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There is an urgent need for an efficacious vaccine against tuberculosis (TB). Cellular immune responses are
key to an effective protective response against TB. Recombinant adenovirus (rAd) vectors are especially suited
to the induction of strong T-cell immunity and thus represent promising vaccine vehicles for the prevention of
TB. We have previously reported on rAd vector serotype 35, the serotype of choice due to low preexisting
immunity worldwide, which expresses a unique fusion protein of Mycobacterium tuberculosis antigens Ag85A,
Ag85B, and TB10.4 (Ad35-TBS). Here, we demonstrate that Ad35-TBS confers protection against M. tubercu-
losis when administered to mice through either an intranasal or an intramuscular route. Histological evalu-
ation of lung tissue corroborated the protection and, in addition, demonstrated differences between two mouse
strains, with diffuse inflammation in BALB/c mice and distinct granuloma formation in C57BL/6 mice. Epitope
mapping analysis in these mouse strains showed that the major T-cell epitopes are conserved in the artificial
fusion protein, while three novel CD8 peptides were discovered. Using a defined set of T-cell epitopes, we reveal
differences between the two mouse strains in the type of protective immune response, demonstrating that
different antigen-specific gamma interferon (IFN-y)-producing T cells can provide protection against M.
tuberculosis challenge. While in BALB/c (H-2%) mice, a dominant CD8 T-cell response was detected, in CS7BL/6
(H-2") mice, more balanced CD4/CD8 T-cell responses were observed, with a more pronounced CD4 response
in the lungs. These results unify conflicting reports on the relative importance of CD4 versus CD8 T-cell
responses in protection and emphasize the key role of IFN-y.

Tuberculosis (TB), an airborne disease caused by Mycobac-
terium tuberculosis, is responsible for 2 million deaths each
year, with more than 90% of cases occurring in developing
countries. It has been estimated that one-third of the world
population is infected with M. tuberculosis, and about 5 to 10%
of the infected individuals will develop TB during their life-
time. The increasing global impact of TB has been linked to
growing poverty, increased emigration, deterioration of public
health care, the spread of human immunodeficiency virus, and
the development of multidrug-resistant strains of M. tubercu-
losis. Bacille Calmette-Guérin (BCG), a live and attenuated
strain of Mycobacterium bovis, is the only available vaccine
against TB to date and has been used for the vaccination of
newborns for decades. The vaccine is effective in preventing
serious complications of childhood TB, but its efficacy wanes
over a period of 10 to 15 years, rendering adolescents increas-
ingly susceptible to pulmonary TB. Significant efforts are being
made to generate a more effective TB vaccine (3, 24, 50), and
vaccination regimens aimed to improve BCG-induced protec-
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tion are currently the most favorable approach (4, 14, 19, 21,
29, 36). The most promising antigens for vaccine generation
include proteins of the Ag85 mycolyl transferase complex and
members of the ESAT family (37, 38). These secreted antigens
proved to be immunogenic in humans and are able to induce
protective immunity in animal models, as was demonstrated
with recombinant BCG (21), a DNA vaccine (23), purified
proteins (11, 22), and recombinant viral vectors (29, 36, 48, 51).

The exact correlates of protection against TB are not yet
fully understood. However, experimental evidence that has
accumulated over recent years supports the idea that gamma
interferon (IFN-v)-producing cells play a key role in protection
against challenge with M. tuberculosis (32, 42). Replication-
deficient (El-deleted) adenovectors are particularly suited for
the induction of insert-specific cellular immunity and, as such,
are being considered as promising vaccine vectors for the pre-
vention of infectious diseases (1, 5, 34, 35, 39, 46). In addition,
an efficient manufacturing technology has been developed for
adenovector-based vaccines (15), enabling the production of
millions of vaccine dosages required for vaccination against
infectious diseases such as TB, malaria, and AIDS. Natural
infection with wild-type adenoviruses (Ads) does pose a prob-
lem for vaccines based on highly prevalent serotypes such as
Ad type 5 (Ad5) due to the induction of neutralizing antibodies
that are able to blunt the efficacy of the vaccine (27, 40). Ad35
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has the advantage of a low prevalence of preexisting immunity
worldwide, which, if present at all, is accompanied by low
neutralizing antibody titers (25, 43, 45). Additionally, the im-
munogenicity and the protective potential of Ad35 is not ham-
pered by preexisting immunity against the most commonly
encountered Ad5 serotype (2, 33). Recent studies have dem-
onstrated that a single vaccination with an Ad35 vector induces
only a low level of neutralizing antibodies against Ad35 in
nonhuman primates (30), which opens up possibilities for ho-
mologous Ad35 prime-boost immunization regimens in the
human population.

