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Abstract

Understanding mechanisms of cavitation in tuberculosis (TB) is the missing link that
could advance the field towards better control of the infection. Descriptions of human
TB suggest that postprimary TB begins as lipid pneumonia of foamy macrophages
that undergoes caseating necrosis and fragmentation to produce cavities. This study
aimed to investigate the various mycobacterial antigens accumulating in foamy mac-
rophages and their relation to tissue destruction and necrosis. Pulmonary tissues
from mice with slowly progressive TB were studied for histopathology, acid-fast
bacilli (AFB) and presence of mycobacterial antigens. Digital quantification using
Aperio ImageScope was done. Until week 12 postinfection, mice were healthy, and
lesions were small with scarce AFB and mycobacterial antigens. Colony-forming
units (CFUs) increased exponentially. At week 16-33, mice were sick, macrophages
attained foamy appearance with an increase in antigens (P < .05), 1.5 log increase in
CFUs and an approximately onefold increase in AFB. At week 37-41, mice started
dying with a shift in morphology towards necrosis. A >20-fold increase in myco-
bacterial antigens was observed with only less than one log increase in CFUs and
sevenfold increase in AFB. Secreted antigens were significantly (P < .05) higher
compared to cell-wall antigens throughout infection. Focal areas of necrosis were
associated with an approximately 40-fold increase in antigen MPT46, functionally
active thioredoxin, and a significant increase in all secreted antigens. In conclusion,
mycobacterial antigens accumulate in the foamy macrophages in TB lesions during
slowly progressive murine pulmonary TB. Secreted antigens and MPT46 correlated

with necrosis, thereby implying that they might trigger the formation of cavities.
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INTRODUCTION

Ending tuberculosis (TB) disease remains an unachieved ob-
jective for many countries with an estimated 10 million new
cases reported in the year 2018. TB patients with cavities are
a major source of disease transmission within a population.
Interventions hindering cavity formation could significantly
decrease bacterial load in a patient, reduce disease transmis-
sion and as a result can lead to a significant reduction in dis-
ease incidence.'”

Experimental studies using various animal models have
given useful insight into the immune pathogenesis of primary
TB, characterized by the granulomatous immune response.
This immune response is very effective in controlling infec-
tion, supported by the epidemiological studies showing that
90%-95% of the infected individuals never develop active TB
disease.’ However, there is a scarcity of information on the
immune pathogenesis of postprimary TB which largely ac-
counts for TB cavitation. Understanding the factors involved
in tissue destruction and development of cavitation in post-
primary TB may ultimately yield novel strategies for reduc-
ing disease transmission.

Studies based on human biopsy and autopsy material from
the pre-antibiotic era, when the natural course of TB dis-
ease could be studied without interference from antibiotics,
have given important insight into the immune pathogenesis
of postprimary TB.* 1t is suggested to begin as endoge-
nous lipid pneumonia of foamy macrophages accumulating
Mycobacterium tuberculosis (M tuberculosis) antigens and
host lipids, which can undergo necrosis forming caseous
pneumonia with the onset of clinical disease. Caseous pneu-
monia eventually undergoes softening and fragmentation
which is coughed out forming a cavity. With time, the cavity
matures and forms a thin wall of fibrosis supporting the pro-
liferation of large numbers of M tuberculosis.” The disease is
restricted from dissemination to the rest of the lung and body
by the effective granulomatous reaction surrounding the cav-
ities. Thus, cavitation in TB does not result from the enlarge-
ment and liquefaction of granulomas rather it develops as an
independent process where mycobacterial antigens accumu-
lating in foamy macrophages seem to play a central role.

M tuberculosis is well known to affect human immunity
for its benefit. M tuberculosis in macrophages inhibits the
formation of phagolysosome, overcomes oxidative stress and
prevents apoptosis.g'13 These strategies help M tuberculosis
to establish a nutrient-rich intracellular niche to asymptomat-
ically accumulate antigens for months until the sudden onset
of massive inflammation and necrosis. Few in vitro experi-
mental studies implicate interaction between mycobacterial
cord factor (trehalose 6,6 dimycolate) and host lipids as a
trigger for the release of mycobacterial antigens and initiating
inflammation.'* However, which mycobacterial antigens ac-
cumulate in foamy macrophages is not known. In vivo studies

in TB lesions and association of various M tuberculosis anti-
gens with necrosis and tissue destruction are lacking.

A murine model from our laboratory mimics postprimary
human TB in some aspects. The disease progresses for many
months without clinical symptoms, then rapidly undergoes
necrosis and kills its host like in humans. The pattern of in-
flammation is pneumonia of M tuberculosis infected foamy
macrophages rather than granulomas. These similarities
make it a useful animal model to study the pathology of
postprimary TB. The study aimed to investigate this murine
model further for the various mycobacterial antigens accu-
mulating in foamy macrophages during infection and their
association with tissue destruction and necrosis.

