
INTRODUCTION
The global spread of tuberculosis (TB)

continues to be a major threat to public
health. The only available TB vaccine,
Bacille Calmette-Guérin (BCG), is effec-
tive against severe forms of childhood
TB but cannot prevent adult pulmonary
TB. In general, the efficacy of BCG vacci-

nation is highly variable (0–80%) (1), and
the cause of these large differences in
vaccine-induced protection is poorly un-
derstood. Some of its limitations may in-
volve short-lived BCG-induced immune
reactivity and a failure to generate strong
major histocompatibility complex (MHC)
class I–restricted CD8+ T-cell responses.

This underlines the necessity to replace
the current BCG vaccine by a more effec-
tive vaccine against TB or improve the
potency of the already existing BCG.

The immune response to Mycobac-
terium tuberculosis (Mtb) is a dynamic
process, and TB control depends on cell-
mediated immunity involving polyfunc-
tional CD4+ and CD8+ T-cell responses
(2). CD8+ cytolytic T lymphocytes (CTLs)
are critical for clearance of intracellular
Mtb infection (3), since CTLs trigger tar-
get cell and bacterial killing by the coor-
dinated secretion of cytolytic and anti -
microbial effector molecules perforin (4)
and granulysin (5) into the immunologi-
cal synapse. Our recent studies on im-
munopathogenesis in human TB (6,7)
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demonstrated an impaired expression of
both perforin and granulysin in CD8+

CTLs at the local site of infection in pa-
tients with active disease. Furthermore,
we found that homeostatic cytokines,
such as interleukin (IL)-7 and IL-15, can
promote cellular immunity and host pro-
tection in experimental TB (8). These ob-
servations suggest that a successful TB
vaccine should be able to induce potent
CTL responses to confer relevant im-
mune protection.

In this study, the immunogenicity and
efficacy of a plasmid-based vaccine plat-
form, produced by the Aeras Global TB
Vaccine Foundation, was evaluated in a
nonhuman primate (NHP) model. Of
note, unlike rodent models of TB, out-
breed NHPs develop a human-like TB
disease and thus provide a more relevant
model to study TB-induced immune re-
sponses compared with other experimen-
tal animals. A heterologous prime-boost
approach was used (9), on the basis of a
recombinant BCG (rBCG) expressing the
Mtb antigens Ag85A, Ag85B and TB10.4
(10). The novel prototype strain rBCG
AFRO-1 also has an insertion of a per-
fringolysin gene (pfoA) encoding a mu-
tated pore-forming bacterial cytolysin,
which permits leakage of antigens from
the phagosome to the cytosolic MHC
class I pathway (11). Thus, rBCG may in-
duce a broader and more potent CTL re-
sponse than parent BCG, which cannot
translocate from the phagosomes to ac-
cess the cytosol (12). Accordingly, it was
recently shown that rBCG AFRO-1 en-
hanced immune responses and pro-
longed survival compared with parent
BCG upon Mtb challenge in mice and
guinea pigs (10).

This study is a follow-up of a NHP TB
vaccine trail where priming with rBCG
AFRO-1 was followed by a boost with
AERAS-402, which is a nonreplicating
adenovirus 35 vaccine (rAd35) vector also
encoding the key Mtb antigens Ag85A,
Ag85B and TB10.4 (13). Vaccination with
rBCG AFRO-1 and rAd35 AERAS-402 in-
duced strong Mtb-specific T-cell responses
in peripheral blood of immunized ani-
mals (13). Here, we evaluated the protec-

tive efficacy of the rBCG/ rAd35 vaccine
in tissue biopsies obtained from different
organs of animals challenged with viru-
lent Mtb, using a well-established technol-
ogy on the basis of in situ immunohistol-
ogy and quantitative computerized image
analysis (6,7,14–20). Of note, analysis of
cells from the peripheral blood requires
manipulation in vitro and only allows a
small proportion of reactive lymphocytes
to be monitored (21) but is nevertheless
the principal method used to analyze
 vaccine-induced immune responses. In
contrast, in situ image analysis provides
the opportunity to study the spatial
anatomical expression of different proteins
and the organ-specific cell–cell interactions
in a physiologic environment in which the
numbers of pathogen- responder cells are
high. Whereas  formalin-fixed paraffin-
embedded biopsies are often used to
study tissue morphology and cellular con-
tent, cryopreserved tissue enables quanti-
tative single-cell assessment of cellular
and functional effector markers at the
local site of infection.

We studied in vivo expression and dis-
tribution of immune cells and antimicro-
bial effector molecules in Mtb-infected
lung and spleen tissue obtained from
rBCG/rAd35- or BCG/rAd35-vaccinated
and unvaccinated control NHPs. The
functional relationship between immune
cells, effector molecules and Mtb-specific
antigen load was also investigated in the
tissues. Our findings demonstrate that
rBCG/rAd35-vaccinated NHPs had a
significantly more powerful CD8α/β
T-cell response than BCG/rAd35-
 vaccinated and unvaccinated control ani-
mals. An elevated level of CD8+ T cells
correlated with enhanced IL-7 produc-
tion and a coordinated expression of per-
forin and granulysin. Interestingly, two
of the rBCG/rAd35-vaccinated animals
that demonstrated polyfunctional T-cell
responses in peripheral blood after vacci-
nation (13) also produced the most po-
tent CD8+ CTL responses in Mtb-infected
tissue. The CD8+ CTL response was par-
ticularly enhanced at the site of infection
in the pulmonary TB lesions and associ-
ated with reduced Mtb-specific antigen

load and increased survival of Mtb-
 infected animals.

