Immunology 2004 113 130-138

doi:10.1046/j.1365-2567.2004.01931.x

Immune regulatory effect of pHSP65 DNA therapy in pulmonary tuberculosis:
activation of CD8™ cells, interferon-y recovery and reduction of lung injury
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SUMMARY

A DNA vaccine based on the heat-shock protein 65 Mycobacterium leprae gene (pHSP65)
presented a prophylactic and therapeutic effect in an experimental model of tuberculosis. In this
paper, we addressed the question of which protective mechanisms are activated in Mycobac-
terium tuberculosis-infected mice after immune therapy with pHSP65. We evaluated activation
of the cellular immune response in the lungs of infected mice 30 days after infection (initiation of
immune therapy) and in those of uninfected mice. After 70 days (end of immune therapy), the
immune responses of infected untreated mice, infected pHSP65-treated mice and infected
pCDNA3-treated mice were also evaluated. Our results show that the most significant effect of
pHSP65 was the stimulation of CD8 ™ lung cell activation, interferon-y recovery and reduction
of lung injury. There was also partial restoration of the production of tumour necrosis factor-a.
Treatment with pcDNA3 vector also induced an immune stimulatory effect. However, only
infected pHSP65-treated mice were able to produce significant levels of interferon-y and to
restrict the growth of bacilli.
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INTRODUCTION

In developing countries, tuberculosis (TB) remains one of
the three most common fatal infectious diseases, along with
acquired immune deficiency syndrome and malaria.' The
incidence of TB has always been high in these countries,
and in industrialized countries it has re-emerged as a public
health problem.? This has been accelerated by the advent of
the human immunodeficiency virus epidemic and the
increasing incidence of multidrug-resistant strains of
Mycobacterium tuberculosis.® The current TB vaccine, a
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strain of Mycobacterium bovis called Calmette—Guérin
bacillus (BCG), provides a relatively high degree of pro-
tection in experimental models of TB infection.* However,
the efficacy of BCG in several field trials has been either
minimal or undetectable.’

Progress in TB research has advanced as a result of the
great amount of information obtained from the completion
of the M. tuberculosis genome sequence.® This has led to the
rapid characterization and expression of M. tuberculosis
antigens with vaccine potential. In this context, a new form
of vaccination, using DNA containing the gene for the
antigen of interest, has been developed. This is a potent new
method that can engender both humoral and cellular
immune responses in a variety of murine and primate dis-
ease models.” In addition, DNA vaccines mimic the effects
of live attenuated vaccines in their ability to induce major
histocompatibility complex class I-restricted CD8* T-cell
responses.® These DNA vaccines also contain specific nuc-
leotide sequences that play an important role in their
immunogenicity.” !>
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A DNA vaccine based on the M. leprae heat-shock
protein 65 gene (pHSP65) protected mice against subse-
quent M. tuberculosis challenge by establishing a cellular
immune response characterized by antigen-specific CD4 "
and CD8™" T lymphocytes, which both produce interferon-y
(IFN-y) and are cytotoxic to infected cells.'”> Recently, a
therapeutic effect of this vaccine in mice during the course
of experimental TB was described.'*

The development of a TB vaccine depends on know-
ledge of the protective immune response that follows
infection. It is known that, once inhaled, M. tuberculosis
bacilli are phagocytosed by alveolar macrophages that
produce proinflammatory cytokines. These cytokines
induce the recruitment and activation of T lymphocytes.'?
CD4" and CD8™ T cells are essential to the containment
of M. tuberculosis within granulomas.'®!” The kinetics of
production and the balance between the proinflammatory
cytokines interleukin-6 (IL-6),'® IL-12' and tumour
necrosis factor-o. (TNF-2)*° and the inhibitory cytokines
IL-10?! and transforming growth factor-f>* regulate the
subsequent T-cell responses. Cytokines produced by
CD4% and CD8" T cells, such as IFN-y, play an
essential role in this process because they activate macro-
phages that become microbicidal.?®>** Therefore, the
cross-talk between T cells and macrophages is essential
for the final outcome of M. tuberculosis infection.'” Re-
cently, special attention has been given to dendritic cells,
which undergo maturation following M. tuberculosis
infection.?