2 | MATERIALS AND METHODS
2.1 | Murine model of slowly progressive
primary TB

The murine model using genetically homogeneous B6D2F1
hybrid mice has been described earlier.'> B6D2F1 hybrid mice
are a cross between C57BL/6, carrying Beg susceptible gene
(Bcgs), and the other (DBA2) with Beg resistant gene (Bcgr).
The F1 hybrid mice are more robust and resistant to disease
with a longer life span as compared to the pure inbred strains
by controlling the un-characterized deficiencies of a recessive
genetic origin. A total of 260 mice at the age of approximately
12 weeks were inoculated through the intraperitoneal route
with 1.5 x 10° colony-forming units (CFUs) of H37Rv strain of
M tuberculosis. The relatively low dose of infection was used
to allow chronic lung pathology to develop. The mice were fol-
lowed up to 70 weeks postinfection. Three mice were sacrificed
at 1, 2, 4 weeks and then at 4 weekly intervals up to week 41
and later at 52, 57 and 70 weeks. Until week 24, one lung of
the sacrificed mouse was used for histopathology and the other
lung was used for measuring CFUs. From week 29, different
mice at the same time point were used for measuring CFUs and
histopathology. Both lungs from one mouse were used for in
situ studies, the left lung was fixed in 4% buffered formalin, and
the right lung was frozen at — 70°C. Seven characteristics were
used for assessing the signs of illness in mice, namely body
form (normal—thin cachectic), spine form (normal—Ilordosis
or kyphosis), appearance of coat (flat—raised pelt), gait (flat—
toeing), activity (active—passive), behaviour (running—im-
mobile) and abdominal muscles (flat abdomen—guarding).
These characteristics were assessed by one experienced bio-
technician who was responsible for animal care. According to
severity, each characteristic was given a score of 5 to 1; score 5
was taken as best and score 1 as worst. Mice were considered
very sick if they had a score of 1 in four characteristics, in-
cluding cachexia. The murine model has been developed with
permission from the Norwegian Experimental Animal Board. 15
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TABLE 1

Primary antibody Target antigens

Anti-BCG Whole bacteria including secreted and
cell-wall antigens. It detects heterogenous

Mpycobacterium tuberculosis antigens.

Anti-body against cell-
wall antigens

Cell-wall antigens

Total Secreted antigens

Anti-M Tuberculosis
secreted proteins

Directed against total secreted proteins
present in culture filtrate (CF)

Individual secreted antigens

Anti-MPT51 MPT51(Ag85D, fopD, Rv3803c)
Anti-MPT53 MPT53(DsbE, RV2878c)
Anti-MPT63 MPT63 (Rv1926¢)

Anti-MPT64 MPT64 (Rv1980c)

Other antigens

Anti-MPT46 MPT46(Thioredoxin Trx C, Rv3914)

Primary antibodies, target antigens, immunogens and dilutions used for immunohistochemistry

Immunogen Study name Dilution
Sonicates of M bovis containing both BCG 1:4000
secreted and cell-wall antigens.
Cell-wall antigens Cell-wall 1:2000
antigens
5 weeks old culture filtrate of Total secreted 1:100
M tuberculosis with minimal cell antigens
lysis.
MPTS51 antigen found in CF of MPTS51 antigen 1:100
M tuberculosis
MPTS53 antigen found in CF of Soluble secreted ~ 1:100
M tuberculosis antigen MPT53
MPT63 antigen found in CF of Immunogenic 1:100
M tuberculosis protein MPT63/
Antigen MPT63
MPT64 antigen found in CF of Immunogenic 1:100
M tuberculosis protein MPT64/
Antigen MPT64
MPT46 antigen found in CF of Thioredoxin 1:100

M tuberculosis

Abbreviations: CF, Culture filtrate; MPT, proteins purified from Mycobacterium tuberculosis.

2.2 | Primary antibodies

Primary antibodies used in the study are listed in Table 1. All
antibodies used in the study were in-house rabbit polyclonal,
except for anti-BCG. Immunogens for these antibodies were
bacterial sonicate for cell-wall antigens, or mycobacterial
antigens extracted and purified from the 5-week-old culture
fluid of M tuberculosis with minimal lysis, as described previ-
ously.'®!” The immunogens might have acquired minor im-
purities while separation from culture fluid, preparation and
deliverance. However, polyclonal antibodies produced by the
immune system are largely directed towards dominant injected
immunogen, thereby specificity of these antibodies is reliable
and has been determined by earlier studies (161819 Rabbit
anti-bacillus Calmette-Guerin (anti-BCG) is a polyclonal an-
tibody available from DAKO Immunoglobulins, Copenhagen,
Denmark (code B124; lot 063B). All primary antibodies were
titrated to get a comparable working dilution for each antibody.