MATERIALS AND METHODS

Animals and Vaccine Candidates
Female rhesus macaques (Macaca mu-

lata) of Chinese origin (2–3 years old)
were housed in a primate center at the
Swedish Institute for Infectious Disease
Control (Solna, Sweden). Housing and
care procedures were in accordance with
general guidelines of the Swedish Ani-
mal Welfare Agency and approved by
the local ethical committee. The priming
rBCG vaccine, AFRO-1, was generated
from an rBCG strain encoding a mutated
perfringolysin O (pfoAG137Q) and three
mycobacterial antigens: Ag85A, Ag85B
and TB10.4 (GenBank accession number
P0A4V2, P12942 and AF2122/97, respec-
tively) (10). The booster vaccine, AERAS-
402 (rAd35-TBS), was made using a
replication-deficient adenovirus serotype
35 encoding a triple fusion of Ag85A,
Ag85B and TB10.4 (22).

Immunizations and Mtb Infection
Table 1 shows the study design includ-

ing immunization schedule (13), Mtb in-
fection and biopsy collection. Briefly, ani-
mals were primed with an intradermal
injection of either rBCG AFRO-1 or the
BCG strain, BCG-SSI 1331, followed by
two boosts with intramuscular injections
of rAd35 AERAS-402. The booster vac-
cine was administered to enhance activa-
tion of Mtb-specific T cells that were
primed by the AFRO-1 vaccine. BCG vac-
cination was included in the immuniza-
tion protocol in addition to unvaccinated
controls, to validate the results obtained
in the rBCG group, but also to study if
the booster vaccine would potentially
have an effect in combination with parent
BCG. Control animals received saline (n =
3) or were untreated (n = 3). Animals
were immunized in Sweden and trans-
ferred to the Biomedical Primate Re-
search Centre (Rijswijk, the Netherlands)
for challenge with virulent Mtb according
to ethical approval in both Sweden and
the Netherlands. Tissue samples were ob-
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tained from all animals during the
chronic phase of Mtb infection. Twenty
weeks after Mtb challenge, 10 animals
were still alive, whereas 8 had been euth-
anized prematurely at 8–10 wks, after
reaching a humane endpoint related to
severe pulmonary disease. During
necropsy (at humane endpoint or wks
23–24 after infection), multiple tissue
samples from pulmonary TB lesions and
spleen were collected by an experienced
pathologist on the basis of visual exami-
nation of the Mtb-infected organs. Biop-
sies from  unaffected lung parenchyma as
well as axillary/hilary lymph nodes were
also collected from the animals for im-
munohistochemical analysis in situ (Sup-
plementary Figures 1A–J); however, only
representative data from lung lesions and
spleen are presented here.

Colony-Forming Units
Lung tissue was collected and cryopre-

served at –80ºC for determination of bac-
terial load. After thawing, the lung tissue
was minced to enable random sampling
for further tissue homogenization. Fully
processed lung tissue samples were seri-
ally diluted and plated on supplemented
Middlebrook 7H10 (Tritium Microbiolo-
gie, Veldhoven, the Netherlands), and
colony-forming units (CFUs) were
counted 3–5 wks later. Mycobacterial
burden was calculated as log10CFU per
gram of lung tissue.

Immunohistochemistry of Frozen
Tissue Sections

Frozen tissue biopsies obtained from
Mtb-infected organs were embedded in
Cryo-OCT-compound (Sakura Tissue-
TEK, Torrance, CA, USA) before cryosec-
tioning (8 μm) and fixation in 4% formal-
dehyde (Sigma-Aldrich, St. Louis, MO,
USA). Tissue sections were incubated
with primary antibodies overnight at
room temperature and blocked with nor-
mal serum before incubation with second-
ary antibodies at room temperature for 30
min. Tissues stained with secondary anti-
bodies alone or appropriate isotype con-
trols were used as negative controls. Im-
munohistochemistry was performed

according to the standard avidin-biotin
complex (ABC) method (15), and positive
staining was developed using a di-
aminobenzidine substrate (Vector Labora-
tories, Burlingame, CA, USA) and hema-
toxylin for nuclear counterstaining.
Two-color staining was performed using
indirect immunofluorescence and confo-
cal microscopy (Leica TCS SP2 AOBS;
Leica Microsystems and Leica Imaging
Systems, Wetzlar, Germany).

In Situ Computerized Image Analysis
Protein expression was quantified at

the single-cell level (14) using a DMR-X
microscope and a digital image analysis
system (Quantimet Q5501W) including
the highly sensitive Qwin 550 software
(Leica Microsystems and Leica Imaging
Systems) according to the following pro-
cedure (Figure 1): (a) perform digital ex-
clusion of tissue artifacts and highly
necrotic areas; (b) set the threshold for the
intensity of positive staining (green con-
tour line in Figure 1); (c) set the threshold
for the total cell area by including both
positive (diaminobenzidine) and negative
staining (hematoxylin) (red/orange con-
tour line in Figure 1); (d) determine pro-
tein expression of a specific marker as the
percentage of positively stained area
within the total cell area; and (e) use de-
termined threshold value to scan tissue
sections (that is, 10–40 high-power
fields/tissue section). The mean value of
the protein expression in the tissue is pre-
sented at the end of the analysis. The
Qwin software can detect and separate

16.7 million different colors, which enable
sensitive quantification of positive stain-
ing and can easily exclude potential back-
ground staining from the analysis. This is
a well- established quantitative method
that has been extensively used primarily
in humans (6,7,14–18) and NHPs (19,20)
for analysis of a wide range of proteins
(that is, cell surface proteins; cytoplasmic,
granule-associated or nuclear proteins; se-
creted proteins; and so on) to describe the
phenotype and function of different cell
types present in tissue.