With the aim of generating a vaccine against TB, we have
produced Ad35-TBS, a recombinant Ad35 vector expressing
the M. tuberculosis antigens Ag85A, Ag85B, and TB10.4 (a
member of ESAT family) arranged in the vector as a single
fusion protein (17). This fusion protein encoded by recombi-
nant Ad35 (rAd35) is efficiently expressed and induces T-cell
responses against individual antigens either as a stand-alone
vaccine (17) or following a BCG prime (36). It is expected that
the presence of multiple antigens in a single vaccine will pro-
vide a large array of epitopes, which is essential for the broad
coverage of heterogeneous HLA haplotypes present in human
populations.

In this study, we have characterized Ad35-TBS vector-in-
duced immune responses regarding the type and specificity of
IFN-y-producing T cells in mice of two different haplotypes
(H-2¢ and H-2"). The protective potential of the vaccine, ad-
ministered either intranasally (i.n.) or intramuscularly (i.m.),
was determined in a mouse M. tuberculosis challenge model.

MATERIALS AND METHODS

Recombinant Ad35-TBS. The generation of a recombinant Ad35 vector ex-
pressing TB antigens Ag85A, Ag85B, and TB10.4 as a single fusion protein
(Ad35-TBS) has been described previously (17). Briefly, PER.C6 cells were
cotransfected with an adaptor pAdApt35Bsu plasmid containing the TBS insert
in the former E1 region and plasmids containing the remaining viral genome, all
predigested with appropriate enzymes to liberate the Ad sequences from the
plasmid backbone. Viruses were plaque purified and propagated on adherent
T-cell cultures. Purified stocks were obtained using standard CsCl gradient cen-
trifugation and, upon dialysis, were formulated in phosphate-buffered saline-5%
sucrose.

Mice. Six- to eight-week-old female BALB/c (H-2¢) and C57BL/6 (H-2") mice
were purchased from Harlan (Zeist, The Netherlands) and Charles River (Maas-
tricht, The Netherlands) and kept at the institutional animal facility under spe-
cific-pathogen-free conditions during the experiment. Mycobacterium challenge
experiments were performed at the Animal Facility of the Amsterdam Medical
Center. Institutional committees for animal care and use reviewed and approved
the mouse experiments.

Immunization and T-cell assays. In a dose-finding study, mice were injected
intramuscularly (i.m.) with 107 to 10'° viral particles (VP) of Ad35-TBS or 10'°
VP of Ad35-E (adenovector without transgene). Two weeks after the immuni-
zation, the antigen-specific T-cell response was determined using intracellular
cytokine staining (ICS) specific for IFN-y. T-cell epitope mapping experiments
were performed 2 weeks after i.m. injection with 10° VP of Ad35-TBS (n = 5) or
Ad35-E (n = 3). The protective immune response was evaluated in mice vacci-
nated i.m. or i.n. with 10° VP of Ad35-TBS 6 weeks after the vaccination.

For i.m. immunization, mice received the required vector dose in a total
volume of 100 pl (50 pl/hind leg); for i.n. immunization, the total volume was 20
wl (10 pl per nostril). Mycobacterium bovis BCG Danish SSI-1331 (BCG pre-
clinical research standard; CBER/FDA) was diluted in diluent for the BCG
preclinical research standard (CBER/FDA) and administered subcutaneously
(s.c.) in the neck at a dose of 6 X 10° CFU in a total volume of 200 wl.

For pentamer staining, performed as described previously (27), mice were bled
using a tail cut with intervals of 5 to 7 days until 4 weeks postimmunization.

Two weeks (dose finding and epitope mapping) or 6 weeks (protective immune
response) after the immunization, animals were sacrificed, and organs (spleens
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and lungs) were collected to serve as a source of cells for immunological assays.
Splenocytes were isolated as described previously (17). In order to isolate lung
mononuclear cells, lungs were perfused in situ with 4 ml warm phosphate-
buffered saline through the right ventricle of the heart. The lung tissue was cut
into small pieces, subjected to collagenase type 1 (150 U/ml) digestion for 1 h at
37°C, and minced through a 70-um Falcon cell strainer using a 5-ml syringe
plunger. Upon lysis of red blood cells in ACK lysing buffer (Invitrogen, Carlsbad,
CA), lung cells were washed in R10 medium and passed through a 30-um
preseparation filter (Miltenyi Biotec, Auburn, CA).

The immune responses were determined using ICS or an enzyme-linked im-
munospot (ELISPOT) assay as described previously (17, 27). For epitope map-
ping, splenocytes were pooled per group, while for the immunogenicity evalua-
tion, mice were assessed individually.

Peptides used for in vitro stimulation were purchased from ADI (San Antonio,
TX), SynPep Corp. (Dublin, CA), and Pepscan Systems (Lelystad, The Nether-
lands). The Ag85-specific H-2¢ pentamer was purchased from Prolmmune Ltd.
(Oxford, United Kingdom).