In this study, we investigated the question of whether
immune therapy with the DNA vaccine pHSP65 is able to
modify T-cell priming during virulent M. tuberculosis
infection without inducing tissue injury. In an attempt to
characterize the immune mechanisms involved in the
therapeutic effect, we initially counted lung CD4" and
CDS8" cells and analysed the cellular phenotype of these
cells, cytokine production, and numbers of colony-forming
units (CFUs) in the lungs of infected mice, either treated or
untreated with pHSP65, and correlated these data with
histopathological analysis.

MATERIALS AND METHODS

Mice

Female specific pathogen-free (SPF) BALB/c mice, were
bred in the Animal Facility of the School of Medicine
of Ribeirdo Preto, University of Sdo Paulo and used at
5-8 weeks old. They were kept under barrier conditions at a
level III biohazard laboratory.

Bacteria

The H37Rv strain of M. tuberculosis (American Type
Culture Collection, Rockville, MD) was grown in 7H9
Middlebrook broth (Difco Laboratories, Detroit, MI) for
7 days. The culture was harvested by centrifugation and the
cell pellet was resuspended in sterile phosphate buffered
saline (PBS) and vigorously agitated. The homogeneous
suspension was filtered through 2-um filters (Millipore,
Bedford, MA). Viability of the M. tuberculosis suspension
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was pretested with fluorescein diacetate (Sigma, Saint
Louis, MO) and ethidium bromide.?®

Plasmid construction

The pcDNA3-hsp65 (pHSP65) vaccine was derived from
the pcDNA3 vector (Invitrogen®, Carlsbad, CA), which
was previously digested with BamHI and Notl (Gibco BRL,
Gaithersburg, MD), by inserting a 3-3-kb fragment cor-
responding to the M. leprae hsp65 gene and the cytomeg-
alovirus intron A.?’ The vector pcDNA3 minus the hsp65
gene was used as a control. An LB liquid medium (Gibco
BRL, Gaithersburg, MD) containing ampicillin
(100 ug/ml) was used to culture DHS5a Escherichia coli,
transformed with either pcDNA3 plasmid or with the
plasmid containing the hsp65 gene (pHSP65). Plasmids
were purified using the Concert High Purity Maxiprep
System (Gibco BRL, Gaithersburg, MD). Plasmid con-
centration was determined by spectrophotometry at
A =260 and 280 nm using the Gene Quant II apparatus
(Pharmacia Biotech, Cambridge, Buckinghamshire, UK).

Infection and immune therapy

Mice were anaesthetized by intraperitoneal injection of
2,2,2-tribromoethanol (Acros Organics, New Jersey, NJ)
and tracheae were exposed. Infection was effected by in-
tratracheal inoculation with 1 x 10° viable CFU of H37Rv
M. tuberculosis strain diluted in PBS. Thirty days after
infection, mice were given a series of four doses of plasmid
DNA administered intramuscularly at 10-day intervals.
Each mouse received 100 ug of pHSP65 or the pcDNA3
vector. Ten days after treatment, mice were killed by cer-
vical dislocation under mild anaesthesia. At this time, the
end of therapy, the infection had been allowed to develop
for 70 days. An infected untreated group (RV-70 days) was
used to compare the effect of pHSP65 therapy over the
same period.

Monoclonal antibodies

To evaluate T-cell subsets, populations of macrophages and
dendritic cells, and the expression of costimulatory and
adhesion molecules, the following anti-mouse cell surface
marker monoclonal antibodies (mAbs) were used: (i) phyco-
erythrin (PE) -labelled mAbs: anti-CD4 [clone H129.19, rat
immunoglobulin G2a (IgG2a)], anti-CD8 (clone 53-6.7, rat
1gG2a), anti-CD44 (clone IM7, rat IgG2b), anti-CD28 (clone
37.51, hamster 1gG), anti-CD95 (clone Jo2, hamster I1gG),
and anti-CD95L (clone MFL3, hamster IgG); (ii) fluorescein
isothiocyanate (FITC) -labelled mAbs: anti-CD4
(clone H129.19), anti-CD8 (clone 53-6.7), anti-CD18 (clone
C71/16, rat IgG2a), anti-CD11b (CR3/Mac-1) (clone
M1/70, rat 1gG2b) and anti-CD1l1c (clone HL3, hamster
IgG). Hamster IgG, rat IgG2a and rat IgG2b labelled with
PE or FITC were used as isotype controls. All mAbs were
purchased from PharMingen (San Diego, CA) and used
according to the manufacturer’s instructions.

