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Culture filtrate proteins (CFP) are potential targets for tuberculosis vaccine development. We previously
showed that despite the high level of gamma interferon (IFN-y) production elicited by homologous immuni-
zation with CFP plus CpG oligodeoxynucleotides (CFP/CpG), we did not observe protection when these mice
were challenged with Mycobacterium tuberculosis. In order to use the IFN-y-inducing ability of CFP antigens,
in this study we evaluated a prime-boost heterologous immunization based on CFP/CpG to boost Mycobacte-
rium bovis BCG vaccination in order to find an immunization schedule that could induce protection. Heter-
ologous BCG-CFP/CpG immunization provided significant protection against experimental tuberculosis, and
this protection was sustained during the late phase of infection and was even better than that conferred by a
single BCG immunization. The protection was associated with high levels of antigen-specific IFN-y and
interleukin-17 (IL-17) and low IL-4 production. The deleterious role of IL-4 was confirmed when IL-4 knockout
mice vaccinated with CFP/CpG showed consistent protection similar to that elicited by BCG-CFP/CpG het-
erologous immunization. These findings show that a single dose of CFP/CpG can represent a new strategy to
boost the protection conferred by BCG vaccination. Moreover, different immunological parameters, such as
IFN-y and IL-17 and tightly regulated IL-4 secretion, seem to contribute to the efficacy of this tuberculosis

vaccine.

The attenuated Mycobacterium bovis strain bacillus Calmette-
Guérin (BCG) is the currently used vaccine against tuberculosis
(TB). In spite of its wide use, the BCG vaccine only protects
against severe forms of childhood TB and generally does not
prevent adult pulmonary TB (11, 30, 47).

Considering that one-third of the world population is
thought to be infected with Mycobacterium tuberculosis and
that only a small proportion of these individuals will develop
active disease, new vaccine candidates to prevent the estab-
lishment of infection could also boost and improve the cel-
lular immunity of already latently infected individuals. Vac-
cine candidates currently in clinical trials include improved
recombinant BCG vaccines, virus-based recombinant vac-
cines, and subunit vaccines comprised of dominant secreted
antigens (1, 32). Secreted proteins, regularly described as
culture filtrate proteins (CFP), are the main targets of the
T-cell response in mice, both at the height of infection and
in a state of memory immunity, as well as in humans with
active TB (1, 4, 5, 7, 23). Immunization with these antigens
in the presence of different adjuvants provided protection in

* Corresponding author. Mailing address: Nucleo de Pesquisas em
Tuberculose, Departamento de Bioquimica e Imunologia, Faculdade
de Medicina de Ribeirao Preto, Universidade de Sao Paulo. Av. Ban-
deirantes, 3900, CEP 14049-900, Ribeirao Preto, SP, Brazil. Phone:
55-16 3602 3089. Fax: 55-16 3602 4590. E-mail: vlbonato@fmrp.usp.br.

¥ Published ahead of print on 14 September 2009.

5311

mice challenged with M. tuberculosis, and protection was
mediated by gamma interferon (IFN-y)-producing CD4"
cells (29, 38).

We previously showed that a homologous immunization
schedule based on three doses of CFP antigens plus CpG
oligodeoxynucleotide adjuvant stimulated significant IFN-y
production by spleen cells and in the lungs of challenged mice.
In spite of high IFN-y concentrations, immunized and chal-
lenged mice were not protected and indeed had extensive lung
damage (16).

Since IFN-v is the best indicator of protective immunity
defined thus far, we changed the schedule of homologous
immunization to heterologous immunization, also known as
a prime-boost regimen, to induce protection.

Several studies have demonstrated the efficacy of prime-
boost vaccination strategies in generating cellular immunity
to a variety of pathogens (3, 10, 14, 17, 34, 36, 44, 45, 49).
Recently, our group also showed that a single dose of a
DNA-HSP65 vaccine booster significantly enhanced the
protection conferred against TB by a single subcutaneous
dose of BCG (18). In addition, secreted antigens such as the
6-kDa early-secretion antigen target (ESAT-6), 85A or 85B
antigens, and Mtb72F have proven to be promising candi-
dates for BCG-boosting vaccines in mice, guinea pigs, and
nonhuman primates (6, 9, 12, 19, 33, 37, 46, 48). Because a
single dominant antigen may not confer the same level of
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protection to all vaccinated individuals, and based on high CFP
antigen-mediated IFN-y production in the presence of CpG
adjuvant, in this study we used CFP plus CpG oligodeoxynucle-
otides to boost BCG vaccination in order to improve protec-
tion and lung preservation following M. tuberculosis challenge.