Antibodies
Primary antibodies were monoclonal

antibodies directed against human anti-
gens (cross-reactive with NHPs): CD3
and CD68 (DAKO, Glostrup, Denmark),
CD4 (Biocare Medical, Walnut Creek,
CA, USA), CD8α (BD Biosciences,
Franklin Lakes, NJ, USA), CD8β
(2ST8.5H7; Beckman Coulter, Brea, CA,
USA), CD20 (Abcam, Cambridge, UK),
perforin (Pf16-17; Mabtech, Stockholm,
Sweden) and IL-7 (B-N18; Diaclone, Be-
sancon, France). Expression levels of
total CD8+ T cells (CD8αα+ and CD8αβ+ )
and CD8αβ+ T cells (CD8β+) were deter-
mined in the tissue. Affinity-purified rab-
bit polyclonal antibodies against gran-
ulysin or the secreted Mtb-specific
protein, MPT64, were provided by Pro-
fessors Alan Krensky and Carol Clay-
berger (Stanford University, Stanford,
CA, USA) and also Professors Harald
Wiker and Lisbet Sviland (Bergen Uni-
versity, Norway), respectively. Biotiny-
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Table 1. Study design: immunization schedule, Mtb challenge, survival, and necropsy in the
rBCG/rAd35, BCG/rAd35, and control groups.

Number of 
animals Prime Boost 1 Boost 2 Mtb challenge Survival Biopsy

6 rBCG rAd35 rAd35 a 5
AFRO-1 AREAS-402 AREAS-402

6 BCG rAd35 rAd35 a 2
AREAS-402 AREAS-402

6 Saline a 3

Timeline 0 15 27 39 59 62–63
in weeks ↓ ↓ ↓ ↓ ↓ ↓

Necropsy

a500 CFU Mtb Erdman by intratracheal instillation.



lated goat anti-mouse IgG and swine
anti-rabbit F(ab′)2 were purchased from
DAKO. For dual staining, spleen tissue
was stained with rat anti-human CD8 or
CD4 (Serotec, Oxford, UK) and mouse
anti-human perforin followed by the ap-
propriate Alexa Fluor–conjugated sec-
ondary antibody (Molecular Probes,
 Eugene, OR, USA).

IL-7 Stimulation of Peripheral Blood
Mononuclear Cells In Vitro

Frozen peripheral mononuclear cells
(PBMCs) from three healthy NHPs were
thawed, rested overnight and incubated
for 6 h in AIM-V medium (Gibco; Invit-
rogen, Grand Island, NY, USA) contain-
ing 10 μg/mL brefeldin A (BFA) (Sigma-
Aldrich) and 1 μg/mL BD  GolgiStop™
(BD Biosciences) in the presence or ab-
sence (negative control) of 100 ng/mL re-
combinant IL-7 (R&D Systems). PBMCs
incubated with plate-bound anti-CD3
(SP34; Invitrogen) and anti-CD28
(CD28.2; Beckman Coulter) antibodies
were used as a positive control. Flow cy-

tometric analysis (Gallios flow cytometer
with Kaluza software; Beckman Coulter;
Supplementary data, Figure 2A) was per-
formed using anti-CD3 Pacific Blue
(SP34-2), anti-CD4 PerCP-Cy5.5 (L200)
and anti-CD8α APC-Cy7 (SK1) antibod-
ies (BD Biosciences) and intracellular
staining for perforin (Pf-344 FITC;
Mabtech) using the IntraPrep Fix/Perm
Kit (Beckman Coulter).

Statistical Analysis
Because of the small sample size in

each group, the data are presented as
median ± interquartile range (IQR) in bar
graphs (n = 5–6) or scatter dot plots (n =
8–10). A nonparametric Kruskal-Wallis
test was used to calculate statistical sig-
nificance. The statistical significance was
determined as follows: *P < 0.05, **P <
0.01, ***P < 0.0001. P > 0.05 was consid-
ered nonsignificant. A nonparametric
Spearman correlation test was used for
the correlation analysis (n = 16–17). All
statistical analyses were performed using
Graph Pad Prism-4.

All supplementary materials are available
online at www.molmed.org.

RESULTS

Reduced Expression of Collagen Type I
and Mtb-Specific Antigen MPT64 in
Pulmonary TB Lesions and Spleen of
rBCG/rAd35-Vaccinated Animals

Quantitative in situ computerized
image analysis (see Figure 1) was used
to measure the expression levels of dif-
ferent proteins in cryopreserved tissue
biopsies from pulmonary TB lesions and
spleen obtained from rBCG/rAd35-vac-
cinated, BCG/rAd35-vaccinated and un-
vaccinated animals after Mtb infection.
In general, the cellularity of pulmonary
tissue was significantly more spacious
compared with the compact lymphoid
structure of the spleen (see Figure 1).
As illustrated in Figure 2, fibrosis and
necrotic TB granuloma formation includ-
ing giant cells (GCs) were more fre-
quently observed among BCG/rAd35-
vaccinated and unvaccinated control
animals compared with the rBCG/
rAd35 vaccine group (Figure 2A). Ac-
cordingly, collagen type I, which is com-
monly associated with fibrosis as a re-
sult of extensive necrosis and scar
formation in chronic diseases including
TB (23), was significantly lower (P <
0.01) in the rBCG/rAd35-vaccinated pri-
mates compared with the controls (Fig-
ure 2C). In addition, there was a general
tendency (nonsignificant) toward lower
cellularity in the lung lesions of rBCG/
rAd35-vaccinated animals (Figure 2A)
that may suggest a lower level of patho-
logical inflammation compared with the
other groups (6).