2.3 | Histology, bacillary count and
immunohistochemistry

A series of 5-pm sections were prepared from formalin-fixed
paraffin-embedded tissue block using sliding microtome

(Leica Biosystems). The sections were stained with haema-
toxylin and eosin, Ziehl-Neelsen (ZN) and immunohistochem-
istry (IHC). Haematoxylin and eosin and ZN were done on
automated machines in the routine histology laboratory. CFUs
were measured previously as described.” All steps of THC
were performed manually as described previously.15 Briefly,
after deparaffinization and rehydration, sections were boiled
for 20 minutes in citrate buffer (PH 6) in a microwave oven for
antigen retrieval. Tris-buffered saline was used for washing be-
tween each incubation step. Peroxidase block (Dako Denmark
A/S) was applied for 15 minutes to block the activity of endog-
enous peroxidase. Serum-free protein block (Dako Denmark
A/S) was applied for 12 minutes to prevent non-specific bind-
ing of the antibody to tissues. Primary antibody was applied
for 60 minutes followed by secondary antibody, labelled poly-
mer HRP anti-rabbit (Dako Denmark A/S), for 40 minutes.
For visualizing antigens, 3-amino-9-ethyl carbazole (AEC)
substrate chromogen was applied for 15 minutes. The sections
were counterstained with Mayer's Haematoxylin (Dako 3309)
and mounted with immuno-mount medium (Dako Denmark
A/S). THC was monitored by two negative controls and 1 posi-
tive control. Antibody diluent instead of primary antibody and
a known non-TB lymph node biopsy were used as negative
controls. A TB biopsy with high bacterial and M tuberculosis
antigen load was used as a positive control.
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2.4 | Evaluation and
quantification of immunohistochemistry and
Ziehl-Neelsen staining

Whole-slide digital images were obtained at X 40 resolu-
tion using Aperio ScanScope CS® Slide Scanner (Aperio
Technologies Inc). For quantification, colour deconvo-
lution (CD) algorithm of Aperio ImageScope software
(Aperio Technologies Inc) was used. Tissue section area
containing the lesion was annotated manually for quanti-
fication of IHC and ZN staining. The input parameter val-
ues used for IHC and ZN quantification are shown (Figure
1A,B ). Colours of interest for IHC quantification were red
for AEC (colour 1) and blue for haematoxylin (colour 2).
Red, green and blue (RGB) values were adjusted for colour
1 and colour 2 and threshold levels were adjusted for weak,
medium and strong intensities to avoid the error of read-
ing non-specific staining as positive. To obtain the optic
density (OD) values of RGB for positive colour (red), a
small region of red colour was annotated, and default CD
algorithm was run and OD values of RGB for the red col-
our were obtained. To adjust the input parameters to de-
tect red colour as positive, OD values of RGB obtained
were copied and added to our algorithm settings as input
parameter values for colour 1. A similar procedure was re-
peated for negative stain. Results were presented as a per-
centage of positive pixels that are strongly, moderately and
weakly stained in the total stained area. A score was used
to account for the intensity of staining and calculated as;
1.0*%(%Weak) + 2.0%(%Medium) + 3.0*(%Strong). Figure
1C,D shows the screenshot of the digital image and mark-
up image produced when the slides were analysed, where
red is strong positive, orange is medium positive, yellow is
weak positive, and blue is negative. The intensity of posi-
tivity was taken as a proxy measure for the amount for an-
tigens expression. Strong positive was taken as increased
accumulation of antigens marked by rusty red granular
staining.

For ZN quantification, the same steps were followed as
described above for obtaining OD values of RGB for the pos-
itive reddish-purple stain of acid-fast bacilli and background
stain of aniline blue. The results were measured in Percent
Total Positive that was taken as a proxy for acid-fast bacilli
(AFB) count.

2.5 | Statistical analysis

Non-parametric statistical analysis methods were used. Mann-
Whitney test was used for comparison of two independent
groups. Wilcoxon signed-rank test was used for comparison
of two related samples. Spearman's rho was used for correla-
tion analysis. All the analysis was performed using SPSS v25.

RIAZ 7 AL
3 | RESULTS

3.1 | Histopathology

gizl) | Early small diffuse lesions (week

During weeks 8 and 12, small lesions were visible. Lesion
formation seemed to start around the peribronchiolar region
with collection of macrophages and lymphocytes (Figure
2.1A). Usually, inflammatory cells were not present in alveo-
lar spaces. Interstitial pneumonia was evident by thick alveo-
lar septa containing inflammatory cells mainly monocytes
and lymphocytes, and few neutrophils.

3.1.2 |
16-33)

Well-demarcated focal lesions (week

With the course of infection, number, morphology and or-
ganization of macrophages changed. Focally organized le-
sions were seen with a clear demarcation between lesion
areas and normal lung tissue, and with more defined distri-
bution of macrophages separated from lymphocytes (Figure
2.1B). Lymphocytes formed tightly packed islets surrounded
by foamy macrophages. Macrophages with large light stain-
ing nuclei and vacuolated eosinophilic cytoplasm were seen
(Figure 2.1C). With the progression of infection, the mac-
rophage dominated areas increased in size compared to
lymphocyte areas. From week 33, early destructive changes
could be seen in the macrophages evident by cell swelling,
pyknotic bodies and karyorrhexis (Figure 2.1D). Neutrophils
were seen adjacent to dying macrophages. Clusters of mac-
rophages with destructive changes were seen in the alveolar
space. Hyperplasia of bronchus-associated lymphoid tissue
was also observed.