MATERIALS AND METHODS

Animals. Specific-pathogen-free female BALB/c or C57BL/6 mice, 6 to 8
weeks old, were obtained from the local breeding facility of the University of Sao
Paulo at Ribeirao Preto School of Medicine. Interleukin-4 knockout (IL-4 KO)
mice were donated by Jodo Santana da Silva, University of Sdo Paulo at Ribeirao
Preto School of Medicine. Mice were housed under barrier conditions in a level
IIT biohazard laboratory and provided with food and sterile water. Experiments
were conducted according to the local ethical guidelines.

CFP. CFP were obtained using an M. tuberculosis 14-day culture, as previously
described (16).

Immunizations. We employed three immunization schedules: (i) a single sub-
cutaneous BCG dose (10° bacilli, Moreau strain); (ii) three subcutaneous injec-
tions of CFP (50 pg) plus CpG 1826 (50 pg) (Invitrogen, San Diego, CA)
(CFP/CpG) at 7-day intervals; and (iii) prime-boost immunizations, with one
group receiving a BCG prime and a single CFP/CpG boost 15 days later, both by
subcutaneous route (BCG-CFP/CpG group), and another group receiving a
single CFP/CpG prime and a BCG boost 15 days later (CFP/CpG-BCG group).

Bacteria and challenge. M. tuberculosis H37Rv (ATCC 27294; American Type
Culture Collection, Rockville, MD) was grown in 7H9 Middlebrook broth (Difco
Laboratories, Detroit, MI) for 7 days at 37°C and used as previously described (8,
16). Sixty days after the last immunization, mice were challenged with 10° bacilli
via the intratracheal route.

Preparation of lung and spleen cell suspension for CFU assay and cultures.
The right lower and middle lobes of lungs were digested using Liberase
Blendzyme 2 solution, 0.5 wg/ml (Roche, Indianapolis, IN), as previously de-
scribed (8, 16). For the CFU assay, serial dilutions of digested lungs and mac-
erated spleens were plated on 7HI11 agar medium (Difco). The CFU were
counted 28 days after incubation at 37°C. Lung cell suspensions were then passed
through a nylon screen and resuspended in complete RPMI 1640 medium (10%
fetal bovine serum, gentamicin, penicillin/streptomycin, and polymyxin B). Total
cell counts were determined in a Neubauer chamber, and 2 X 10° cells/ml were
cultured in complete RPMI 1640 medium for 48 h at 37°C in 5% CO, in the
presence of 10 pg/ml of CFP antigens. For negative and positive controls, lung
cells were cultured with RPMI 1640 medium or with 40 wg/ml of concanavalin A
(Sigma), respectively.

Cytokine production. IFN-y, IL-4, IL-5, IL-6, IL-10, IL-12, transforming
growth factor B (TGF-B), and IL-17 concentrations were determined in lung
culture supernatants and lung homogenates (left lobes) by enzyme-linked im-
munosorbent assay according to the manufacturer’s instructions. Anti-mouse
purified monoclonal antibodies (MAb) to the following cytokines were used (1
wg/ml): IFN-y (R4-6A2), IL-4 (11B11), IL-5 (TRKFS), IL-6 (MP5-20F3), IL-10
(JES5-2A5), IL-12 (C15.6), and TGF-B (A75-2.1) (BD Biosciences-PharMingen,
San Diego, CA). Cytokine-antibody complexes were detected via the addition of
0.5 pg/ml of anti-mouse biotinylated MAbD to the following cytokines: IFN-y
(XMG1.2), IL-4 (BVD6-24G2), IL-5 (TRFK4), IL-6 (MP5-32C11), IL-10 (SXC-
1), IL-12 (C17.8), and TGF-B (A75-3.1) (BD Biosciences-PharMingen, San
Diego, CA). For IL-17 detection, an enzyme-linked immunosorbent assay kit
(R&D) was used.

Histology and immunohistochemistry. For histopathological analysis, the right
upper lobes of the lungs were fixed in 10% formalin, embedded in paraffin
blocks, prepared routinely, and then sectioned for light microscopy. Five-mi-
crometer sections were stained with hematoxylin-eosin. All samples were ana-
lyzed by a pathologist in a double-blind test.

For the immunohistochemistry staining, the left lobes were frozen in O.C.T.
compound (Sakura Finetek, Torrance, CA). Immunohistochemistry was per-
formed using the avidin-biotin-peroxidase method with rat anti-mouse MAb to
IFN-y (XMG1.2), IL-4 (BVD6-24G2), and IL-10 (SXC-1) (BD Biosciences-
PharMingen, San Diego, CA), according to the manufacturer’s instructions. For
a control, we used a purified mouse IgG1 isotype control (BD Biosciences-
PharMingen, San Diego, CA). The lung sections were microphotographed in
different areas with a final magnification of X200, and brown-stained areas were
quantified using ImageJ software.