Preparation of lung cells
Lungs were washed with sterile PBS and each was placed
in a Petri dish containing incomplete RPMI-1640 medium
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(Sigma). Lungs were fragmented and transferred to a
conical tube containing digestion solution, prepared with
Liberase Blendzyme 2 (Roche, Indianapolis, IN) diluted
(0-5 ug/ml) in incomplete RPMI-1640. Samples were
incubated at 37° under agitation for 30 min After incu-
bation, the cells were dispersed by using a 10-ml syringe
and pelleted by centrifugation for 10 min at 400 g. Cells
were then washed with complete RPMI-1640, passed
through a Nytex screen (Sigma) and resuspended in
complete RPMI-1640. Total cell counts were determined
in a Neubauer chamber.

Fluorescence-activated cell sorter (FACS) analysis

Lung cells (1 x 107/ml) were initially incubated for 30 min
at 4° with Fc Block (1 pg/10° cells) (PharMingen). Cells
were then incubated with proper mAb (0-75 ug/10° cells)
for 30 min at 4° in total darkness. Lymphocytes were
analysed by flow cytometry using the CELL QUEST software
FACSORT (Becton Dickinson, San Jose, CA). Ten thousand
events per sample were collected and double-colour FACS
analysis was performed as described elsewhere.*®

Cytokine production

Levels of the cytokines IFN-y, IL-4, IL-6, IL-12, TNF-«
and IL-10 and of the chemokines monocyte chemotactic
protein-1 (MCP-1) and inducible protein (IP)-10 in
homogenized lung were measured by enzyme-linked im-
munosorbent assay (ELISA) according to manufacturer’s
instructions (PharMingen). Purified monoclonal antimouse
antibodies IFN-y (R4-6A2), 1L-4 (11B11), IL-6 (MP5-
20F3), IL-12 (C15.6), IL-10 (JES5-2A5), MCP-1 (2HY)
and IP-10 (A102-6) were used at 1 pg/ml. Purified anti-
TNF-o monoclonal antibody (XT2211) and polyclonal
anti-TNF-a were kindly provided by Dr Jodo Santana da
Silva (Department of Biochemistry and Immunology,
School of Medicine of Ribeirdo Preto, University of Sao
Paulo, Brazil). Cytokine—antibody complexes were detec-
ted by addition of biotinylated anti-mouse IFN-y
(XMG1.2), IL-4 (BVD6-24G2), IL-6 (MP5-32C11), IL-12
(C17.8), IL-10 (SXC-1), MCP-1 (4E2/MCP) or IP-10
(CRG-2) at 1 ug/ml. Detection limits were: 20 pg/ml for
IFN-y, 10 pg/ml for IL-4, 5 pg/ml for IL-6, 20 pg/ml for
IL-10, 40 pg/ml for IL-12 and 700 pg/ml for TNF-o.
Detection limits for the chemokines were: 5 pg/ml for
MCP-1 and 300 pg/ml for IP-10.

CFU determination

Aliquots of lungs harvested from infected untreated mice
and from infected treated mice were incubated in digestion
solution. Serial dilutions were plated on supplemented
7H10 agar media. Colonies were counted after 28 days of
incubation at 37°.

Histology

The upper left lobe of each mouse lung was fixed in 10%
formalin, embedded in paraffin blocks, prepared routinely,
then sectioned for light microscopy. Sections (5 um each)
were stained either with haematoxylin & eosin or by the
Ziehl-Neelsen method for detection of acid-fast bacilli.

Statistical analysis

All values are expressed as mean = SEM. Data were
investigated by analysis of variance (ANOVA) using GRAPH-
PAD INSTAT software. When the values indicated the pres-
ence of a significant difference, a Tukey—Kramer multiple
comparisons test was used. Values of P < 0-05 were con-
sidered significant.