3.1.3 | Expansive lesions (week 37-41)
From week 37, a shift in disease severity was observed with
an increase in mortality. The lesions expanded to occupy
more than 80% of lung parenchyma. The expansive lesions
contained more foamy macrophages and smaller number
and size of lymphocytes aggregate as compared to well-de-
marcated lesions at earlier time points. Very sick mice were
seen to contain more areas of focal necrosis in the lesions as
compared to the less sick mice. Overall, mice in these weeks
were grouped based on the lesion morphology and extent of
necrosis as follows:

Expansive lesions with no necrosis: Four out of 10 mice
had expansive lesions without necrosis. Lesions in these
mice occupied most of the lung parenchyma but did not show
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Color Deconvolution v9 A Color Deconvolution v9
cp4 ZNCOS

opat________________
View Width 1000 View Width 1000
View Height 1000 View Height 1000
Overlap Size ] Overlap Size 0
Image Zoom 0.084 Image Zoom 1
Markup Compression Type Same as processed image Markup Compression Type Same as processed image
Compression Quality 30 Compression Quality 30
Classifier Neighborhood o Classifier Neighborhood 0
Classifier None Classifier None
Class List Class List
Positive Colour Channel 1 Positive Colour Channel 1
Markup Image Type Intensity Ranges Markup Image Type Deconvolved Color Channel
Weak Positive Threshold 95 Weak Positive Threshold s
Medium Positive Threshold 75 Medium Positive Threshold 35
Strong Positive Threshold 50 Strong Positive Threshold 35
Black Threshold 0o Black Threshold 0o
Color (1) - Red Component 0416 Color (1) - Red Component  0.763
Color (1) - Green Component 0.664 Color (1) - Green Component | 0.61
Color (1) - Blue Component  0.626 Color (1) - Blue Component 0211
Color (2) - Red Component  0.751 Color (2) - Red Component | 0.804
Color (2) - Green Component 0.591 Color (2) - Green Component 0.527
Color (2) - Blue Component  0.297 Color (2) - Blue Component | 0.271
Color (3) - Red Component 0 Color (3) - Red Component 0
Color (3) - Green Component 0 Color (3) - Green Component 0
Color (3) - Blue Component 0 Color (3) - Blue Component 0
Clear Area Intensity 240 Clear Area Intensity 240
Display Plots No Display Plots No
FIGURE 1 Input parameters used in immunohistochemistry (IHC) and Ziehl-Neelsen (ZN) quantification in colour deconvolution algorithm

and screenshots of whole-slide digital images. A, Input parameter values used for IHC quantification, colour (1) detected the positive red colour for

3-amino-9-ethyl carbazole (AEC) substrate chromogen and colour (2) detected the negative background stained by haematoxylin. Weak, medium

and strong positive thresholds measure different intensities of the same colour. B, Input parameters for ZN quantification, colour (1) detected

reddish-purple colour of acid-fast bacilli and colour and (2) detected background blue stain. Weak, medium and strong positive thresholds values

were kept constant as different intensities of colours were not required. C, Screenshot of whole-slide digital image where rusty red positive colour

could be seen in varying intensities. D, Mark-up image for analysed slide where red is strong positive, orange is medium positive, and yellow

is weak positive. Positivity was taken as proxy for amount of antigens accumulation. A and B, These pictures were taken as screenshot of input

parameters of colour deconvolution algorithm of the Aperio Image Scope (v12.3.2.5030). C and D, These screenshots of whole-slide digital images

taken from camera embedded in Aperio Image scope (v12.3.2.5030)

extensive destructive changes or areas of focal necrosis (Figure
2.1E). The bronchial epithelium in most cases was intact.

Expansive lesions with necrosis: Six out of 10 mice
showed expansive lesions with necrosis. These lesions
showed regions of focal necrosis (Figure 2.1F insert).
Destructive changes involved most of the lesion area
(Figure 2.1F). Completely sloughed off bronchial epithe-
lium with cellular debris and proteinous material in the
lumen could be seen. Two mice had complete bronchial
occlusion. Lymphocytes islets were reduced in number and
size. Normal-looking parenchyma surrounding the necrotic
foci was infiltrated by neutrophils.