Statistical analysis. All values were expressed as means * standard deviation.
Data were compared using analysis of variance and PRISMA software. When the
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values indicated the presence of a significant difference, the Tukey test was used.
P values of <0.05 were considered significant.

RESULTS

BCG protection was enhanced by CFP/CpG booster. BCG is
used as the gold standard of protection against TB in mouse
models. In an attempt to improve BCG protection, and in
order to evaluate a heterologous immunization schedule using
CFP antigens plus CpG (CFP/CpG), we evaluated the progres-
sion of TB in mice subjected to the different vaccination sched-
ules. BCG immunization significantly protected the challenged
mice compared to the nonimmunized, infected mice (MTB
group) (P < 0.05). Protection was evidenced 30 (Fig. 1A) and
70 (Fig. 1B) days after infection, which correspond to initial
and late phases of infection, respectively. When we used the
heterologous immunization comprised of a BCG prime and a
CFP/CpG booster (BCG-CFP/CpG), CFU counts were signif-
icantly lower than in samples obtained after a single BCG
immunization, either 30 or 70 days after challenge (P < 0.05).
However, when we changed the order of immunization and
used a CFP/CpG prime followed by a BCG booster (CFP/
CpG-BCG), we noted no additional protection. CFP/CpG ho-
mologous immunization did not confer protection against TB,
as previously reported (16).

At 30 and 70 days after infection, mice from the MTB group
had pronounced pulmonary parenchyma involvement, charac-
terized by isolated and confluent granulomas and an intense
infiltration of macrophages, lymphocytes, and neutrophils.
These mice also manifested bronchus-associated lymphoid tis-
sue hyperplasia and exudates in the parenchyma (Fig. 1 and
Table 1). It is worth mentioning that the lung injury increased
at 70 days after infection, when we also observed the presence
of foamy macrophages and neutrophil aggregates. In agree-
ment with the CFU counts, the injury of lung tissue in mice
immunized with CFP/CpG was similar to that seen in the MTB
group, and in some areas, the inflammation was worse. Com-
pared to the lung tissue of the MTB group, the lung tissue of
the BCG and CFP/CpG-BCG groups had more preserved ar-
cas, as well as lower inflammation. We observed more isolated
granulomas, with a predominance of lymphocytes and macro-
phages. In contrast, the lung tissue of BCG-CFP/CpG-immu-
nized mice was better preserved than that of other immunized
groups. We observed a predominant lymphocyte influx and
isolated granulomas but no neutrophil infiltration. Moreover,
while the infection seemed to progress in all the other groups,
this group showed a reduction in lung injury at 30 to 70 days
after infection. Thus, CFP/CpG vaccination did not confer
protection when used in a homologous immunization schedule
but increased the protection conferred by BCG vaccination.
Moreover, this additional protective effect was observed only
when CFP/CpG was used as a booster of a BCG prime and not
the reverse. This protection was sustained even in the late
phase of infection.

Protection conferred by BCG-CFP/CpG did not induce high
concentrations of IFN-vy but did result in low concentrations of
IL-4 ex vivo. As we observed the differential protection con-
ferred by the distinct vaccination schedules, we evaluated ex
vivo cytokine production in lung homogenates and sections.
Thirty days after infection, IFN-y production levels were sim-
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FIG. 1. Protection against experimental TB conferred by the different vaccination schedules. BALB/c mice (n = 8 to 10) were immunized
subcutaneously with a single dose of BCG (BCG group), three doses of CFP/CpG (CFP/CpG group) at 7-day intervals, one dose of BCG followed
by one dose of CFP/CpG after 15 days (BCG-CFP/CpG group), or one dose of CFP/CpG followed by one dose of BCG after 15 days
(CFP/CpG-BCG group). Sixty days after vaccination, mice were challenged with a virulent strain of M. tuberculosis. At 30 (A) or 70 (B) days after
infection, the lungs were processed for the CFU assay and histopathological analysis. Bacterial load is expressed as log;, CFU/g of lung from the
means * standard deviations of serial dilutions individually counted for each group. Results are from experiments repeated twice. #, P < 0.05
versus other groups; *, P < 0.05 versus nonimmunized, infected mice (MTB group); &, P < 0.05 versus the BCG-vaccinated group. For histological
representation of the lungs from infected mice, sections (5 pm) of 30-day or 70-day infected lungs were stained with hematoxylin and eosin.
Magnification, X50.
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TABLE 1. Qualitative histopathological analysis”