Experimental infection and readout. A vial of M. tuberculosis strain Erdman
(M. tuberculosis preclinical research standard; CBER/FDA) was thawed and
diluted in sterile 0.9% NaCl. The lung infection was induced as described pre-
viously (26, 49). Briefly, mice were anesthetized by inhalation with isoflurane
(Abott Laboratories Ltd., Kent, United Kingdom) and inoculated i.n. with M.
tuberculosis in 50 pl saline at a dose generating =150 CFU per lung 1 day after
the inoculation (optimal challenge dose as determined in pilot experiments)
(data not shown). Six weeks after the inoculation, mice were sacrificed, and lung,
spleen, and part of the liver were removed aseptically, weighed, and homoge-
nized in 5 volumes of sterile 0.9% NaCl. Tenfold dilutions were plated onto
Middlebrook 7H11 agar plates to determine bacterial loads. Plates were incu-
bated for 3 weeks at 37°C, and the colonies were counted. The CFU are ex-
pressed per organ (lung and spleen) or per gram tissue (liver).

For the protection experiments, mice were immunized with 10° VP of Ad35-
TBS i.n. or i.m. The positive control group received 6 X 10° CFU BCG s.c., while
the negative control group was left untreated (naive). Mice that received 10° VP
of Ad35-E i.n. or i.m were used as additional negative control groups. Results
obtained with these mice were comparable to results obtained with naive mice
(data not shown). Six weeks after the immunization, groups of mice (eight mice
per group) were sacrificed in order to determine the immune status of the
animals, and other groups (17 mice per group) were challenged by an i.n.
administration of virulent M. tuberculosis. The next day, two mice of each chal-
lenged group were sacrificed, and bacterial counts in the lungs were determined
in order to confirm the challenge dose (data not shown). Six weeks after the
challenge, the remaining mice (15 per group) were sacrificed, and lungs, spleens,
and livers were collected for the quantification of bacterial load (CFU) and
histopathological examination (lungs only).

Histological evaluation. Lungs were harvested for histological evaluation 6
weeks after M. tuberculosis infection, fixed in 10% buffered formalin, and em-
bedded in paraffin. Sections of 4 pm were stained with hematoxylin and eosin
and analyzed by a pathologist who was blinded for the treatment allocation. To
score lung inflammation and damage, the entire lung section was analyzed with
respect to the following parameters: interstitial inflammation, endothelialitis,
bronchitis, granuloma formation, edema, and pleuritis. Each parameter was
graded on a scale from 0 to 4, with 0 being absent, 1 being mild, 2 being
moderate, 3 being severe, and 4 being very severe. The cumulative inflammation
score was expressed as the sum of the scores for each parameter, with the
maximum being 24. Confluent (diffuse) inflammatory infiltrate was quantified
separately and expressed as a percentage of the lung surface.

Statistical analysis. Statistical analysis was performed using the Student ¢ test
on log,y-transformed CFU counts and nontransformed histological scores. The
difference was considered significant when the P value was <0.05.

RESULTS

Vector dose finding. In order to determine the optimal vec-
tor dose for the follow-up epitope mapping and challenge
experiments, we immunized mice with increasing doses of
Ad35-TBS (107 to 10'° VP) and analyzed the immune response
using ICS 2 weeks after immunization. The results obtained for
C57BL/6 mice are shown in Fig. 1. The figure demonstrates a
strong vector dose-dependent CD8 T-cell response to Ag85
(Fig. 1A) and TB10.4 (Fig. 1B), while a significant CD4 T-cell
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FIG. 1. Immunogenicity of Ad35-TBS. Groups of C57BL/6 mice were immunized i.m. with 107 to 10'® VP of Ad35-TBS (five mice per group)
or 10" VP of Ad35-E (control) (three mice per group). Two weeks after immunization, the antigen-specific T-cell response was determined using
ICS upon an in vitro stimulation of splenocytes with the peptide pools covering the whole sequence of Ag85A or TB10.4. The percentages of
antigen-specific IFN-y-positive CD8 and CD4 cells are shown for Ag85A (A and C) and TB10.4 (B and D). Bars represent geometric means.

response was detected for Ag85 (Fig. 1C) but not for TB10.4
(Fig. 1D). The peptide pool for Ag85B was not included in this
analysis since in previous experiments we found similar re-
sponses obtained upon stimulation with Ag85A or Ag85B total
pools (17). As can be seen in Fig. 1, CD4 responses were
detected at an immunization dose of 10% VP, while 10° VP was
the optimal dose for inducing the CDS responses. Although
antigen-specific CD4 cells were detected at a lower vaccination
dose than antigen-specific CDS8 cells, the ICS method seemed
to be more robust for the detection of CD§ than for the
detection of CD4 responses, with a relatively lower percentage
of IFN-y-positive CD4 cells seen in the flow cytometric exper-
iments.