3.14 | Lesions in surviving mice (week 57-71)
By this time, most of the sick mice had died or sacrificed
and relatively healthier mice survived. The lesions in these
mice were also expansive and diffuse involving about 80%
of lung parenchyma. The inflammatory cells consisted
mainly of foamy macrophages and lymphocyte islets. As
compared to previous expansive lesions, the lymphocyte
islets were larger and were tightly packed (Figure 2.1G).
Macrophages had a foamy appearance, the necrotic foci
were visible; however, these areas were smaller than in the
very sick mice mentioned above (Figure 2.1H). Bronchial
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FIGURE 2 (2.1) Histopathology of lesions during slowly progressive tuberculosis as seen through light microscope. Three mice were
sacrificed at each week, and one section from each mouse lung was stained with H&E. A, Early lesion starts to develop around peribronchiolar
region (week 8-12). B, Well-demarcated lesion separated from normal lung parenchyma shown by the arrow (week 16-33) (x2.5). C, Tightly
packed lymphocytes islets (black arrow) surrounded by foamy macrophages aggregate attaining increasingly vacuolated foamy appearance as the
disease progresses (red arrow) (week 16-33) (x10). D, Early destructive changes could be seen in macrophages at week 33, pyknotic nuclei (black
arrow) and karyorrhexis (red arrow) (week 16-33) (x63). E, Diffuse lesion occupying most of the lung parenchyma with no destructive changes

or focal necrosis (week 37-41) (x2.5). F, Whole expansive lesion area with early destructive changes containing multiple foci of necrosis (arrow)
(week 37-41) (x10). (insert) extensive areas of focal necrosis were seen with necrosis. G, Lymphocytes islets in expansive lesion in surviving mice
(x10), (insert) intact bronchial epithelium (week 57-71) (x10). H, Small areas of necrosis (arrow) could also be seen in surviving mice (week 57-
71) (x10). (2.2) Immunohistochemistry showing expression pattern of various mycobacterial antigens in the formalin-fixed paraffin-embedded lung
sections of mice with slowly progressive tuberculosis at week 16-33. The lesions at this stage of infection were well-demarcated and focal (x10).
(A-insert) foamy macrophages containing antigens seen in clusters in alveolar space (x40). (B-insert) shows cytoplasmic granular staining (X63).
(C-insert) shows granular staining filling the cytoplasm (x40). (D-insert) shows cytoplasmic focal staining (x40). (E-insert) shows macrophages
present in alveolar space containing granular staining filling the cytoplasm (x10). (F) Macrophages in close vicinity of lymphocytes contained
more antigens. (G-insert) showing granular cytoplasmic staining of different intensities in macrophages (x40). (H-insert) shows cytoplasmic
granular staining seen in macrophages (x63). MPT: Proteins purified from Mycobacterium tuberculosis. Slides were viewed at microscope Leica
DM 2000 LED and were taken with camera Leica MC 170 HD acquainted with software Leica Application Suite version 4.8.0 (build 154) Leica
Microsystems Switzerland Limited



RIAZ ET AL.

A
9
3 x
7
C
& 6
© 5 %k %k
g [
@ 4
= 3
P
O 2
1
0
8 12 16 20 24 33 37 41 57 71
Weeks after infection
B
20
18 -
16
g
= 14
S
8 12
©
5 10
2
c 8
1)
e
9] 6
a
4
0 e
E.L W-D E N S

E.L: early lesion (8 — 12 weeks), W-D: well-demarcated lesion

(16 — 33 weeks), E: expansive lesion without necrosis (37 — 41
weeks), N: expansive lesions with necrosis (37 — 41 weeks), S:
survival (57 — 71 weeks)

FIGURE 3 Bacterial colony-forming units (CFUs) and

acid-fast bacilli (AFB) during the slowly progressive tuberculosis.
Lungs from three mice were used at each time point. A, CFUs of M
tuberculosis in lungs during the weeks after infection. CFUs increased
progressively until week 20. From week 33 onwards, the CFUs

were rather stable with a significant increase (*P < .05) at week 41
corresponding to change in histopathology and mortality. CFUs were
significantly (¥*P < .05) less in surviving mice at week 57 and 71.
Error bars indicate confidence interval of the mean. B, The acid-fast
count quantified as Percent Total Positive pixels in various types

of lesion grouped according to lesion morphology. At each week,
three mice were sacrificed and one section from each mouse lung

was stained. The AFB increased from week 16 as the lesions became
well-demarcated with macrophages and lymphocytes forming separate
aggregates. An increase in count was observed corresponding to
appearance of necrosis in lesions at week 37. Expansive lesion without
foci of necrosis contained small amount of AFB. In the surviving mice
at week 57-71, AFB count was noticeably low. Mann-Whitney test was
used for comparison of two independent groups. Error bar indicates
confidence interval of median. Graphs were made on SPSS and then
modified graphically on word document

occlusion was not seen, and bronchial epithelium did not
exhibit destructive change.

3.2 |
(CFUs)

Bacterial Colony-Forming Units

CFUs in the lungs of mice increased progressively until week
20 (Figure 3A). From week 33 onwards, the CFUs were
rather stable. A significant increase (P < .05) at week 41 was
observed with a sudden change in histopathology and mortal-
ity. CFUs were significantly (P < .05) less in mice at week
57 and 71.

3.3 | Acid-fast bacilli

Figure 3B shows the counts of acid-fast bacilli (AFB) in the
pulmonary lesions of mice according to lesion morphology.
AFB were seen mainly in the macrophages. The AFB in-
creased as the lesions matured into well-demarcated lesions
with macrophages and lymphocytes forming separate aggre-
gates. A ninefold increase was observed in lesions contain-
ing necrotic foci. Expansive lesions without foci of necrosis
contained small amounts of AFB. In the surviving mice, AFB
count was noticeably low.