Group and Degree of Infiltration of Infiltration of Infiltration of Degree of
infection time parenchyma Description of granulomas macrophage neutrophil lymphocyte disease
days damage other cells utropi ymphocy rogression
Y g prog
MTB
30 +4++ Isolated and confluents +++ + +4+ 44
70 ++++ Confluents ++++ (foam cells) ++ +++
BCG
30 + Isolated ++ - +++ +
70 ++ Isolated and confluents ++ + ++4
CFP/CpG
30 +++ Confluents +++ ++ +++ ++
70 +4+++ Confluents ++++ (foam cells) +4++ +++
CFP/CpG-BCG
30 + Isolated +++ - +++ +
70 ++ Isolated and confluents ++ + ++4
BCG-CFP/CpG
30 + Isolated + - ++ -
70 + Isolated + — ++

“Mice (n = 8 to 10) were vaccinated with BCG, CFP/CpG, BCG-CFP/CpG, or CFP/CpG-BCG, as described in the legend to Fig. 1. Sixty days after the last
immunization, we performed an intratracheal challenge with M. tuberculosis, and at 30 and 70 days after infection, the lungs were collected and processed for the
histopathological analysis. The symbols indicate the absence (—) or the very low (+), low (+ +), intermediate (+++), or intense (++++) presence of each parameter

evaluated.

ilar between the MTB group and the CFP/CpG-vaccinated
mice (Fig. 2A). However, 70 days after infection, while the
MTB group exhibited a decrease in local IFN-vy concentrations
compared to the concentrations at 30 days (P < 0.05), the
CFP/CpG group exhibited high IFN-y concentrations (P <
0.05). Mice immunized with a single BCG dose, CFP/CpG-
BCG, or BCG-CFP/CpG had reductions in IFN-y concentra-
tions compared to the MTB group 30 days after infection. This
reduction was statistically significant only in mice vaccinated
with BCG-CFP/CpG. Seventy days after infection, BCG-, CFP/
CpG-BCG-, or BCG-CFP/CpG-immunized mice sustained the
production of this cytokine beyond that at 30 days after
infection. However, the IFN-y was higher in single-dose
BCG-immunized mice than in mice receiving prime-boost
BCG-CFP/CpG immunization.

The induction of a Th17 response was assayed by the detec-
tion of IL-17 (Fig. 2B). Thirty days after infection, the CFP/
CpG-immunized group exhibited a significant increase in IL-17
production compared to other groups. However, at 70 days
after infection, the concentrations of IL-17 were similar among
the MTB-, BCG-, CFP/CpG-, and CFP/CpG-BCG-immunized
groups and increased significantly in all experimental groups
compared to the respective infected groups at day 30. How-
ever, the IL-17 concentrations were significantly lower in
BCG-CFP/CpG-vaccinated mice (P < 0.05).

The concentrations of inflammatory cytokines tumor ne-
crosis factor alpha (TNF-a), IL-6, and IL-12 (Fig. 2C, D,
and E, respectively) were similar between the BCG, CFP/
CpG-BCG, and BCG-CFP/CpG groups after 30 days. At the
late phase, IL-6 and IL-12 concentrations were still similar
between these groups. However, the BCG-CFP/CpG group
exhibited a decrease in TNF-a concentrations compared to
all other groups.

Figure 2F shows no difference in IL-10 concentrations
detected after 30 days. However, 70 days after challenge, while
single-dose BCG and BCG-CFP/CpG groups showed a signif-
icant decrease in IL-10 compared to that of the MTB group,
the CFP/CpG group exhibited higher IL-10 concentrations
than the other groups (P < 0.01). Moreover, only BCG-CFP/
CpG-immunized mice exhibited TGF-B concentrations lower
than those detected in the MTB group (Fig. 2G).