A similar dose-response dependence was found for BALB/c
mice (data not shown). However, for this mouse strain, we
could not detect significant CD4 responses using the 15-mer
peptide pools for the in vitro stimulation of splenocytes.

Based on these results, we have selected the vector dose of
10° VP for the subsequent epitope mapping and challenge
experiments.

T-cell epitope mapping. The Ad35-TBS vaccine encodes a
fusion protein comprised of three different M. tuberculosis an-
tigens (17). In order to confirm that the major known T-cell
epitopes are retained in this artificial fusion molecule and to
generate tools to characterize the immune response in more
detail in follow-up studies, we have performed extensive
epitope mapping using an optimized flow cytometric method

(20, 44). The method is based on the intracellular IFN-y stain-
ing in combination with surface staining for CD4 and CDS8
markers. This method enables the identification of an immu-
nodominant peptide(s) among a pool of overlapping peptides
(15-mer peptides with 10 or 11 amino acids overlapping se-
quences) covering the whole protein sequence using a peptide
matrix. The peptide matrix mapping approach is illustrated in
Fig. 2, with an example of identification of the Ag85 CDS8
epitope MPVGGQSSF in the BALB/c mouse strain. For pep-
tide matrix mapping, individual peptides (numbers starting
from 1 on) are arranged in wells of a multiwell plate in an
ordered fashion (no peptides with overlapping sequences were
in the same row or in the same column) and subsequently
pooled in small row (R) and column (C) peptide pools. Thus,
each individual peptide is present in two independent pools:
one R and one C pool. Upon immunization, splenocytes are
stimulated with row and column pools, and the pools inducing
T-cell response are subsequently identified. The identification
of the R and C peptide pools that contain a reactive peptide(s)
(Fig. 2A) enables the identification of wells containing individ-
ual potentially reactive 15-mer peptides (intersection of the
positive R pool and the positive C pool in the peptide array
matrix) (Fig. 2B). In the second immunization experiment, the
reactive 15-mer peptide is identified among potentially reactive
peptides (Fig. 2C). Based on the sequence of the reactive
15-mer peptide, the overlapping 9-mer peptides (9-mer pep-
tides with 8 amino acids overlapping sequences, covering the
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FIG. 2. Identification of an Ag85-specific T-cell epitope as an example of the epitope mapping procedure. Groups of BALB/c mice were
immunized with 10° VP of Ad35-TBS (five mice per group) or Ad35-E (three mice per group) (control). Two weeks after immunization, the T-cell
immune response was determined using ICS upon an in vitro stimulation of splenocytes with the small 15-mer peptide pools (A). Possibly reactive
peptides were identified as the intersection of positive R and C pools (B) and used for in vitro stimulation in the follow-up experiment (C). From
the identified positive peptide, overlapping 9-mer peptides were generated, covering the whole sequence, and used for in vitro stimulation in the
follow-up experiment (D). The identification of the positive 9-mer peptide enables the generation of a specific pentamer, which makes it possible
to monitor the development of an immune response in the blood in time (E). Black bars represent results obtained with the pooled splenocytes
of Ad35-TBS-immunized mice, while white bars indicate the background levels measured with splenocytes from Ad35-E (control)-immunized

mice. Bars in E represent standard errors of the means. T, total pool.

whole sequence of the 15-mer peptide) are generated and
tested in the third immunization experiment to map the
epitope (Fig. 2D). The identified 9-mer epitope can be used to
generate antigen- and haplotype-specific tetramers or pentam-

ers, which enables live monitoring of the immune response in
individual mice (Fig. 2E).

We applied this method to identify T-cell epitopes in mice of
two different haplotypes: BALB/c (H-2%) and C57BL/6 (H-2").
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TABLE 1. Specific T-cell peptides identified using an epitope mapping approach

% Positive cells

Amino acid

Strain Antigen Epitope type (avg *+ SD) position Amino acid sequence (reference[s])
BALB/c (H-2%) Ag85A/B CD8 3.96 = 1.46 70-78 MPVGGQSSF (9, 13, 28)
Ag85A CD8 0.92 = 0.47 144-152 VYAGAMSGL (9)
Ag85B CD8 0.90 = 0.70 141-159 IYAGSLSAL (13)
Ag85B CD8 1.78 = 0.73 151-165 ALLDPSQGMGPSLIG (9, 13)
TB10.4 CD8 2.42 +0.41 20-28 GYAGTLQSL (28)
C57BL/6 (H-2") Ag85A/B CD8 2.69 = 1.39 1-19 FSRPGLPVEYLQVPSPSMG*
Ag85A CD4 0.15 241-255 QDAYNAGGGHNGVEFED (13, 41, 52)
Ag85A CD4 0.18 = 0.07 261-279 THSWEYWGAQLNAMKPDLAQ (13, 41, 52)°
Ag85B CD4 0.16 241-255 QDAYNAAGGHNAVEN (13, 41, 52)
Ag85B CD4 0.16 = 0.04 261-280 THSWEYWGAQLNAMKGDLAQS (13, 41, 52)°
TB10.4 CD8 4.98 + 0.84 4-12 IMYNYPAML
TB10.4 CD8 413+ 1.84 73-87 SSTHEANTMAMMARD