RESULTS

Immune therapy sustained the influx of lymphocytes
into the lungs

Previous results from our group showed that, 30 days post-
infection with M. tuberculosis, the lungs of infected mice
showed a significant influx of CD8 " cells. Moreover, CD18
expression was up-regulated on CD4 " and CD8* lung cells
of infected mice compared to those of uninfected mice
(PBS-injected mice).?® In this context, to characterize the
immune mechanisms activated after development of pul-
monary TB in mice submitted to immune therapy with
pHSP65, initially, counts were made of the CD4" and
CD8™ cells obtained from the lungs of control group (PBS-
injected) mice; 30-day infected mice; 70-day infected
untreated mice; infected pHSP65-treated mice; and from
infected pcDNA3-treated mice.

The results presented in Fig. 1(a) show that, 30 and
70 days post-infection, there was an intense influx of
CD4% and CD8" lymphocytes into the lungs in com-
parison with the control group. Infected mice submitted to
immune therapy were able to recruit higher numbers of
CD8™" lymphocytes than those in the infected untreated
group.

Figure 1(b) shows the influx of macrophages (Mac-1"
cells) and dendritic cells (CDI1c™ cells) into the lungs of
the different groups studied. There was a significant influx
of macrophages and dendritic cells after 30 days of infec-
tion in comparison with the control group. At 70 days post-
infection, CD11lc" cell numbers were lower than the
number detected in 30-day infected mice. Immune therapy
did not affect the influx of Mac-1* and CD11c™ cells into
the lungs.

Therapy with pHSP65 up-regulated expression of CD18
and CD28 in cytotoxic lymphocytes

Since therapy with pHSP65 induced an increase in the
number of CD4™ and CD8 ™ cells in the lungs in relation to
hose found in infected untreated mice, the phenotype of
these cells was investigated. Patterns of differentiation and
activation of lymphocytes were analysed by comparison of
CD18 and CD28 expression on the cell surface. Despite an
increase in CD4™ and CD8™ cell numbers in the lungs of
infected mice after 30 days of infection, the percentage of
CD28 in these cells was down-regulated (Fig. 2a). After
70 days of infection, the percentage of CD28 in CD8"
lymphocytes was also down-regulated in comparison to
lung cells from PBS-injected mice (control group). Con-
currently, infected mice submitted to immune therapy with
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Figure 1. Lung lymphocyte, macrophage (Mac-1") and dendritic
cell (CD11c™) numbers obtained from uninfected mice (PBS),
30-day infected mice (RV-30 days), 70-day infected mice
(RV-70 days), infected pcDNA-3-treated mice (pcDNA3-70 days)
and infected pHSP65-treated mice (pHSP65-70 days). Results are
expressed as the mean of CD4™, CD8 ™, (a), Mac-1", or CDI1c",
(b), cell numbers of 10-12 mice per group, evaluated individually,
obtained from three independent experiments. Statistical signifi-
cance: *P < 0-05, **P < 0:01, ***P < 0-001.

pHSP65 or with pcDNA3 vector presented a significant
increase in the percentage of CD28 in CD8™" lymphocytes.
On the other hand, the percentage of CD28 expression in
CD4% cells was up-regulated 70 days post-infection in
relation to 30-day infected mice and was similar to the
expression detected in the control group. Immune therapy
with DNA vaccine had no effect on CD4™ cells.

Expression of CD18 on CD4" and CD8™ lymphocytes
was also evaluated, and the results showed that mice treated
with pHSP65 presented a significant up-regulation of CD18
expression in CD4 " cells and CD8 ™ cells when compared
with the other experimental groups (Fig. 2b). At 70 days
post-infection, we observed that CD4™ and CD8* cells
presented higher and more significant expression of CDI18
in comparison with 30 days post-infection; infected
pHSP65-treated mice presented greater up-regulation of
CDI8 expression in both CD4" and CD8" lymphocyte
subsets than that of infected untreated mice (RV-70 days),
and infected pcDNA3-treated mice. The expression of
CD44% a marker of effector and memory cells, was also
evaluated on CD4"% and CD8™ lung cells. However, im-
mune therapy with DNA had no significant effect on the
expression of this receptor in relation to infected untreated
mice (data not shown).
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Figure 2. CD18 and CD28 expression in CD4" and CD8™ lung
lymphocytes obtained from uninfected mice (PBS), 30-day infected
mice (RV-30 days), 70-day infected mice (RV-70 days), infected
pcDNA-3-treated mice (pcDNA3-70 days) and infected pHSP65-
treated mice (pHSP65-70 days). Results are expressed as the mean
of the percentage of CD28™ population, (a), or as the mean of the
median of fluorescence intensity (MFI) for the CD18 receptor, (b),
on CD4"% and CD8™ cells obtained from 10-12 mice per group,
evaluated individually, from three independent experiments.
Statistical significance: *P < 0-05, **P < 0-01, ***P < 0-001.