We also observed an increase in IL-4 and IL-5 in the lungs
of the MTB group 70 days after infection, compared to that
seen after 30 days (P < 0.05) (Fig. 2H and 2I). Mice immu-
nized with a single BCG dose also exhibited increased concen-
trations of IL-4 at 70 days compared to 30 days after infection.
In spite of the increased levels of IFN-y detected in CFP/CpG-
immunized mice, this group also showed the highest concen-
trations of IL-4 and IL-5, either 30 or 70 days after challenge
(P < 0.01). In the prime-boost immunization protocols, with
BCG-CFP/CpG and CFP/CpG-BCG, very low concentrations
of IL-4 and IL-5 were detected in both evaluated periods, 30
and 70 days postinfection (P < 0.05). To confirm these data,
and to determine the localization of the produced cytokines in
lung tissue, IFN-y and IL-4 were detected by immunohisto-
chemistry. As expected, the results obtained were similar to
those observed in lung homogenates. Figure 3 shows that at 30,
and mainly at 70, days after infection, lung parenchyma of
CFP/CpG-immunized mice exhibited a marked increase in
IFN-vy and IL-4 levels compared to those in the other groups.
Very low detection of IL-4 and weak staining for IFN-y were
observed in the lung parenchyma of BCG-CFP/CpG- and
BCG-immunized mice compared to those for the MTB group
(P < 0.05). However, IFN-y was found over a greater area
along the granulomas than was IL-4.
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FIG. 2. Exvivo cytokine detection in the lungs. Mice (n = 8 to 10) were vaccinated with BCG, CFP/CpG, BCG-CFP/CpG, or CFP/CpG-BCG,
as described in the legend to Fig. 1. Sixty days after the last immunization, we performed an intratracheal challenge with M. tuberculosis, and at
30 and 70 days after infection, local cytokine production was evaluated ex vivo in lung homogenates. Results are expressed as means *+ standard
deviations of cytokine concentrations individually analyzed and obtained in experiments repeated twice. ®, P < 0.05 versus the same group at 30
days postchallenge. The following symbols indicate significance at the same time of infection: #, P < 0.05 versus other groups; *, P < 0.05 versus
nonimmunized, infected mice (MTB group); &, P < 0.05 versus the BCG-vaccinated group.
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FIG. 3. Exvivo cytokine detection in the lungs. Mice (n = 8 to 10) were vaccinated with BCG, CFP/CpG, BCG-CFP/CpG, or CFP/CpG-BCG,
as described in the legend to Fig. 1. Sixty days after the last immunization, we performed an intratracheal challenge with M. tuberculosis, and at
30 and 70 days after infection, local cytokine production was evaluated ex vivo in lung sections by immunohistochemistry assay. The results were
obtained from experiments repeated twice. (A and B) Morphometric analyses of stained areas. ®, P < (.05 versus the same group at 30 days
postchallenge. The following symbols indicate significance at the same time of infection: #, P < 0.05 versus other groups; *, P < 0.05 versus
nonimmunized, infected mice (MTB group). (C and D) Representative sections of lungs from mice after 70 days of infection. (E) Control isotype.

Magnification, X200.

In conclusion, these results show that although CFP/CpG-im-
munized mice exhibited an increase of IFN-y, IL-17, and inflam-
matory cytokines, they also secreted high concentrations of Th2
cytokines ex vivo. On the other hand, in the BCG-CFP/CpG-
immunized mice, we detected lower levels of IFN-y, IL-17, and
inflammatory cytokines, as well as Th2 and regulatory cytokines,
than in the other groups. Thus, although vaccination with BCG-
CFP/CpG did not increase IFN-y production (as seen in BCG
and CFP/CpG groups), induction of IL-4 was impaired.

The BCG-CFP/CpG-immunized mice secreted higher levels
of IFN-y and IL-17 than other groups after in vitro lung cell
stimulation. To evaluate the pattern of cytokines secreted by
CFP-specific cells, we evaluated supernatants of lung cell cul-
tures restimulated with these antigens.

Only lung cells obtained from CFP/CpG-immunized mice
were able to release IFN-y spontaneously (without CFP stim-
ulation) (P < 0.05) (Fig. 4A). However, after restimulation,
cells obtained from CFP/CpG-immunized mice secreted lower
concentrations of IFN-y than those from mice immunized with
a single BCG dose and those vaccinated with BCG-CFP/CpG.
In fact, these two latter groups exhibited significantly higher
IFN-y concentrations than were detected in other groups after
in vitro stimulation. Seventy days after challenge, the BCG-
CFP/CpG group still sustained higher IFN-y concentrations
than other groups (Fig. 4B). We found exactly the same pat-
tern of response when we evaluated IL-17 concentrations (Fig.
3C and D). IL-6 secretion levels were similar among experi-
mental groups (Fig. 4E and F).

Homologous immunization with CFP/CpG induced high lev-
els of IL-4 and IL-5 secretion, while BCG-CFP/CpG immuni-
zation did not. Production of IL-4 and IL-5 was upregulated by
lung cells of CFP/CpG-immunized mice after in vitro CFP
stimulation, either 30 (Fig. SA) or 70 (Fig. 5B) days after
challenge, while it was not in the other groups.

