi 186±15 628±55 35±7 4·15±3·23*
11 69±12 567±43 38±5 4·12±3·34*
12 908±79 31±4 7±4 5·16±4·35

Three strongly growing hsp 65-responsive clones of CD4+/CD44lo and three of CD4+/CD44hi, three of CD8+/CD44lo and three of
CD8+/CD44hi phenotype were isolated from lymph nodes of DNA-immunized and from BCG-vaccinated mice.

†Cytokines was collected as 24-hr supernatants from maximally stimulated clones and were assayed by ELISA.
‡Peritoneal macrophages were loaded with 51Cr and then infected by incubation with M. tuberculosis overnight at a bacterium-to-cell ratio

of 1051 before use as targets in the standard cytotoxicity assay at an effector-to-target ratio of 5051.
§Clones were tested for ability to protect naive mice from challenge with M. tuberculosis as described in Fig. 3. The numbers of live bacteria

per gram of lungs 4 weeks after challenge (1×105 M. tuberculosis i.v.) are shown as mean±SD for groups of five animals.
*Asterisks indicate a significant difference (P<0·01) of protection by T cells from vaccinated (DNA- or BCG-) and respective control groups

(unspecific T-cell clones).

macrophages, the necessary IFN-c could be coming from of the injected mouse.32 It may be relevant that the persistence
of viable BCG has been argued to make a significant contri-alternative sources such as cd T cells and natural killer cells28,29

although there is no evidence that these sources are more bution to the persistence of protection after BCG vacci-
nation.33 Presumably the continued synthesis and presentationresistant to down-regulation by type 2 cytokines than are the

CD4+CD8− or CD8+CD4− cells.30,31 of endogenous hsp 65 antigen may account for the persistent
protection after DNA vaccination.Protection by both immunization procedures generated

strong lymphoproliferative responses to hsp 65 and protection A striking difference between the immune response to
DNA vaccination and the immune response to either BCGagainst M. tuberculosis challenge after 1, 4, 8 and 15 months

after vaccination (Table 5). These responses were sustained vaccination or M. tuberculosis infection is that DNA induces
almost entirely a protective CD44hi type 1 cytokine response,for at least 8 or even 15 months after DNA or live BCG

vaccination. Analysis of the lymph node T-cell populations whereas the mycobacterium infections have a major compo-
nent of non-cytotoxic CD44lo T cells that produced low levelfrom DNA-immunized mice indicated that this was due to a

progressive increase during the same period in numbers of cells of IFN-c.15 The hypothesis that inappropriate type 1/type 2
switching of the immune response might underlay the failurewith the memory/activated phenotype (CD8+ CD4−/CD44hi)

that produced IFN-c and antigen-specific cytotoxicity. Plasmid of BCG in some human populations34 has already been
mentioned. Therefore, a vaccine that works well in populationsDNA does not integrate into host cell DNA but persists

episomally and can express encoded antigen for the lifetime where BCG fails is obviously a major objective. Unfortunately
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Table 5. Correlation between the duration of protection against tuberculosis challenge infection and development of immunological memory
and cytokine production at several intervals after vaccination

% Cytokines§
Months after Stimulation (%) CD44 Cytotoxicity CFU

Vaccination vaccination index expression† (CD8 T cells)‡ IL-4 IFN-c ( lungs)¶

DNA 1 37±5 54±4 56±7 58±7 316±54 3.13±2.35*,**
4 48±6 62±5 49±5 34±4 354±61 3.24±2.56*,

**
8 34±4 73±5 53±6 63±5 268±47 3.85±3.16*

15 28±3 76±5 39±4 46±5 239±41 4.27±3.64*

BCG 1 17±3 38±2 36±4 218±34 246±23 4.24±3.43*
4 21±4 58±4 33±5 248±43 152±27 4.21±3.55*
8 12±3 66±5 28±3 195±26 114±25 4.43±3.51*

15 13±2 72±5 25±3 187±19 138±19 4.46±3.64*

Rhsp65 1 34±6 34±3 4±2 18±3 106±12 5.26±4.32
4 16±4 25±4 6±3 15±4 87±9 5.31±4.54
8 5±2 14±3 5±2 23±6 48±6 5.34±4.62

15 2±1 12±2 4±3 32±5 56±5 5.29±4.55

Control 1 1±1 16±3 5±3 24±5 53±6 5.31±4.46
4 2±1 19±4 6±4 22±3 44±5 5.37±4.38
8 1±1 13±2 2±1 19±4 62±4 5.31±4.41

15 1±1 14±3 4±2 18±3 70±6 5.28±4.54

For lymphoproliferation, lymph node cells were depleted of plastic- and nylon wool-adherent cells, cultured for 3 days with J774-hsp 65 or
J774-vector (control ) cells and tested for [3H]thymidine incorporation in a standard assay. Results are expressed as stimulation index (SI ),
calculated as the radioactivity counts in the presence of antigen (J774-hsp 65 cells) divided by the counts in the absence of antigen (J774-vector cells).

†T cells were stained with FITC anti-CD44 and anti-CD3, and analysed by two-colour cytofluorimetry.
‡Peritoneal macrophages were loaded with 51Cr and then infected by incubation with M. tuberculosis overnight at a bacterium-to-cell ratio

of 1051 before use as targets in the standard cytotoxicity assay at an effector-to-target ratio of 5051.
§ELISPOT estimates of the frequencies of cells that produced IL-4 or IFN-c in response to PMA plus anti-CD3 among lymph node T cells

from DNA-immunised or BCG-vaccinated mice.
¶For the duration of protection experiments, mice were challenged by intravenous infection with 105 M. tuberculosis at 1, 4, 8, or 15 months

after completion of vaccination. The numbers of live bacteria (CFU ) in lungs were determined 4 weeks after challenge.
Asterisks indicate a significant difference from vaccinated (DNA- or BCG-) and control group.*P<0·01 and ** P<0·001 and 2 logs difference.
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