¢ Sequence covered by two positive overlapping 15-mer peptides. Smaller epitopes are not identified.

A number of immunodominant T-cell epitopes in TB proteins
encoded by Ad35-TBS were identified for both mouse strains
(summarized in Table 1). The majority of epitopes that we
identified had been reported previously in studies employing a
single protein or DNA immunization (9, 13, 28, 41, 52). Our
findings thus confirm that Ad35-TBS induces responses to
epitopes present in native proteins. Besides confirming the
established epitopes, we have identified novel CD8-specific
peptides in C57BL/6 mice for antigens Ag85 (two overlapping
15-mer peptides covering amino acids 1 to 19) (p1-19) and
TB10.4 (epitope p4-12 and peptide p73-87). In contrast to
C57BL/6 mice, we could not detect any CD4 epitope in
BALB/c mice using 15-mer peptides. We could, however, con-
firm CD4 reactivity upon stimulation with the Ag85A 20-mer
peptide LTSELPGWLQANRHVKPTGS (amino acids 101 to
120), previously reported as being positive (48), with about
0.2% IFN-y-positive CD4 cells detected in spleens of Ad35-
TBS-immunized mice.

Selected identified epitopes and the 20-mer peptide were
used as a tool for the characterization of the immune response
in the challenge experiments.

Protective ability of Ad35-TBS. In order to determine the
protective efficacy of Ad35-TBS, mice were immunized either
i.n. or i.m. and challenged with a virulent M. tuberculosis strain.
In the epitope mapping experiments, we observed differences
in the types of responses mounted by mice of different haplo-

types. To correlate the immune responses with protection, we
included both mouse strains in the challenge experiments.

The results of the CFU counts in different organs are pre-
sented in Table 2. In naive mice, M. tuberculosis counts were
around 10° CFU in the lungs of both mouse strains, while the
counts in spleen and liver were 10- to 100-fold lower. The BCG
vaccination, given as a control vaccination, decreased the CFU
counts by 0.7 to 1.2 log,, units in different organs. These
findings are in agreement with previously published results. In
BALB/c mice, immunization with Ad35-TBS using the in.
route (P < 0.05) but not the i.m. route (P > 0.05) provided
significant protection against M. tuberculosis, which is in agree-
ment with the results obtained previously by others using Ad5-
Ag85A (48). In C57BL/5 mice, however, both routes of immu-
nization conferred statistically significant protection (P <
0.05). In both mouse strains, both routes of immunization were
highly efficient in providing protection against dissemination of
M. tuberculosis from lung to spleen and liver.

Histological evaluation. The protection, as determined by
CFU, was corroborated by a microscopic examination of lung
tissue from the challenged mice. In Fig. 3, the histopathologic
scores and the degrees of lung inflammation are shown for all
groups. Vaccination with Ad35-TBS significantly decreased the
cumulative histopathological score of all animals, except for
the i.m. immunized BALB/c mice, which corresponds to the
CFU counts. In all vaccinated groups, the degree of inflamma-

TABLE 2. CFU counts in different organs

Mean log CFU (95% CI)*

Group
Lung Spleen Liver/g

BALB/c

Naive (control) 6.05 (5.82-6.28) 5.37 (5.22-5.52) 3.78 (3.51-4.06)

Ad35-TBS i.n. 5.62 (5.34-5.90)* 4.73 (4.49-4.98)*** 2.62 (2.35-2.88)****

Ad35-TBS i.m. 5.85 (5.70-5.99) 3.98 (3.82-4.14)%*** 3.13 (2.97-3.30)***

BCG s.c. 5.37 (5.10-5.64)** 4.59 (4.37-4.80)%**x* 2.72 (2.49-2.96)****
C57BL/6

Naive (control) 6.21 (6.07-6.34) 4.88 (4.77-4.99) 4.05 (3.86-4.24)