CD95 and CD95L were also up-regulated in lymphocytes
after pHSP65 therapy

Fas (CD95) and FasL (CD95L) play important roles in the
elimination of T cells that have been activated in response to
foreign antigens. To investigate if these receptors were up- or
down-regulated after immune therapy with pHSP65, we
analysed their expression on CD4" and CDS8™ lung cells.
The percentage of CD95L in CD4 " cells was very similar
among all groups: control group, 30-day infected mice, 70-
day infected untreated mice and infected pcDNA3-treated
mice. However, therapy with pHSP65 stimulated a signifi-
cant up-regulation of CD95L in CD4 ™ cells in comparison
with infected untreated mice and with infected pcDNA3-
treated mice. On the other hand, the infection induced
down-regulation of CD95L in lung CD8" lymphocytes.
This down-regulation was only partially counteracted by
pHSP65 DNA therapy (Fig. 3a), because the CD95L
expression in CD8 " lung cells was not restored to the levels
expressed by CD8™ cells from control group.

Expression of CD95 in CD4" lymphocytes was very
similar among all the analysed groups. Immune therapy
with DNA induced up-regulation of CD95 on the surface of
CDS8™" cells in relation to infected untreated mice.
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Figure 3. Percentage of CD95SL™ in CD4" and CD8' lung
lymphocytes and CD95 expression in lung CD4™, CD8 ™, Mac-1"
(macrophages) and CD11c™ (dendritic cells) cells obtained from
uninfected mice (PBS), 30-day infected mice (RV-30 days), 70-day
infected mice (RV-70 days), infected pcDNA-3-treated mice
(pcDNA3-70 days) and infected pHSP65-treated mice (pHSP65-
70 days). Results are expressed as percentage of CD9SL™ popu-
lation in CD4" and CD8" cells, (a), or as the mean of median of
fluorescence intensity (MFI) for CD95 receptor on CD4", CD8™,
(b), Mac-1* and CD11c™, (c), cells obtained from 10-12 mice per
group, evaluated individually, from three independent experiments.
Statistical significance: *P < 0-05, **P < 0-01, ***P < 0-001.

CD95 expression in lung macrophages (Mac-1") and
dendritic cells (CD11c™) was also evaluated. The CD95
receptor was down-regulated after M. tuberculosis infection
and DNA treatment did not affect its expression. Down-
regulation of CD95 was more pronounced in dendritic cells
than in macrophages (Fig. 3c).

Therapy with pHSP6S5 restored production of IFN-y

Quantitative levels of the cytokines IFN-y, IL-4, IL-10
and IL-12, all of which regulate the immune response,
were detected in lung homogenates. There was significant
production of IFN-y in the lungs of infected mice 30 days
after infection. At 70 days post-infection, IFN-y was sig-
nificantly suppressed. However, pHSP65 therapy restored
IFN-y to levels near those detected in the lung homo-
genates of mice 30 days after infection (Fig. 4b). Treat-
ment with the pcDNA3 vector also stimulated IFN-y

production but not in a significant way. Levels of IL-4
and IL-10 were very similar among the groups and about
20 and 10 times lower, respectively, than IFN-y levels
(Fig. 4c,d). There was a high level of IL-12 30 days after
infection. However, 70 days after infection, all of these
levels were lower and DNA therapy was unable to restore
them (Fig. 4a).

DNA therapy partially restored TNF-a production,
but had no affect on production of IL-6, IP-10, or MCP-1

Production of inflammatory cytokines was also detected in
lung homogenates. TNF-o and IL-6 production was higher
30 days after infection than 70 days after infection. Ther-
apy with pHSP65 or with pcDNA3 vector did not stimulate
a significant increase in the levels of IL-6, but did
up-regulate TNF-« levels (Fig. 5a,b).

Although adhesion receptors and inflammatory cyto-
kines are co-ordinators of lymphocyte migration, chemo-
kines also play a role. High levels of MCP-1 were also
produced 30 days after infection. Production of this
chemokine in the lungs diminished significantly after
70 days. Immune therapy with pHSP65 or with pcDNA3
was able to increase MCP-1 levels, although not signifi-
cantly (Fig. 5¢).