On average, the bacterial load in the
lungs of Mtb-infected animals that sur-
vived until the end of the study was
lower compared with the animals that
died during the course of the study
(manuscript in preparation). The high-
est CFU counts were found in the un-
vaccinated controls with a group
 median of 5.32 log10CFU/g (range
4.59–6.85), whereas both vaccine groups
showed a reduction in bacterial load in
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Figure 1. Protein expression in NHP lung and spleen tissue was quantified using in situ com-
puterized image analysis of immunohistochemistry data. Immunohistochemistry images
(left panel) illustrate positive immunostaining for CD8α+ T cells or CD3+ T cells (brown) in
Mtb-infected tissue obtained from an rBCG/rAd35-vaccinated animal. The threshold val-
ues for the positive staining (green contour line) and the total cell area (red/orange con-
tour line), illustrated in the overlay image (right panel), was set using a digital image anal-
ysis system including a highly sensitive Qwin 550 software. The data are presented in field
statistics as the total area measured, intensity, positive area and cellular area. A mean
value of the percent positive area of the total cell area in the tissue was quantified in
10–40 high-power fields and plotted in separate graphs. Magnification 125×.



the lung. The reduction in the rBCG/
rAd35 vaccine group was 0.52 (range
4.44–5.12; P = 0.11), whereas the de-
crease in the BCG/ rAd35 vaccine group
was 0.72 log10CFU/g (range 3.87–5.66; 
P = 0.093). Here, the expression of the
Mtb-specific protein MPT64 (24), which
is only secreted by actively dividing
bacteria (25), was assessed to determine
antigen load in the Mtb-infected tissue.
Although immunostaining for the
MPT64 antigen was mostly confined to
the granulomas, MPT64+ cells could also
be detected in non-granulomatous areas
of the infected tissue (see Figure 2A).

MPT64+ cells and CD68+ alveolar
macrophages are also shown at a higher
magnification in Figure 2B. In situ com-
puterized image analysis was used to
quantify the MPT64 staining and
demonstrated a significantly (P < 0.01)
reduced antigen load in pulmonary TB
lesions and spleen of rBCG/rAd35-
 vaccinated compared with BCG/rAd35-
vaccinated and control animals 
(Figure 2D), whereas the proportion 
of CD68+ macrophages was comparable
in all three groups (Figure 2E). Al-
though the bacterial loads in the Mtb-
infected lungs were similar between

rBCG/ rAd35- and BCG/rAd35-
 vaccinated primates, the significantly
lower levels of the MPT64 secretory
protein in the TB lesions from the
rBCG/rAd35 vaccine group may sug-
gest a different metabolic state of the
bacteria in these  animals (25).

Increased Proportions of Lymphocyte
Subsets in Pulmonary TB Lesions and
Spleen of rBCG/rAd35-Vaccinated
Animals

Next, we investigated whether
rBCG/rAd35-vaccinated animals exhib-
ited a different immune cell profile in
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Figure 2. Vaccination with rBCG/rAd35 resulted in reduced collagen type I deposition as well as reduced Mtb-specific antigen load
in lung and spleen from Mtb-infected animals. (A) Representative immunohistochemical images demonstrate expression and distri-
bution of collagen type I (upper panel) and the Mtb-specific antigen MPT64 (lower panel) in pulmonary TB lesions obtained from the
rBCG/rAd35 and BCG/rAd35 vaccine groups as well as the unvaccinated control. Granulomatous areas (gr) with the presence of
characteristic giant cells (GC; arrowheads) are shown in the TB lesions. Arrows indicate positive cells (brown), whereas negative cells
(blue) were counterstained with hematoxylin. Granulomatous lung tissue contained high levels of collagen type I and MPT64. The
median cellularity obtained in the collagen type I staining is also shown in the upper panel. Magnification 125×. (B) The higher-
 magnification image (600×) reveals cytoplasmic expression of MPT64 and CD68 in cells present in the granulomatous area of a pul-
monary TB lesion from an rBCG/ rAd35- vaccinated animal. In situ computerized image analysis of collagen type I (C), MPT64 (D) and
CD68 (E) expression in TB lung lesion and spleen tissue of rBCG (rBCG/rAd35) or BCG (BCG/rAd35) vaccinated and control (unvacci-
nated) animals is shown. Data are presented as percent positive area of the total cell area, and the median ± IQR from n = 5–6 ani-
mals/group is shown. Statistical significance of differences in protein expression was determined by a nonparametric Kruskal-Wallis
test. *P < 0.05, **P < 0.01.



lung and spleen after an Mtb challenge
compared with BCG/rAd35-vaccinated
and control animals. We were able to
demonstrate abundant expression of
CD20+ B cells, CD3+ T cells and CD8α+