Ad35-TBS i.n. 5.82 (5.58-6.06)* 4.45 (4.29-4.60)***x* 3.45(3.17-3.73)**

Ad35-TBS i.m. 5.99 (5.85-6.14)* 4.34 (3.95-4.74)* 3.63 (3.44-3.81)**

BCG s.c. 5.37 (5.22-5.53)%*** 4.24 (4.02-4.46)***x* 2.81 (2.56-3.06)****

“ CI, confidence interval. **** P < 0.0001; *** P < 0.0005; **, P < 0.005; *, P < 0.05.
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FIG. 3. Histological evaluation. The cumulative inflammation score (A and C) and the percentage of lung inflammation (B and D) were
determined for BALB/c (A and B) and C57BL/6 (C and D) mice 6 weeks after challenge. Bars represent means. #x#xx, P < 0.0001; ##x, P < 0.0005;

=%, P < 0.005; %, P < 0.05.

tion was significantly decreased compared to naive (nonvacci-
nated) animals.

In Fig. 4, representative microscopic images of lungs are
shown for a healthy mouse (Fig. 4A and E), naive mice (Fig.
4B and F), i.n. (Fig. 4C and G) and i.m. (Fig. 4D and H)
immunized mice, and challenged BALB/c (Fig. 4A to D) and
C57BL/6 mice (Fig. 4E to H). It is clear that the two mouse
strains exhibit different histopathologies upon M. tuberculosis
challenge. BALB/c mice show diffuse inflammation throughout
the lung tissue, with numerous macrophages and mononuclear
cells (Fig. 4B), whereas in C57BL/6 mice distinct granuloma
formation can be observed (Fig. 4F), with a rim of mononu-
clear cells surrounding macrophage-rich islands. Vaccination
with Ad35-TBS, either i.n. or i.m., led to an improved lung
histology in both strains compared to nonvaccinated animals.
Again, C57BL/6 mice exhibited more pronounced granulomas
than BALB/c mice.

The histological evaluation thus confirmed that the Ad35-
based TB vaccine candidate Ad35-TBS affords protection
against M. tuberculosis infection.

Immune status of animals at the time of challenge. In order
to determine the immune status of animals at the time of
challenge (6 weeks after the immunization), we have analyzed
the immune responses induced with Ad35-TBS both in lung
and spleen. As a readout, we performed an ELISPOT assay
upon in vitro stimulation with Ag85- or TB10.4-specific CD4

and CDS8 peptides identified in the epitope mapping experi-
ments (Table 1). For BALB/c mice, we selected the following
peptides for the stimulation: the dominant CD8 epitope amino
acids 70 to 78 for Ag85 and the CDS epitope amino acids 20 to
28 for TB10.4. Since no positive CD4 15-mer peptide was
identified for Ag85A, we used the CD4 20-mer epitope, pre-
viously reported to be positive (48) and confirmed to be pos-
itive in our experiments. For the C57BL/6 mice, we selected
the following peptides: two overlapping 15-mer peptides cov-
ering amino acids 1 to 19 (CD8-specific peptides) and a mix of
four peptides (amino acids 241 to 255 and 261 to 280) (CD4-
specific peptides) for Ag85 and the CD8 epitope amino acids 4
to 12 for TB10.4. It should be noted that by excluding sub-
dominant Ag85 CD8 epitopes for BALB/c mice and the alter-
native CD8 TB10.4 epitope for C57BL/6 mice, the total TB-
specific CD8 responses might have been underestimated in
both strains. The immune response induced in the lung upon
an immunization with Ad35-TBS is presented in Fig. SA (for
BALB/c mice) and B (for C57BL/6 mice), with the upper left
graph showing the response upon i.n. immunization and the
lower left graph showing the response upon i.m. immunization.
The response measured upon the in vitro stimulation of
splenocytes is depicted in Fig. 5C (for BALB/c mice) and D
(for C57BL/6 mice). To facilitate visual comparisons between
immunogenicity and protection, we expressed protection as the
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FIG. 4. Histopathology of the lungs. The representative microscopic images of lungs from an untreated mouse (control) (A and E), a nonvaccinated
challenged mouse (naive) (B and F), an Ad35-TBS i.n. vaccinated challenged mouse (C and G), and an Ad35-TBS i.m. vaccinated challenged mouse (D
and H) are shown for BALB/c (A to D) and C57BL/6 (E to H) mouse lines. Inserts show a part of the lung at a higher magnification (X20).

ratio of CFU counts from the immunized versus naive mice
with 95% confidence intervals (Fig. 5C, right).