The results presented in Fig. 5(d) show that M. tuber-
culosis-infected mice produced high levels of IP-10 30 days
following infection. By 70 days after infection, concentra-
tions, although still elevated, were statistically lower and
showed no change after immune therapy.

Therapy with pHSP65 decreased bacterial burden

By comparing the progression of infection among the
groups, it was verified that, at 70 days postinfection,
untreated mice had increased bacterial burdens in com-
parison with the group analysed at 30 days post-infection
(Fig. 6a). This significant increase in bacterial burdens
corresponded to 1-8 logjy. Infected pHSP65-treated mice
presented a significant decrease in the number of bacteria
when compared with infected untreated mice. At 70 days
post-infection, the difference in bacterial burden
between infected untreated mice and infected pHSP65-
treated mice was 10 log;o. Treatment with pcDNA3
vector was not able to induce a significant decrease in
bacterial burden. Bacterial counts in the lungs of infected
untreated mice and infected pcDNA3-treated mice were
not statistically different. Even when the progression of
infection was evaluated 85 days after immune
therapy with pHSP65, there was no increase in the
number of bacilli. Bacterial burdens remained stationary
(Fig. 6b).

Immune therapy with pHSP65 reduced lung injury

Histological sections of lungs from infected untreated and
from infected DNA-treated mice were predominantly
characterized by the presence of mononuclear cells.
However, the examination of lungs of mice from different
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Figure 4. Production of regulatory cytokines IL-12, (a), IFN-y, (b), IL-4, (c), and IL-10, (d), in the lungs of uninfected mice
(PBS), 30-day infected mice (RV-30 days), 70-day infected mice (RV-70 days), infected pcDNA3-treated mice (pcDNA3-
70 days) and infected pHSP65-treated mice (pHSP65-70 days). Results are expressed as the mean of cytokine concentration
detected in lung homogenates obtained from 10 to 12 mice per group, evaluated individually, from three independent
experiments. Statistical significance: *P < 0-05, **P < 0-01.
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Figure 5. Production of inflammatory cytokines TNF-a, (a), and IL-6, (b), and chemokines MCP-1, (c), and IP-10, (d), in the
lungs of uninfected mice (PBS), 30-day infected mice (RV-30 days), 70-day infected mice (RV-70 days), infected pcDNA-3-
treated mice (pcDNA3-70 days) and infected pHSP65-treated mice (pHSP65-70 days). Results are expressed as the mean of
cytokine concentration detected in lung homogenates obtained from 10 to 12 mice per group, evaluated individually, from
three independent experiments. Statistical significance: *P < 0-05, **P < 0-01, ***P < 0-001.

groups revealed differences in the development and granulomas mainly consisted of perivascular and
generation of a granulomatous response. Over the first peribronchial lymphocytes, as well as macrophages
30 days of infection, small and medium-sized focal (Fig. 7b). These macrophages were very large and
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Figure 6. Progression of Mycobacterium tuberculosis infection in
mice submitted to DNA therapy or no therapy. (a) Growth of
M. tuberculosis in lungs of 30-day infected mice (RV-30 days),
70-day infected mice (RV-70 days), infected pcDNA3-treated
mice (pcDNA3-70 days) and infected pHSP65-treated mice
(pHSP65-70 days) was followed by a count of the colony-forming
units (CFU). The data are expressed as the mean =+ standard
deviation of CFU of 10 mice per group, evaluated individually,
from three independent experiments. (b) Growth of M. tubercu-
losis in the lungs of infected untreated mice, infected pcDNA3-
treated mice and infected pHSP65-treated mice 85 days after
the end of immune therapy. The data are expressed as the
mean + standard deviation of CFU of five mice per group.
*P < 005, **P < 001.

exhibited vacuolated cytoplasm, morphological features
which are typical of activated cells. After 70 days of
infection, there was intensified inflammation, character-
ized by a large quantity of foamy macrophages. Although
lymphocytes could be seen within the lesions, most were
present in lower numbers than in lungs harvested from
infected mice after 30 days of infection (Fig. 7c). These
results correlate with those presented in Fig. I, in which
CD4", CD8™ and Mac-17 cell numbers in the lungs are
shown. These mice also presented a higher number of
granulomas, often exhibiting confluence. Mice treated
with pHSP65 also presented an intense inflammatory
infiltrate, containing perivascular lymphocytes surrounded
by macrophages, which was distributed throughout the
extent of the lung. However, they presented larger areas
of lung parenchyma preservation than did infected
untreated mice (RV-70 days) (Fig. 7e). Mice treated with
pcDNA3 vector presented an intense inflammation
throughout the lung that was similar to that found in
infected untreated mice (Fig. 7d).