T cells in pulmonary TB lesions and
spleen after rBCG/rAd35 vaccination
(Figure 3). Of note, the different lym-
phocyte subsets were mostly localized
in inflammatory infiltrates in the lung
lesions of rBCG/rAd35-vaccinated
NHPs (Figure 3A, arrows). Instead, rela-
tively lower numbers of lymphocytes
were mainly confined to the peripheral
areas of the pulmonary granulomas in
the BCG/ rAd35-vaccinated and unvac-
cinated group (see Figure 3A). Quantita-
tive computerized image analysis re-
vealed a significant (P < 0.05) increase
in CD20+ B cells in rBCG/rAd35-
 vaccinated lungs (Figure 3B), whereas
CD3+ T cell levels were significantly
higher (P < 0.05) in both lung and spleen
(Figure 3C) of rBCG/rAd35-vaccinated
animals compared with BCG/rAd35-
vaccinated or control animals. Levels of
CD8α+ T cells were particularly (P <
0.05) elevated at the site of infection in
rBCG/rAd35-vaccinated lungs, whereas
a significant (P < 0.01) increase in the
number of CD8β+ T cells was evident in
both lung lesions and spleens of the
rBCG/rAd35-vaccinated animals com-
pared with the BCG/ rAd35 vaccine and
control groups (Figures 3D–E). How-
ever, CD4+ T-cell numbers were signifi-
cantly increased (P < 0.001) in spleen
but not lung of the rBCG/rAd35 vaccine
group compared with the controls (Fig-
ure 3F), demonstrating a relatively in-
creased proportion of CD8+ T cells at
the site of infection. Accordingly, the
ratio of CD8+ to CD4+ T cells was con-
siderably higher in TB lung lesions 
(3:1; 6.7% versus 2.2%) than in spleen
tissue (1:2; 13.9% versus 31.2%) of
rBCG/rAd35-vaccinated animals.
 Because T cells are a major cell type in
lymphoid tissues, a relatively higher
proportion of CD3+ T cells in rBCG/
rAd35-vaccinated spleen could be partly
explained by enhanced granuloma for-
mation and elevated levels of fibrosis
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Figure 3. Vaccination with rBCG/rAd35 resulted in elevated levels of different lymphocyte
populations in lung and spleen from Mtb-infected animals. (A) Microscopic images of
CD20+ B cells (upper panel) and CD3+ (middle panel) and CD8α T cells (lower panel) in
TB lung lesions from the rBCG/rAd35 and BCG/rAd35 vaccine groups as well as the un-
vaccinated control. Immunohistochemical staining was performed, and granulomatous
areas (gr) with the presence of characteristic giant cells (GC; arrowheads) are shown in
the TB lesions. Arrows indicate positive cells and cell infiltrates (brown), whereas negative
cells (blue) are counterstained with hematoxylin. Magnification 125×. Protein expression of
CD20+ B cells (B), CD3+ T cells (C), CD8α+ T cells (D), CD8β+ T cells (E), and CD4+ T cells (F)
was assessed using computerized image analysis to determine the median protein ex-
pression (± IQR) in lung lesions and spleen tissues among rBCG (rBCG/rAd35) or BCG
(BCG/rAd35) vaccinated and control (unvaccinated) animals. The data from n = 5–6 ani-
mals/group are presented as percent positive area of the total cell area. Statistical signifi-
cance of differences in protein expression was determined by a nonparametric Kruskal-
Wallis test. *P < 0.05, **P < 0.01.
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Figure 4. Vaccination with rBCG/rAd35 resulted in induction of IL-7 as well as perforin and granulysin protein in lung and spleen from
Mtb-infected animals. (A) Representative immunohistochemical images illustrate IL-7 (upper panel), perforin (middle panel) and gran-
ulysin (lower panel) expression in TB lung lesions from the rBCG/rAd35 and BCG/rAd35 vaccine groups as well as the unvaccinated
control. Granulomatous areas (gr) with the presence of characteristic giant cells (GC; arrowheads) are shown in the TB lesions. Arrows
indicate positive cells (brown), whereas negative cells (blue) were counterstained with hematoxylin. The expression of IL-7, perforin and
granulysin were very low in the granulomatous areas. Magnification 125×. (B) Images of IL-7, perforin and granulysin expression in
spleen from an rBCG/rAd35-vaccinated animal. These proteins were rarely found in the B-cell areas (Bc) of the spleen. Magnification
125×. Higher magnification (600×) shows cell-associated (high-intensity) and extracellular (low-intensity) expression of IL-7 in spleno-
cytes as well as granular and polarized expression of granule-associated effector molecules in splenic lymphocytes. (C) Two-color
staining demonstrates high colocalization of perforin (green; Alexa-488) and CD8+ T cells (red; Alexa-594) in spleen tissue. White arrows
indicate double-positive cells. In situ computerized image analysis was used to assess the median expression (± IQR) of IL-7 (D), per-
forin (E) and granulysin protein (F) in lung lesions and spleen tissues among the different groups as indicated. The results from n = 5–6
animals/group are presented as percent positive area of the total cell area, and statistical significance of differences in protein ex-
pression was determined by a nonparametric Kruskal-Wallis test. (G) The frequency of perforin-positive cells among CD8+ T cells was
detected by flow cytometric analysis after in vitro IL-7 short-term stimulation of PBMCs from NHPs for 6 h. Representative data from one
of three animals are shown. *P < 0.05.



and necrosis in parent BCG/rAd35-
 vaccinated and control animals, as illus-
trated in Figures 2A and C.

Induction of IL-7 and Antimicrobial
Effector Molecules in Pulmonary TB
Lesions and Spleen of rBCG/rAd35-
Vaccinated Animals

In situ expression and distribution of
IL-7 as well as the antimicrobial effector
molecules perforin and granulysin in TB
lung lesions obtained from rBCG/rAd35-
vaccinated animals compared with

BCG/rAd35-vaccinated and control
NHPs is shown in Figure 4A. Similar to
the expression of CD3+ and CD8+ T cells
(Figure 3A), perforin and granulysin
were mostly confined to the inflamma-
tory infiltrates in the rBCG/rAd35-
 vaccinated group but to the periphery of
pulmonary granulomas in the BCG/
rAd35 and the unvaccinated group (Fig-
ure 4A). Distribution and intracellular
expression of IL-7, perforin and gran-
ulysin in spleen from the rBCG/rAd35
vaccine group is also illustrated in Fig -

ure 4B. IL-7 is mainly produced by stro-
mal cells, whereas human monocytes
could also express IL-7 upon mycobacte-
rial infection (26). A typical cytoplasmic
granular and polarized expression pat-
tern of both perforin and granulysin was
detected in cells with a distribution (see
Figures 4A, B) and morphology (see Fig-
ure 4B) consistent with small activated
T lymphocytes. Of note, most cells ex-
pressing IL-7 or the antimicrobial effector
molecules were located in the T cell–rich
areas outside the B-cell follicles found in
spleen tissue (see Figure 4B). Accord-
ingly, most perforin-expressing cells in
spleen tissue were localized together
with CD8α staining (Figure 4C). In situ
image analysis revealed that protein lev-
els of IL-7 and the granule-associated ef-
fector molecules were significantly (P <
0.05) elevated in both lung and spleen
tissue from rBCG/rAd35-vaccinated ani-
mals compared with BCG/rAd35-vacci-
nated and unvaccinated control animals
(Figures 4D–F). Interestingly, in vitro IL-7
stimulation of PBMCs obtained from
healthy NHPs induced a minor popula-
tion of perforin-positive cells among
CD8+ T cells (Figure 4G) but not in CD4+

T cells (data not shown).