3.4 | Mycobacterial antigens

Figure 4 shows the various mycobacterial antigens during
the infection. During week 8-12, expression of all antigens
was low. From week 16, expression of all antigens increased.
There was a significant positive correlation between all the
antigens (r < .05; Table 2). BCG and cell-wall antigens
were stable throughout the infection, while the total secreted
antigens increased significantly at week 41, followed by a
decline at later time points. The pattern of individual se-
creted antigens varied. Cell-wall antigens were lower and
expressed weakly as compared to the total secreted antigens
(Figure 5A,B).

All the antigens were seen in foamy macrophages with
variable staining intensity (Figure 2.2). The pattern of stain-
ing was mainly granular in the cytoplasm (Figure 2.2 B,
H). Some macrophages showed diffused granular staining
filling the cytoplasm (Figure 2.2 C), and some had lesser
focal staining in parts of the cytoplasm (Figure 2.2D) which
could be indicative of antigens contained in the sub-cyto-
plasmic vacuoles. Within lesions, macrophages in close vi-
cinity of lymphocytes were seen containing more antigens
(Figure 2.2 F). Very often macrophages residing in alveoli
of normal-looking parenchyma were also seen containing
antigens.
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3.5 | Mycobacterial antigens according to

lesion morphology

Figures 5C and 6 show the mycobacterial antigen expression
according to the lesion morphology. All antigens increased
during the infection and in various lesions, but the magni-
tude of the increase was different. There was a significant
difference (P < .05) in the expression of cell-wall, total se-
creted antigens and individual secreted antigens MPT51,
MPT53, MPT63 and MPT46 with a change in the lesion
morphology. BCG and MPT64 did not show a significant
difference (Figure 5C). Expression of all antigens increased
among well-demarcated focal lesions between weeks 16-33
(P < .05). Levels of secreted antigens were sixfold higher
than cell-wall antigens. Among individual antigens, MPT46
was expressed at the highest level followed by MPT64.

Cell-Wall Antigens

L;;ii P

g 12 16 20 24 33 37 41 57 71

MPT51
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FIGURE 4 Expression of

various mycobacterial antigens during

the slowly progressive tuberculosis.
Mycobacterial antigens were detected by
immunohistochemistry in the formalin-fixed
paraffin-embedded tissue sections. At each
week, three mice were sacrificed and one

v 2T A4 section from each mouse lung was stained.
The staining was quantified by colour
deconvolution (CD) algorithm of Aperio
ImageScope software. The antigens were
measured as a percentage of positive pixels.
A score was used to account for the intensity
of staining and calculated as; 1.0%(%Weak)
+ 2.0%(%Medium) + 3.0*(%Strong).
Wilcoxon signed-rank test was used for
comparison of two related samples. Error
bars indicate confidence of interval for the
median. During week 8-12, expression of all
antigens was low. From week 16, expression
of all antigens increased. BCG and cell-wall
antigens were stable throughout the course
of the infection, while the total secreted
antigens increased significantly at week 41,
followed by a decline at later time points.
The pattern of individual secreted antigens
22 27 41 £7 varied. Graphs were made on SPSS and then

modified graphically on word document
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Among expansive lesions with necrosis during week 37-
41, expression of all antigens was significantly higher as
compared to the lesions without necrosis (P < .05) except for
MPT64, MPT46 and MPT53. In the necrotic lesions as com-
pared to the non-necrotic lesion, the total secreted antigens
increased to more than 20-fold whereas cell-wall antigens
increased to < 10-fold. The pattern of staining intensities for
cell wall and total secreted antigens was reverse, indicating
more accumulation and higher amounts of secreted antigens
as compared to cell-wall antigens (Figure SA,B). The expres-
sion of BCG was like cell-wall antigens. Among individual
secreted antigens, the expression of MPT46 was highest in
these lesions.

Among the surviving mice at week 57-71, the expression
of all antigens was significantly lower in the lesions as com-
pared to the necrotic lesions (P < .05) except for MPT64.
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TABLE 2 Correlation between various mycobacterial antigens, acid-fast bacilli and bacillary colony-forming units during the course of
disease
CFU AFB BCG Cell-wall Total secreted MPT51 MPT53 MPT63 MPT64 MPT46

CFU 1.000% 0.230% 0.234* 0.368 0.319 0.362 0.400 0.454 0.454 0.381
AFB 0.599 0.556 0.449 0.554 0.505 0.513 0.518 0.416
BCG 0.847 0.740 0.871 0.784 0.820 0.668 0.675
Cell-wall 0.824 0.898 0.877 0.850 0.678 0.621
Total secreted 0.826 0.856 0.811 0.654 0.674
MPT 51 0.852 0.891 0.736 0.725
MPT 53 0.853 0.668 0.699
MPT 63 0.848 0.773
MPT 64 0.660

Note: The correlation between colony-forming units, acid-fast bacilli, expression of BCG antigens and total secreted antigens was not significant.