These results show that pHSP65 DNA therapy seems
to induce an influx similar to that observed at 30 days of
infection when therapy was initiated, and the mice
presented a response related to the T helper type 1 (Thl)
pattern.

Figure 7. Histological representation of lung sections from un-
infected mice (a), 30-day infected mice (b), 70-day infected mice (c),
infected pcDNA-3-treated mice (d) and infected pHSP65-treated
mice (e). Formalin-fixed lung tissue was prepared and sectioned for
light microscopy. The tissue was stained with haematoxylin &
eosin. Magnification is x10. Images are representative of three
independent experiments.

DISCUSSION

The pHSP65 vaccine is known to have a therapeutic effect
in mice infected intravenously.'* However, it was uncertain
which immune mechanisms were induced at the site of
infection by therapy with this vaccine, allowing mice to
control a pre-established M. tuberculosis infection. To
investigate the mechanisms that drive the immune response
towards a protective pattern in TB after DNA therapy, a
model of intratracheal infection was used to evaluate
ex vivo cellular activation in lungs. This strategy of evalu-
ation was considered essential by our group because our
previous reports focused on the characterization of spleen
cell activation in vitro.'>'

According to our model of infection, after the first
30 days of infection, mice developed a response more related
to the Thl pattern, characterized by increased levels of
IFN-y and IL-12 in comparison with uninfected mice, which
are crucial to the development of protective immunity.'*2%2*
Levels of IL-4 and IL-10 were similar to those of uninfected
mice. However, in the chronic phase of infection (at 70 days),
infected mice presented with down-regulation of the Thl
response, without exacerbation of the Th2 response.

The results presented in this study show that pHSP65
therapy was able to maintain a Thl response at similar
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levels to those detected in 30-day infected mice. The therapy
restored normal IFN-y production in infected pHSP65-
treated mice when compared with infected untreated mice.
DNA therapy, either with pHSP65 or pcDNA3 vector, was
also able partially to restore production of inflammatory
cytokines, such as TNF-«, which was down-regulated in
infected untreated mice. These results suggest that IFN-y
production depends on antigen-specific stimulation
exacerbated by treatment with pHSP65, because the
pcDNA3 vector was not able to increase the levels of IFN-y
in a significant way. On the other hand, the innate immune
response might be activated by the DNA backbone itself,
such as pcDNA3 vector. DNA therapy was expected to
improve production of IL-12 and chemokines. However,
comparable levels of IL-12, MCP-1 and IP-10 were seen in
both infected pHSP65-treated mice and infected untreated
mice.

The influx of CD4" and CD8™" cells into the lungs of
infected, pHSP65-treated mice and the increased expression
of CD18 and CD28 most in CD8™" cells of pHSP65-treated
mice confirm a more expressive pattern of antigen-specific
cellular activation than that found in infected, untreated
mice. However, DNA therapy with pcDNA3 vector also
induced a stimulatory effect regarding the expression of
CD28 receptor in lymphocytes. We suggest that the
immune stimulatory effect of the pcDNA3 vector is asso-
ciated with CpG motifs present on the ampicillin-resistance
gene. An immune stimulatory effect of CpG motifs in an
antigen-independent way was reported recently by Davila
et al., who described the expansion of naive and memory
CD4" and CD8" T lymphocytes induced by CpG motifs.”

Up-regulation of CD28 and CD18 markers is expected
after antigen priming. T-cell receptor engagement with
CD28 costimulation is generally required for naive T-cell
activation, whereas activation of effector T cells and reac-
tivation of memory cells are less dependent on CD28
costimulation. Fontenot ef al. showed that in the lung,
effector memory cells were independent of CD28 costimu-
lation and presented low expression of this receptor. In
contrast, memory CD4™ T cells in the blood continued to
require CD28 costimulation to play a functional activity.*
In this context, up- or down-regulation on CD28 expression
may be associated with transition in central to effector
memory T cells. According to this, the up-regulation of
CD28 on CD8" lung cells of infected DNA-treated mice
may represent the influx of recently activated memory
T lymphocytes.