Reduced MPT64 Antigen Load in TB
Lung Lesions and Spleen Correlated
With Enhanced CD8+ CTL Responses in
rBCG/rAd35-Vaccinated Animals

We performed correlation analyses to
study the functional relationship be-
tween Mtb antigen, T cells and antimi-
crobial effector molecules in Mtb-infected
tissue. Because statistically similar results
were obtained from TB lung lesions and
spleen, representative data from lung are
shown in Figure 5. An inverse correlation
was found between MPT64 antigen load
and CD3+ T cells in TB lung lesions (Fig-
ure 5). Conversely, there was a signifi-
cant positive correlation between CD3+

and CD8+ (see Figure 5) but not CD3+

and CD4+ T cells (data not shown). Simi-
larly, the association between IL-7 and
CD8+ but not CD4+ T cells was highly
significant at both tissue sites. An en-
hanced proportion of CD8+ T cells in
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Figure 5. Low levels of Mtb-specific antigen MPT64 correlates with an elevated proportion
of CD3+/CD8+ T cells and enhanced cytolytic T-cell responses in TB lung lesions from Mtb-
infected animals. Correlation analyses were performed to assess the associations be-
tween the following: Mtb antigen load (MPT64) and CD3+ T cells; CD3+ T cells and CD8+

T cells; and CD8+ T cells and IL-7, perforin or granulysin in the lung tissue of Mtb-infected
animals. Data from animals in the rBCG/rAd35-vaccinated group are encircled in the
graphs. In addition, data from two animals in the rBCG/rAd35-vaccinated group that pre-
sented polyfunctional T-cell responses in blood (13) are given in red (ID 4278) and blue (ID
0012) symbols. In the correlation graphs, data from individual animals (n = 16) are pre-
sented as percent positive area of total cell area, and the correlation between indicated
markers were determined using Spearman’s correlation test. A value of r = 1 for the corre-
lation coefficient (rs) indicates a perfect correlation, whereas r = –1 indicates a perfect
negative or inverse correlation.



Mtb-infected tissue also correlated with a
coordinated expression of perforin and
granulysin (see Figure 5). However, there
was no significant association between
CD4+ T cells and either perforin or gran-
ulysin (data not shown).

Previously, two individual NHPs (ani-
mal ID 4278 and ID 0012) were shown to
exhibit Ag85A/B-specific polyfunctional
(coexpression of IL-2, interferon [IFN]-γ
and tumor necrosis factor [TNF]-α) T-cell
responses in peripheral blood 1 wk after
the first Mtb-antigen boost (13). Examina-
tion of the immune response induced in
the rBCG/rAd35-vaccinated group (see
Figure 5, encircled symbols) and particu-
larly in these two animals (red [ID 4278]
and blue [ID 0012] symbols, respectively)
demonstrated that these animals pre-
sented the highest proportions of CD3+

and CD8+ T cells as well as IL-7 and an-
timicrobial effector molecules, which cor-
related with the lowest levels of MPT64
antigen in the infected lung (see Figure 5)
and spleen tissue (data not shown). The
rBCG/rAd35-vaccinated animal ID 4278
also demonstrated higher TB10.4-specific
Th1 cytokine responses 15 wks after Mtb
infection compared with a BCG-primed
animal (Supplementary Table 1 and Fig-
ure 2B). Altogether, these observations
support the hypothesis that polyfunc-
tional T-cell responses in the circulation
were involved in priming CTL responses
at the site of Mtb  infection.

Survival of Mtb-Infected Animals Is
Associated With Decreased MPT64
Antigen Expression and Elevated
CD8+ CTL Responses in TB Lung Lesions

We also investigated the immune re-
sponse induced among rBCG/rAd35-vac-
cinated (red symbols) and BCG/ rAd35-
vaccinated (blue symbols) animals as well
as unvaccinated (green symbols) Mtb-in-
fected animals that survived until the end
of the study (S = survival group) com-
pared with animals that died during the
course of the study (D = deceased group)
(Figure 6). The survival group had signifi-
cantly lower expression of the MTP64
antigen and CD68 in the lung, whereas
expression of all other cells and effectors,

apart from CD4, was significantly ele-
vated compared with the deceased group.
The only markers that were significantly
changed in the spleen were CD68 and
CD3. Of note, the only deceased animal in
the rBCG/rAd35 vaccine group had a re-
duced expression of total CD3 T cells as
well as perforin and granulysin in the
lung. These results support the findings
that survival of Mtb- infected animals re-
quires perforin and granulysin expressing
T cells, particularly at the site of infection
in pulmonary tissue.

DISCUSSION
A new TB vaccine with the ability to

prime potent multifunctional T-cell re-
sponses is urgently required to limit the
global spread of TB. In this study, an
NHP model and a prime-boost regimen
was used to explore the nature of the cel-
lular immune response induced upon
vaccination with a new TB vaccine proto-
type strain, rBCG AFRO-1, followed by a
boost with rAd35 AERAS-402, compared
with parent BCG/rAd35-vaccinated ani-
mals and unvaccinated controls. Our re-