Only the BCG-CFP/CpG group showed antigen-specific
IL-10 upregulation (Fig. SE and F). In contrast to data ob-
tained in ex vivo cytokine analyses, we verified that, while
CFP-specific cells of the BCG-CFP/CpG group sustained the
ability to produce IFN-y in vitro, CFP-specific cells of the
CFP/CpG group did not and, indeed, secreted significant con-
centrations of IL-4 and IL-5.

CFP/CpG homologous immunization conferred protection
in the absence of IL-4. In an effort to confirm whether IL-4
plays a role in the inability of CFP/CpG homologous immuni-
zation to induce protection, two groups of IL-4 KO mice were
vaccinated with CFP/CpG (KO-CFP/CpG) or BCG-CFP/CpG
(KO-BCG-CFP/CpG). An additional group comprised non-
vaccinated, infected KO mice (KO-MTB). Again, we observed
that even with the change in genetic background, wild-type
C57BL/6 mice vaccinated with CFP/CpG (WT-CFP/CpG)
were not protected after challenge, while the prime-boost-
immunized WT group was (Fig. 6A). The lungs of the KO-
MTB group had lower CFU counts than the lungs of in-
fected WT mice (WT-MTB) (P < 0.05). Nevertheless, the
lack of IL-4 conferred significant protection in CFP/CpG-
immunized mice (KO-CFP/CpG) (P < 0.01). We observed
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FIG. 4. Cytokine production by lung cells. Mice (n = 8 to 10) were vaccinated with BCG, CFP/CpG, BCG-CFP/CpG, or CFP/CpG-BCG, as
described in the legend to Fig. 1. Sixty days after the last immunization, we performed an intratracheal challenge with M. tuberculosis, and at 30
and 70 days after infection, the CFP-specific cytokine production was evaluated in vitro in lung cell cultures when left unstimulated or when
stimulated with CFP antigens. Results are expressed as means * standard deviations of cytokine concentrations individually analyzed and obtained
in experiments repeated twice. X, P < 0.001 versus nonstimulated cells; #, P < 0.05 versus other groups.

that in IL-4 KO mice, the protection induced by CFP/CpG
was comparable to that induced by BCG-CFP/CpG vaccina-
tion in lungs (Fig. 6A) and spleens (Fig. 6B). The lack of
IL-4 had no effect on the protection conferred by BCG-CFP/
CpG vaccination. Additionally, there was a significant de-
crease in CFU counts in lungs from the KO-CFP/CpG group
compared to those from the WT-CFP/CpG group.

When we performed a lung cell culture, we observed that, after
antigen stimulation, there was no difference in IFN-y secretion
among cells from all IL-4 KO groups. However, in WT groups, we
observed that WT-BCG-CFP/CpG-immunized mice secreted in-
creased concentrations of IFN-y compared to those of the WT-

MTB and WT-CFP/CpG groups, according to the results found
for BALB/c mice (Fig. 4). In addition, the IFN-y secretion was
increased in lung cell cultures from KO-CFP/CpG-immunized
mice, compared to those from the WT-CFP/CpG group.

Taken together, these results strongly suggest that IL-4 plays
a role in dampening protection conferred by CFP/CpG immu-
nization.

DISCUSSION

In this work, we showed that it is possible to use the IFN-
v-inducing ability of CFP/CpG immunization to design a new
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described in the legend to Fig. 1. Sixty days after the last immunization, we performed an intratracheal challenge with M. tuberculosis, and at 30
and 70 days after infection, the CFP-specific cytokine production was evaluated in vitro in lung cell cultures when left unstimulated or when
stimulated with CFP antigens. Results are expressed as means * standard deviations of cytokine concentrations individually analyzed and obtained
in experiments repeated twice. X, P < 0.05 versus nonstimulated cells; #, P < 0.05 versus other groups.

vaccine against TB. Our data confirm that a change from a
homologous immunization schedule with three doses of CFP/
CpG to a prime-boost strategy using CFP/CpG to boost BCG
vaccination (BCG-CFP/CpG) conferred significant protection
against experimental TB. Aside from establishing this pro-
tective effect, which is not observed with homologous im-
munization, we also verified that heterologous immuniza-
tion improved the protection conferred by a single BCG
immunization. Indeed, BCG-CFP/CpG immunization sus-
tained the restriction of bacillus growth 70 days after challenge,
while vaccination with BCG only did not.