Abbreviations: AFB, acid-fast bacilli; CFU, colony-forming unit; MTP, proteins derived from Mycobacterium tuberculosis

“The correlation is not significant above 0.05 level.

MPT64 seemed to be expressed at relatively same level
throughout the infection.

3.6 | Comparison of mycobacterial antigens
with CFUs and AFB

In the early small diffuse lesions, CFU increased but there
was no increase in AFB and antigens. With the progression
of infection when the lesions attained well-demarcated focal
morphology, there was an increase in the levels of antigens,
1.5 log increase in CFU and an approximately onefold in-
crease in AFB. With the shift in lesion morphology towards
necrosis at week 37 and increased mortality, a >20-fold in-
crease in mycobacterial antigens and an approximately sev-
enfold increase in AFB was in sharp contrast to the slight
increase of less than one log in CFU. There was no signifi-
cant correlation between CFU and total secreted antigens
along the course of infection (r > .05; Table 2).

4 | DISCUSSION

We studied the expression pattern of various mycobacterial
antigens in the murine pulmonary TB lesions and its associa-
tion with the necrotic tissue pathology. A large increase in
CFU was observed in the early stage with little or no antigen
accumulation. Antigens started to accumulate in well-de-
marcated focal lesions with marked accumulation of MPT46
and secreted antigens. As the lesions expanded to more than
80% of the lung parenchyma, the necrosis of tissue was as-
sociated with increased mortality. Mycobacterial antigens
accumulation in these necrotic lesions was many folds (se-
creted antigens by more than 20-fold and cell-wall antigens
by approximately fivefold) as compared to the slight increase

in CFUs, and a moderate sevenfold increase in AFB. The
extent of necrosis and accumulation of antigens was less in
mice who had survived the infection at week 52 and 71 even
though the inflammation had involved more than 80% of lung
parenchyma. The tremendous increase in secreted mycobac-
terial antigens exclusively in necrotic lesions suggests a re-
lation between the accumulation of secreted mycobacterial
antigen and tissue destruction and disease severity.

A previous study on human material involving the pul-
monary TB lesions with extensive pathology as compared to
the tuberculous lymphadenitis with limited pathology shows
similar findings of extensive accumulation of secreted my-
cobacterial antigens in the pulmonary lesions as compared
to lymph nodes.” These findings lend support to the hypoth-
esis that the accumulation of secreted mycobacterial anti-
gens is associated with the necrosis and disease severity in
pulmonary TB. Secreted antigens are the most immunogenic
proteins expressed during active multiplication of mycobac-
teria and are linked to bacterial virulence.”'** In our study,
the number of viable bacilli did not increase with an increase
in the secreted antigens, indicating that antigens accumulate
throughout the disease. It has been known since the time of
Koch that the tissues around active TB lesions are extremely
sensitive to injections of soluble mycobacterial antigens.
This suggests that accumulation and release of mycobacte-
rial antigens are critical stages of developing caseous ne-
crosis. It has been hypothesized that foamy macrophages
accumulate mycobacterial antigens in TB lesions and after
reaching a certain threshold release the antigens leading to
extensive inflammation, tissue destruction and necrosis. '
Trigger for the release of antigens and inflammation is hy-
pothesized to occurs by an interaction between trehalose
6,6-dimycolate (TDM) and host lipids. TDM has been pro-
posed as the trigger due to its ability to acquire highly toxic
monolayer configuration when it comes in contact with lipid
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FIGURE 5 Comparison of different
intensities of various mycobacterial antigens
during slowly progressive tuberculosis.
Mycobacterial antigens were detected by
immunohistochemistry in the formalin-
fixed paraffin-embedded tissue sections.
Three mice were sacrificed at 4 weekly
intervals up to week 41 and later at 52,

57 and 70 weeks. One section from each
mouse lung was stained. The staining was
quantified by colour deconvolution (CD)
algorithm of Aperio ImageScope software.
The antigens were measured as a percentage
of positive pixels. Distribution of total
secreted antigens (A) cell-wall antigens

(B) as strong, medium and weak intensity
signals according to lesion morphology. The
signal intensity of total secreted antigens
was stronger than the cell-wall antigens

in all lesions. There was a significant
difference (P < .05) in expression in well-
demarcated lesions and expansive lesions
with necrosis for both total secreted and
cell-wall antigens. C, The comparison of
differential expression pattern of various
mycobacterial antigens according to lesion
morphology. The expression of MPT 46
was highest among all antigens. Mann-
Whitney test was used for comparison of
two independent groups. Wilcoxon signed-
rank test was used for comparison of two
related samples. Graphs were made on SPSS
and then modified graphically on word
document

E.L: early lesion (8 — 12 weeks), W-D: well-demarcated lesion (16 — 33
weeks), E: expansive lesion (37 — 41 weeks), N: expansive lesions with

necrosis (37 — 41 weeks), S: survival (57 — 71 weeks)

droplet.14 In our study, accumulation of secreted mycobac-
terial antigens in the foamy macrophages implies their role
in disease pathogenesis, disease severity, tissue destruction
and necrosis.