R E S E A R C H  A R T I C L E

M O L  M E D  1 8 : 6 4 7 - 6 5 8 ,  2 0 1 2  |  R A H M A N  E T  A L .  |  6 5 5

0
5

10
15
20
25

C
D

68

0.0
2.5
5.0
7.5

10.0
12.5
15.0
17.5

M
PT

64

0

10

20

30

40

C
D

20

p<0.05

p<0.05

p<0.05

p<0.05

0
10
20
30
40
50
60

C
D

3

C
D

8a
lp

ha

0
3
6
9

12
15
18

C
D

4

0
5

10
15
20
25
30
35

Lung Spleen
S D S D

Lung Spleen
S D S D

Lung Spleen
S D S D

p<0.05

p<0.05

p<0.05

0
3
6
9

12
15
18
21

IL
-7

0.0

2.5

5.0

7.5

10.0

Pe
rf

or
in

0

3

6

9

G
ra

nu
ly

si
n

p<0.05

p<0.05

p<0.05

rBCG/rAd35 BCG/rAd35 Control

0
5

10
15
20
25

C
D

68

0.0
2.5
5.0
7.5

10.0
12.5
15.0
17.5

M
PT

64

0

10

20

30

40

C
D

20

p<0.05

p<0.05

p<0.05

p<0.05

0
10
20
30
40
50
60

C
D

3

C
D

8a
lp

ha

0
3
6
9

12
15
18

C
D

4

0
5

10
15
20
25
30
35

Lung Spleen
S D S D

Lung Spleen
S D S D

Lung Spleen
S D S D

Lung Spleen
S D S D

Lung Spleen
S D S D

Lung Spleen
S D S D

p<0.05

p<0.05

p<0.05

0
3
6
9

12
15
18
21

IL
-7

0.0

2.5

5.0

7.5

10.0

Pe
rf

or
in

0

3

6

9

G
ra

nu
ly

si
n

p<0.05

p<0.05

p<0.05

rBCG/rAd35 BCG/rAd35 Control

Figure 6. Survival of Mtb-infected animals was associated with enhanced CD8+ CTL re-
sponses and reduced Mtb antigen load, particularly at the site of infection in the lung.
Immune responses induced in TB lung lesion and spleen of the S = survival group as com-
pared with the D = deceased group. The different prime-boost regimens are indicated in
red (rBCG/rAd35), blue (BCG/rAd35) and green (unvaccinated control) symbols. Animals
in the survival group (n = 10) remained alive until the end of the trial (wks 23–24),
whereas animals in the deceased group (n = 8) died from their TB disease during the
course of the trial (wks 10–18). Lung biopsies from one rBCG/rAd35- and one BCG/rAd35-
vaccinated NHP are missing and thus the number of animals in the survival group is
lower in lung compared with spleen. The median protein expression of Mtb antigen
(MPT64), immune cells (CD68, CD20, CD3, CD8 and CD4) and effector molecules (IL-7,
perforin and granulysin) are presented as percent positive area of the total cell area.
Statistical significance of differences in protein expression was determined by a non-
parametric Kruskal-Wallis test.



sults from quantitative in situ image
analysis in lung and spleen tissue
demonstrated that immune protection
and reduced tissue expression of Mtb-
specific antigens correlated with an in-
creased proportion of CD8+ T cells and a
highly coordinated expression of the an-
timicrobial effector molecules perforin
and granulysin. Significantly enhanced
CTL responses in the rBCG/rAd35-
 vaccinated animals were strongly associ-
ated with elevated levels of IL-7 protein
in situ, and recombinant IL-7 could in-
duce perforin expression in CD8+ T cells
in vitro. These results suggest that the
rBCG/rAd35 vaccine enhanced MHC
class I antigen presentation and subse-
quent activation of CD8+ CTLs, espe-
cially at the site of infection in pul-
monary TB lesions but also in the
lymphoid compartments.

In chronic infections such as TB, it is
of significant relevance to study repre-
sentative T-cell responses in the infected
tissue, since most Mtb-specific T cells
accumulate at the site of infection
(27–31). We found that lymphocytes
were mostly organized in inflammatory
infiltrates in the Mtb-infected lung, and,
accordingly, perforin- as well as gran-
ulysin- expressing cells were defined to
the parafollicular areas of the spleen. Of
note, we have previously used tissue-
based image analysis to show that active
TB infection in humans is associated
with reduced CD8+ CTLs and impaired
expression of antimicrobial molecules in
granulomatous lesions (6,7). Similarly,
we applied in situ technology to demon-
strate that the CTL response in Mtb-
 infected NHPs was significantly en-
hanced by immunization with the novel
rBCG/rAd35 vaccine construct. The in-
formation acquired from quantitative in
situ analysis provides important insights
into the host–microbe interplay at the
site of infection, in the context of a physi-
ologically relevant milieu that is difficult
to reproduce in cell culture models.
Moreover, vaccine-induced T-cell re-
sponses detected in the peripheral circu-
lation may be different in blood com-
pared with the disease sites (32,33),

which underlines the importance to use
complementary methods to assess sys-
temic and local immune responses.

Polyfunctional Th1 cells, simultane-
ously producing IFN-γ, IL-2 and TNF-α,
have been used to assess vaccine-
 mediated protection against intracellular
infections (34) including TB (35). Impor-
tantly, a recent clinical study clearly
demonstrated that the booster vaccine,
AERAS-402, induced polyfunctional
CD4+ T cells as well as a robust CD8+

T-cell response in the circulation of
human subjects (36). Likewise, longitudi-
nal analysis of polyfunctional T-cell re-
sponses induced in peripheral blood by
prime-boost immunization with AFRO-1
and AERAS-402 demonstrated that Mtb-
specific proliferation and IFN-γ produc-
tion was enhanced in rBCG/rAd35-
 vaccinated compared with BCG/
rAd35-vaccinated or unvaccinated ani-
mals (13). Consistent with these pub-
lished findings, our in situ observations
in the same NHP cohort suggest that the
induction of CD8+ CTLs in Mtb-infected
tissue was associated with polyfunctional
post-vaccination T-cell responses detected
in the circulation of the NHPs that were
analyzed in this study (Table 1) (13).