BCG immunization is the gold standard to evaluate the
protective efficacy of a vaccine in experimental models. More-
over, considering that a BCG homologous booster in humans
does not affect protection induced by this vaccine, a new vac-
cine that can boost immunity in BCG-vaccinated individuals
should be very beneficial. It could certainly have an impact on
the number of new TB cases in the adult population, especially
given that the exclusion of BCG vaccination could have a
negative effect on the control of severe forms of childhood TB.

A major impact on vaccine-induced protection in our study
was associated with the order of stimulation. When we
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FIG. 6. Protection against experimental TB conferred by the dif-
ferent vaccination schedules. C57BL/6 WT or IL-4 KO mice (n = 5)
were immunized subcutaneously with three doses of CFP/CpG (CFP/
CpG group) at 7-day intervals or with one dose of BCG followed by
one dose of CFP/CpG after 15 days (BCG-CFP/CpG group). Sixty
days after vaccination, mice were challenged with a virulent strain of
M. tuberculosis. At 30 or 70 days after infection, the lungs were pro-
cessed for the CFU assay and lung cell cultures. Bacterial load is
expressed as log,, CFU/g of lung (A) or CFU/spleen (B) from the
means * standard deviations of serial dilutions individually counted
for each group and obtained in experiments repeated twice. (C) Cy-
tokine secretion by lung cells stimulated with mycobacterial antigens.
*, P < 0.05 versus nonimmunized, infected WT mice (WT-MTB
group); #, P < 0.05 versus nonimmunized, infected KO mice (KO-
MTB group); &, P < 0.05 versus CFP/CpG-immunized WT mice; X,
P < 0.05 versus nonstimulated cells.

changed the order of immunization and used a CFP/CpG
prime followed by a BCG booster (CFP/CpG-BCG), we noted
no additional protection compared to that provided by a single
BCG immunization. Considering the larger antigen diversity in
live microorganisms than in a protein suspension, we hypoth-
esize that a BCG prime expands a high number of specific
T-cell clones and, following a CFP/CpG booster, only CFP-
specific clones will be selected. In contrast, when we used a
CFP/CpG prime and a BCG booster, the diversity of expanded
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T-cell clones was more restricted than that of clones which
would be expanded following the booster.

An important issue worth mentioning is our concern about
Koch’s phenomenon (40). Hernandez-Pando et al. reported
the occurrence of Koch’s phenomenon when BALB/c mice
were vaccinated with large doses of killed Mycobacterium vac-
cae but not with low doses (24). Based on this experimental
evidence, we assumed that previous contact with CFP antigens
in the presence of a powerful inflammatory property adjuvant
(CpG oligodeoxynucleotides) would result in extensive inflam-
mation and necrosis, as observed with a homologous immuni-
zation schedule (16). Indeed, homologous immunization in-
creased the production of IFN-y locally but did not modify
TNF-a secretion. Aside from a Thl and inflammatory re-
sponse, we also observed increased levels of IL-4 and IL-5 in
the lungs. When we reduced CFP antigen exposure by using a
single dose to boost BCG, the magnitude of the inflammatory
response decreased, and the pattern shifted from mixed Th1/
Th2 to Thl. We suggest that IFN-y plays a key role in exac-
erbating inflammation in the presence of IL-4 and IL-5. In-
deed, IFN-vy has also been associated with the development of
mycobacterium-induced caseous necrosis, with excessive
amounts of this cytokine contributing to the pathology ob-
served in tuberculous patients (2, 13, 15, 22, 43).

According to Rook et al., progressive TB occurs because the
potentially protective Thl response is converted to an immu-
nopathological response, normally associated with IL-4, which
fails to eliminate the bacteria (39, 41). In experimental murine
TB, the presence of at least 10% of IL-4-producing cells exac-
erbates the toxic effects of TNF-a, including fibrosis and ne-
crosis (25). Furthermore, in vitro studies have demonstrated
that Th2 cytokines mediate an alternative pathway of macro-
phage activation not aimed at the elimination of intracellular
pathogens, because these macrophages increase the expression
of transferrin and DC-SIGN receptors, increase IL-10 and
TGF-B secretion, and decrease TNF-a and IL-12 production
(26, 31). It has also been reported that Th2 cytokines inhibit
apoptotic and autophagic control of intracellular M. tubercu-
losis induced by IFN-y secretion (20, 21, 41). The interaction of
IL-4 and IL-13 with IL-4 receptor alpha induces a signaling via
IRS-1 (insulin receptor substrate-1) and STAT6. The IRS-1
signaling activates the Akt pathway, which inhibits the auto-
phagy in murine and human macrophages. The STAT-6 sig-
naling upregulates Bcl-2, which inhibits apoptosis and seques-
trates beclin-1, impairing the initiation of autophagy (20, 21,
41). IL-4 also impairs the effector mechanisms of cytotoxic T
cells (35). In addition, IL-4 also influences the apoptosis of
mycobacterium-reactive human lymphocytes in the presence of
TNF-a (42). The increased expression of 1L-4 in M. tubercu-
losis-activated lymphocytes promotes CD30 expression, which
sensitizes the lymphocytes to TNF-a-mediated apoptosis via
TRAF?2 depletion, and this may be associated with the immu-
nopathology in human TB.