In experimental TB, an apparently co-ordinated event
involving the adhesion molecule CDI18, cytokines and
chemokines, establishes the pattern of T-cell migration into
the lungs. However, in the chronic phase of infection (at
70 days), there was a significant decrease in the ability to
recruit T cells. In spite of the decreased influx of T cells in
the chronic phase of infection, this cell migration seems to
be dependent on CD18. With this in mind, we suggest that
the low influx of T cells may be related to the lower levels of
IL-6, TNF-¢, IP-10 and MCP-1 detected in the lungs of
mice after 70 days of infection compared to those of mice
evaluated after 30 days of infection. Histological analysis

© 2004 Blackwell Publishing Ltd, Immunology, 113, 130-138

confirmed the cell number results (Fig. 1). Lung sections
from mice evaluated after 30 days of infection and infected
pHSP65-treated mice presented similar pattern of cellular
infiltrate and similar levels of IFN-y. On the other hand,
lung sections of infected pcDNA3-treated mice presented
low or moderate lymphocyte influx and predominant
presence of macrophages. If both groups, infected pHSP65-
treated mice and infected pcDNA3-treated mice, were able
partially to restore TNF-o production and these mice pre-
sented a differential pattern of cellular infiltrate, it is
probable that specific antigen stimulation and IFN-y pro-
duction, followed by pHSP65 therapy, play a differential
function in the control of M. tuberculosis infection. In fact,
despite the intense activation of a specific cellular immune
response and the strong inflammatory response stimulated
by DNA treatment, only pHSP65 therapy was able to re-
strict the growth of bacilli and to reduce the lung injury
because infected untreated mice and infected pcDNA3-
treated mice presented more severe destruction of lung
parenchyma and increased bacterial burdens. We suggest
that this effect may be correlated with activation-induced
cell death (AICD), because we detected significant up-
regulation of CD95 in CD8" lymphocytes of infected
pHSP65-treated mice compared with those of infected
untreated mice. It is possible that these recently activated
lymphocytes, mainly CD8" CDI18" cells, migrate to the
lungs, play their effector function and die by apoptosis
(AICD). The up-regulation of CD95 and CD95L on T
lymphocytes seems to be relevant to the control of experi-
mental TB since Turner et al.>' demonstrated that, in the
chronic phase of experimental pulmonary TB, both CD§™
and CD95/CD95L-deficient mice gradually lost their ability
to limit bacterial growth. However, we did not perform
experiments with CD95/CD95L-deficient mice to assure
this hypothesis.

Results published by Taylor e al.’®> showed that
immunization or treatment of infected mice with pHSP65
vaccine resulted in pulmonary necrosis. These authors used
a model of pulmonary TB by low-dose aerosol exposure
with M. tuberculosis. In fact, we do not understand how
immunized or treated mice infected by using an aerosol
generator calibrated to deliver 50-100 bacilli into the lungs
developed a severe necrosis, while mice infected by the
intratracheal route with 1 x 10° bacilli were protected by
pHSP65 therapy. One possible explanation for these
diverging results may be the different method (aerosol
versus intratracheal) of antigen delivery and the differential
experimental kinetics of both models. We are conscious
that, with the intratracheal model of infection available in
our laboratory, mice were unable completely to clear bac-
terial loads because they were infected with a high number
of bacilli. However, even when infected with a high number
of bacilli, infected pHSP65-treated mice were able to
restrict bacterial loads in a significant way.

In conclusion, the data described here show that
pHSP65 therapy presented an immune regulatory effect
that drives the immune response to a cellular pattern. This
cellular response, characterized by IFN-y recovery and up-
regulation of CD18, CD28 and CD95 in CD8 ™" lung cells,
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probably contributes to a decrease in bacterial loads and to
a reduction in lung injury. Finally, our results suggest that
the immune regulatory effect of this vaccine may be used in
other experimental models, either to increase a cellular
immune response or to down-regulate Th2 responses.
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