CD8+ T cells have been shown to be
critical for the induction of protective TB
immunity in humans (37), NHPs (38), ro-
dents (39) and cattle (40). Of importance,
CTLs are armed with granule-associated
cytolytic and antimicrobial effector pro-
teins, perforin and granulysin, which co-
operate to eliminate infected macro -
phages and bacteria (5). In vivo cytolytic
activity of CD8+ T cells has been demon-
strated in the lungs and lymphoid sites
of Mtb-infected mice (41), and CD8+

T cells lacking perforin possessed greatly
reduced cytolytic capacity (4). Cytotoxic-
ity of Mtb-specific pulmonary CD8+

CTLs persisted for at least 37 wks after
infection (41), confirming that CTL activ-
ity is stable during the course of chronic
Mtb infection. Our findings illustrate that
expression of CD4+ T cells, in contrast to
CD8+ T cells, did not correlate with ex-
pression of CD3+ T cells or the upregula-
tion of perforin or granulysin in either

lung lesions or spleen of rBCG-primed
animals. CD4+ T-cell numbers were com-
parable regardless of disease prognosis
and thus could not be linked to an en-
hanced survival of Mtb-infected animals.
It has been reported that CD4+ Th1 cells
are more important in the early, acute
phase of Mtb infection, whereas CD8+

CTLs have a prominent role during late
stages of infection (42,43). Of interest,
CD4+ T cell–independent activation of
highly cytolytic perforin-expressing
CD8+ T cells can also be induced by den-
dritic cells infected with live BCG (44).

To date, it has been difficult to find
biomarkers to accurately monitor im-
mune protection in TB and to evaluate
new TB vaccine candidates, particularly
markers that can be measured in easily
accessible samples such as peripheral
blood. Recently, it was shown that per-
forin and granulysin, but not IFN-γ, may
be used as potential immune correlates
after vaccination and Mtb challenge in
bovine TB (45). The clinical relevance of
granule-dependent CTL killing of
 mycobacteria-infected cells has been de-
scribed in studies using tissue (6,7,46) or
blood (47,48) obtained from patients
with progressive TB disease. Of particu-
lar clinical importance, it was recently
demonstrated that anti-TNF therapy in
patients with autoimmune disorders,
who have a greatly increased risk to de-
velop active TB, selectively depleted
perforin- and granulysin-expressing
CD8+ CD45RA+ CCR7– effector memory
T cells (TEMRA), resulting in progression
of TB disease (49). Accordingly, skewed
maturation of Mtb-specific CD8+ T cells
in children with active TB was shifted
toward a potent TEMRA response and
clinical recovery after successful chemo-
therapy (50). Pre-terminally differenti-
ated CD8+ TEMRA cells (51) expressing
low levels of perforin (52) have also
been shown to be associated with pro-
gressive HIV infection. Homeostatic cy-
tokines such as IL-7 and IL-15 promote
the development of terminally differenti-
ated and highly lytic human CD8+ TEMRA

cells (53). IL-7 specifically enhances
CD8+ CTL activity by upregulating ser-
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ine esterases (54) and perforin (55). In
line with these findings, it was previ-
ously shown that in vivo administration
of IL-7 or IL-15 (8) together with the
BCG vaccine (56) prolonged survival of
Mtb-infected mice. Protective immunity
was associated with a relative increase in
CD8+ T cells compared with CD4+ T cells
(8), which is consistent with a high ratio
of CD8+ to CD4+ T cells (3:1) in lung le-
sions from rBCG/rAd35-vaccinated ani-
mals. It is interesting that both IL-7 (26)
and granulysin (46) were strongly up-
regulated in skin lesions of Mycobac-
terium leprae–infected patients with mild,
but not severe, disease, which suggests
that IL-7 may contribute to the quality of
cell-mediated immune responses at the
local site of mycobacterial infection.

Designing vaccines that mimic virulent
TB strains, promoting phagolysosomal
translocation into the cytosol (12), is
likely critical to enhance CD8+ T-cell acti-
vation by processing and presentation of
cytosolic antigens via the MHC class I
pathway. Cytosolic localization and repli-
cation of virulent mycobacteria are path-
ogenic features, causing apoptosis of in-
fected macrophages (11,12), which may
significantly improve cross-priming and
subsequent T cell–mediated immunity
(11,57). In this study, in situ protein levels
as well as the survival of the BCG/
rAd35- vaccinated animals were similar
compared with the unvaccinated control
NHPs, which may suggest that the prime
vaccine must enable phagolysosomal es-
cape of mycobacterial proteins in the cy-
tosol to effectively trigger CD8+ T cells
and enhance immune protection. It has
previously been shown that the BCG
vaccine cannot protect rhesus macaques
from developing progressive TB disease,
whereas cynomolgus monkeys were al-
most completely protected by BCG (58).
Interestingly, the immune response in an-
imals with poor prognosis was associ-
ated with higher Mtb antigen load and
an increased proportion of CD68+ macro -
phages in the Mtb infected tissue, but
also with a decreased CTL response. De-
ficient levels of perforin and granulysin
expressing CD8+ CTLs could result in re-

duced killing of Mtb-infected macro -
phages. Furthermore, macrophage acti-
vation and their T cell–activating proper-
ties may be decreased in susceptible
animals, perhaps because of reduced lev-
els of IL-7, which has been reported to
augment monocyte effector functions
(59). Instead, increased numbers of
B cells may contribute to the formation
of secondary lymphoid structures near
pulmonary granulomas (60), which may
enhance antigen presentation but also
promote the induction of humoral im-
munity locally in the lung.

CONCLUSION
In summary, we provide evidence that

the rBCG prototype strain AFRO-1 and
the booster vaccine vector rAd35 AERAS-
402 potentiates the expansion and/or ac-
cumulation of perforin- and granulysin-
expressing CD8+ T cells in the lung and
lymphoid organs of Mtb- infected NHPs.
Elevated CTL responses correlated with
decreased Mtb antigen load in the tissue
and with improved clinical outcome of
rBCG/rAd35- vaccinated animals. These
results support the development of TB
vaccine  concepts on the basis of priming
of antimicrobial CD8+ effector memory
T cells and also the potential implementa-
tion of CTL correlates of immune protec-
tion in the assessment of vaccine- induced
immune responses.
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