Among all the antigens, MPT46 was the most abun-
dantly expressed antigen throughout the course of infection.

Interestingly, there was a marked increase in expression
corresponding with necrosis in the lesions. MPT46 is found
in the culture filtrate of M tuberculosis but could not be
categorized as secreted or non-secreted protein based on lo-
calization index and two-dimensional electrophoresis.m’18
A study has demonstrated that MPT46 is functionally
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FIGURE 6 Immunohistochemistry Necrotic Non-necrotic
showing expression pattern of various P |

mycobacterial antigens in the formalin-fixed
paraffin-embedded lung sections of mice
with slowly progressive tuberculosis at
week 37-41, in expansive necrotic compared
to expansive-non-necrotic lesions. At each
week, three mice were sacrificed and one
section from each mouse lung was stained.
All antigens had a significant difference

(P < .05) in expression in necrotic and
non-necrotic lesions except for MPT 46,
MPT 53 and MPT 64 (x10). Mann-Whitney
test was used for comparison of two
independent groups. MPT: Proteins purified
from Mycobacterium tuberculosis. Slides
were viewed at microscope Leica DM 2000
LED and were taken with camera Leica MC
170 HD acquainted with software Leica
Application Suite version 4.8.0 (build 154)
Leica Microsystems Switzerland Limited

active thioredoxin of M tuberculosis and functions as ac-
tive disulphide reductases. Thioredoxin plays an important
role in cellular redox balance.”>** The thioredoxin system
is involved in many important physiological functions in-
cluding cellular DNA synthesis, protein repair, cellular
protein disulphide reduction, detoxification of reactive ox-
ygen species, and regulation of transcription factor and cell
death pathways. For these reasons, it has been an attractive
target for anti-tuberculous drugs.25 Thioredoxin system is
essential for the survival of M tuberculosis under oxidative
stress as M tuberculosis lack antioxidant glutathione reduc-
tase syste:m.26’27 The genome of M tuberculosis encodes
for three thioredoxins namely, thioredoxin A (Rv 1470),
thioredoxin B (Rv 1471) and thioredoxin C (Rv 3914).
MPT 49 is thioredoxin C. When tested for expression of
thioredoxin gene in M tuberculosis in various growth con-
ditions, thioredoxin C was expressed in all applied oxida-
tive stress conditions.”* Based on our findings, it can be
hypothesized that M tuberculosis overexpresses thiore-
doxin in the stressful conditions of host immune response,
and this protein accumulates in the foamy macrophages.
At a certain threshold, cell lysis occurs, and the antigens
are released. As shown earlier by “Koch phenomenon,” the
tissues around active TB lesions are extremely sensitive to
mycobacterial antigens. The presence of large amounts of
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antigens would lead to extensive inflammatory process, tis-
sue destruction and formation of cavities, which is essential

for bacterial survival by dissemination to new hosts.

Among individual secreted antigens, MPT63 was abun-
dant in necrotic lesions. MPT63 is among the three most
abundantly secreted antigens in culture filtrate of M tu-
berculosis and found only in M tuberculosis complex. The
function of MPT63 is not known.>%?’ However, it is an im-
munogenic protein and its high expression in necrotic le-
sions suggests a role in M tuberculosis virulence. To what
extent MPT63 induces necrosis and cavitation needs further
studies.

The expression pattern of another secreted antigen MPT64
(Rv 1980c) was different from other secreted antigens. This
antigen was expressed from week 16 and was constantly ex-
pressed throughout the course of the infection with no sig-
nificant change related to lesion morphology. MPT64 is an
actively secreted, immunogenic protein, found in culture fil-
trate of M tuberculosis.>® The exact physiological function of
MPT64 is not known. It is one of the predominant proteins
among more than 33 actively secreted proteins and accounts
for 8% of the total protein found in culture filtrate.>* Loss
of the gene region encoding for MPT64 from BCG progen-
itor has been correlated to drop in its virulence.*! The accu-
mulation of MPT64 over disease course and in granulomas
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suggests a role in the persistence of chronic infection and
M tuberculosis virulence, but probably not a major role in
tissue destruction.

One limitation of the study is that the intensity of stain-
ing was used to measure the levels of antigens. All primary
antibodies have been checked for their specificities, and each
antibody was titrated on the tissues to get a comparable work-
ing dilution. This makes it possible to compare various anti-
gen levels in this system based on the intensity of staining.
However, this method gives only an approximation of the
antigens levels and firm conclusion about the antigen levels
cannot be drawn.

5 | CONCLUSION

This study shows that mycobacterial antigens accumulate
in the foamy macrophages in TB lesions over the course of
infection in slowly progressive murine pulmonary TB. The
accumulation of secreted mycobacterial antigens and an-
tigen MPT46 is correlated with necrosis, tissue destruction
and mortality. Tissue destruction and necrosis is assumed as
the precursor of cavitation, thereby implying a likely role of
these antigens in the formation of cavities in TB disease.
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