As can be seen in Fig. 5A, a strong CDS8 response and a
significantly lower CD4 response were induced in lungs of
BALB/c mice upon i.n. immunization, and significant protec-
tion was achieved. In contrast, i.m. immunization induced a
modest CDS8 response and no measurable CD4 immune re-
sponse in lungs, and the protection level did not reach signif-
icance. In lungs of C57BL/6 mice (Fig. 5B), however, the in.
immunization induced primarily a CD4 response to Ag85 and
a low CDS response to TB10.4, whereas the i.m. immunization
generated a low but detectable CD4 response to Ag85. Inter-
estingly, this CD4 response in lungs of C57BL/6 mice, although
relatively low, was able to mount statistically significant pro-
tection against M. tuberculosis challenge. Simple visual com-
parison of the protective response induced upon i.n. immuni-
zation of BALB/c and C57BL/6 mice suggests that different
types of immune responses are capable of providing protection
in different mouse strains, although the CD4 response seems to
be more efficient. With regard to the immune response in
spleen, which was protective against the dissemination of M.
tuberculosis, either of the immunization routes induced a

strong T-cell response, with somewhat more efficient response
and protection induced upon im. immunization for both
strains. Again, the protection in BALB/c mice was mediated
through dominant CDS8 responses with a barely detectable
CD4 response (Fig. 5C), whereas in C57BL/6 mice, more bal-
anced CD4 and CD8 responses were detected (Fig. 5D).

We have compiled the results from both mouse strains, from
both immunization routes, and from both organs (lung and
spleen) in a regression analysis where the rate of protection
was studied as a function of the total number of detected
IFN-y-producing cells. A modest correlation was observed be-
tween these two parameters, although statistical significance
was not achieved (P = 0.058), probably due to a high number
of variables and a small sample size. From this regression
analysis, 292 IFN-y-producing cells/10° cells appeared to be
associated with a 50% reduction in the mycobacterium load.

DISCUSSION

In this study, we demonstrate that a rAd35-vectored TB
vaccine candidate, expressing three M. tuberculosis antigens as
a single fusion protein, is able to induce a strong T-cell re-
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FIG. 5. Immune status of animals at the time of challenge. Six weeks after the immunization with 10° VP of Ad35-TBS, the antigen-specific
CD8 and CD4 T-cell responses were determined using ELISPOT upon an in vitro stimulation of lung cells (A and B) and splenocytes (C and D)
of BALB/c (A and C) and C57BL/6 (B and D) mice. The results obtained upon i.n. immunization are shown in upper left panels, and those
obtained upon i.m. immunization are shown in lower left panels. The corresponding protection, expressed as the ratio of CFU of vaccinated to
CFU of naive mice, is shown in the right panels. Bars in the left panels represent geometric means, and bars in the right panels show 95%
confidence intervals of the mean values (diamonds). Dashed lines indicate the background levels in the ELISPOT assay. SFU, spot-forming units.

sponse and subsequently provide protection against an M. fu-
berculosis challenge in a small-rodent animal model. Both CD4
and CD8 IFN-y-producing T cells were associated with this
antimycobacterial immunity.

Although the correlate of protection in TB is not resolved
yet, it is clear that IFN-y- and related cytokine-mediated cel-
lular immune responses play a major role in the protection (32,
42). These findings provide a rationale for the development of
vaccination strategies that are based on the induction of cel-
lular immunity. In particular, recombinant adenoviral vectors
have the intrinsic ability to induce a strong cellular immune
response by generating a population of T cells that are able to
produce high levels of IFN-y and to execute cytotoxic activity.
Adenovectors are highly immunogenic and protective in pre-
clinical animal models (2, 33), and recently, their immunoge-

nicity in humans was demonstrated in clinical trials (J. Shiver,
presented at the Keystone Symposium on HIV Vaccine De-
velopment: Progress and Prospects, Whistler, British Colum-
bia, Canada, 2004). Besides being effective as a stand-alone
vaccine, adenovectors are suitable as priming (2, 6) or boosting
(2, 7, 36) vaccines, providing an opportunity for tailor-made
immunization regimens designed to generate the required im-
mune response. Among the different human Ad serotypes,
Ad35 has an advantage of low seroprevalence in all age groups
worldwide (25, 43, 45).

To generate a TB vaccine candidate (named Ad35-TBS), we
incorporated antigens Ag85A, Ag85B, and TB10.4, which have
exhibited highly promising vaccine properties in animal models
and have been proven immunogenic in humans, into a rAd35
vector (17). The multiple antigens combined in a single vaccine
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increase the number of epitopes available, enabling a broad
coverage of heterogeneous HLA haplotypes in humans. As
demonstrated previously, the fusion protein is efficiently ex-
pressed upon adenovector-mediated cell infection and induces
immune responses in mice (17). In the current study, we fur-
ther explored the immunogenicity and determined the protec-
tive potential of the vector in two mouse strains of different
haplotypes. We demonstrated that Ad35-TBS induces an an-
timycobacterial protective effect when applied either i.n. or
i.m. Wang et al. (48) previously established that i.n. but not i.m.
vaccination of BALB/c mice with Ad5-Ag85A provides potent
protection against M. tuberculosis. Using the same mouse
strain (BALB/c), we confirmed this finding. Moreover, in mice
of a different haplotype (C57BL/6), both routes of immuniza-
tion were shown to be protective against M. tuberculosis infec-
tion. The i.m. immunization route, albeit somewhat less effi-
cient in reducing the mycobacterial burden in the lungs than
the i.n. route, was superior at lowering M. tuberculosis systemic
dissemination to the spleen.