In this way, confirming this detrimental role of IL-4, our data
show that in IL-4 KO mice the CFP/CpG homologous immu-
nization conferred significant protection compared to that in
nonimmunized mice and also to that in CFP/CpG-immunized
WT mice. However, this effect seems not to be mediated by an
increase in IFN-y secretion, once the production levels of this
cytokine were similar among all IL-4 KO mice: nonimmunized,
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CFP/CpG immunized, and BCG-CFP/CpG immunized. It is
possible that other factors, such as cytokine receptor modula-
tion or lipid mediator production, might be involved in this
IL-4-mediated detrimental role.

Our experiments suggest that the presence of IL-4 in the
microenvironment corrupted the Thl immune response. We
hypothesized that, for the reasons described above, the IL-4
secretion impaired the clearance of bacilli that is dependent on
the cooperation of Thl and Th17 immune responses. The
persistence of mycobacteria exacerbated the inflammatory re-
sponse and in addition to the increased influx of IL-4-produc-
ing Th2 cells generated a process like a feedback of mixed
immune responses. The excess inflammatory response caused
tissue damage without bacterial clearance. On the other hand,
BCG-CFP/CpG-immunized mice did not exhibit significant
IL-4 secretion. We believe that, in this group, low concentra-
tions of IL-4 allowed the effective elimination of the bacteria.
This hypothesis can be explained by the fact that we found low
ex vivo concentrations of Thl, Th17, and inflammatory cyto-
kines in this group.

Therefore, the protection induced by a BCG-CFP/CpG vac-
cine was not associated with increased IFN-y and IL-17 con-
centrations ex vivo, but it was associated with decreased 1L-4,
IL-5, IL-10, TNF-«, and TGF-B concentrations. To evaluate
whether the reduction in IFN-vy detected ex vivo in lung tissue
was due to a reduced migration or a deficiency of the func-
tional ability of Th1 antigen-specific cells, we performed a lung
cell culture. Seventy days after challenge, in vitro production of
IFN-y and IL-17 was sustained only in the BCG-CFP/CpG-
vaccinated group. In contrast, lung cells of the CFP/CpG group
secreted more IL-4 and IL-5 and less IFN-y than BCG-CFP/
CpG-immunized mice did. These data show that the specific
Th1 and Th17 cells migrated into the lungs of BCG-CFP/CpG-
immunized mice and that the CFP/CpG booster may have
acted to sustain the recruitment and activation of these cell
populations in a later phase of infection.

Although IFN-y represents the best protective biomarker,
the role of Th17 cells in TB has been described only recently.
A protective role against this infection has been attributed to
IL-17, one that is strongly associated with the recruitment of
Th1-specific cells to the lung in the initial and late phases of
infection (27, 28).

It is important to emphasize that the low ex vivo detection
of IFN-y and IL-17 in the BCG-CFP/CpG group might be
due to the very low production of Th2 and regulatory cyto-
kines locally. In this microenvironment, even low concen-
trations of IFN-y could sustain the functional activity of this
cytokine and the elimination of bacilli, effects that could
impair further and unnecessary IFN-y and IL-17 produc-
tion. On the other hand, in the CFP/CpG group, the effects
of IFN-y may have been corrupted by Th2 and regulatory
cytokines, and the persistence of bacilli likely induced more
IFN-v secretion.

Finally, experiments employing immunization of IL-4 KO
mice confirmed the detrimental role of this cytokine, as the
lack of IL-4 appeared to be protective in CFP/CpG-immunized
mice after challenge. Thus, beyond IFN-v, the characterization
of additional immunological parameters associated with pro-
tection, or which may predict progression of infection, is
essential to define levels of protection conferred by distinct
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vaccine formulations. In this study, we confirmed the essential
role of IFN-vy, and we suggest that IL-17 may contribute indi-
rectly to restrict the growth of bacilli, while IL-4 may not. We
believe that a better understanding of mechanisms underlying
protection against TB, as well as the mechanisms involved in
the failure of unsuccessful vaccines, will facilitate the rational
design of new TB vaccines.
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