Using the epitope mapping approach, we demonstrated that
the fusion protein encoded by Ad35-TBS vector induces T-cell
responses directed toward the same major epitopes as those
identified previously using individual antigens (9, 13, 28, 41,
52). In addition, we identified three novel epitopes, which were
not detected upon immunization of mice with single proteins
and/or DNA encoding for individual antigens. It is known that
in a protein, neighboring sequences influence the processing of
T-cell epitopes and their presentation to antigen-presenting
cells (8, 16). It is thus possible that the sequence context in the
TB fusion protein facilitates efficient processing of otherwise
silent epitopes, thus expanding the range of reactive epitopes.
Using an epitope mapping approach with 15-mer peptides,
we did not detect the CD4 epitopes in BALB/c mice that
have been reported previously (9, 13, 18). This might be due
to the apparent lower robustness of the ICS in detecting
CD4-specific T cells in mice. Another possibility it that the
15-mer peptides that we used in study, in contrast to the 18-
to 20-mer peptides used previously by others (9, 13, 48), are
less suited for the detection of the response to previously
reported CD4 peptides. Indeed, using the 20-mer peptide,
reported previously as being the dominant CD4 epitope for
Ag85A in BALB/c mice (9, 13, 48), we could detect the
antigen-specific CD4 cells induced with Ad35-TBS in this
mouse strain.

An interesting finding of our study concerns the type of
cellular immune response associated with protection. In
BALB/c mice, a predominant CD8 response was induced,
while in C5S7BL/6 mice, the CD4 and CDS8 responses were
more balanced, with a more pronounced CD4 response in the
lungs. This dissimilarity between the two mouse strains in the
type of cellular response might somehow reflect the observed
differences in lung histopathology upon M. tuberculosis chal-
lenge, with diffuse inflammation observed in BALB/c mice
compared to granuloma formation in C57BL/6 mice. Mouse
strains of different backgrounds may thus utilize different im-
munological mechanisms to fight M. tuberculosis infection.
When all results for both mouse strains were compiled in a
regression analysis, the rate of protection achieved with the
vaccine correlated to the total IFN-vy response (although just
not reaching statistical significance), thus supporting the role
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of IFN-y in protection (32, 42). It should be noted that due to
the relatively low sample size, we did not discriminate between
CD4 and CDS8 IFN-y responses in this analysis, despite the fact
that CD4 cells seemed to be more efficient than CDS cells in
providing protection in lungs. It is tempting to speculate that
this might be due to a higher IFN-y production capacity of
CD4 cells than CDS cells, as has recently been reported for T
cells in a BCG infection model (31). However, this hypothesis
remains to be confirmed. Our findings regarding the pheno-
type of antigen-specific T cells unify somewhat contradicting
reports claiming the importance of either CD4 (12, 18) or CDS8
(10, 47) cells in protection against TB. The finding that pro-
tection is achieved in animals of different immunological back-
grounds with different types of T cells as the key mediators is
promising when considering the vaccination of HLA haplo-
type-heterogeneous human populations.

Taken together, our results demonstrate that adenovector-
based vaccines are able to induce a T-cell immune response
that reduced the mycobacterium burden in the lungs of chal-
lenged animals and reduced the dissemination of M. tubercu-
losis. We also show that the i.n. route of immunization provides
stronger protection against M. tuberculosis infection than the
i.m. route, which is in agreement with a previous report (48).
Recent unpublished results by Skeiky et al. indicate that in
prime-boost vaccination regimens with rAd35, an i.m. route
can be as efficient as an i.n. immunization (Y. A. W. Skeiky
et al., unpublished data). Caution should be taken when ex-
trapolating routing results obtained in rodent models directly
to the human population. Rodents are suitable and inevitable
for the first selection of vaccine candidates to demonstrate the
intrinsic immunogenicity and possible protective potential.
Unfortunately, we have no animal model that predicts the
efficacy of selected vaccine candidates in humans. Only a ret-
rospective comparison of the efficacy of vaccine candidates in
humans with results obtained in animal models can provide us
with immunological correlates of protection and criteria with
which we can better select suitable vaccine candidates in the
future.

In conclusion, we have demonstrated that recombinant
Ad35 expressing multiple TB antigens induces a cellular im-
mune response that is able to confer protection in a mouse
model of tuberculosis. IFN-y-producing CD4 and CDS8 T cells
were both associated with this protective property.
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