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Introduction

Tuberculosis (TB) remains a major public health prob-
lem, with almost two million deaths annually, and a third
of the global population latently infected. In the devel-
oped world, TB is a prototypical re-emerging infectious

Summary

After encounter with Mycobacterium tuberculosis, a series of non-uniform
immune responses are triggered that define the course of the infection.
Eight M. tuberculosis strains were selected from a prospective population-
based study of pulmonary tuberculosis patients (1995-2003) based on rel-
evant clinical/epidemiological patterns and tested in a well-characterized
BALB/c mouse model of progressive pulmonary tuberculosis. In addition,
a new mouse model of transmissibility consisting of prolonged cohousing
(up to 60 days) of infected and naive animals was tested. Four phenotypes
were defined based on strain virulence (mouse survival, lung bacillary
load and tissue damage), immunology response (cytokine expression
determined by real-time polymerase chain reaction) and transmissibility
(lung bacillary loads and cutaneous delayed-type hypersensitivity in naive
animals).We identified four clearly defined strain phenotypes: (1) hyper-
virulent strain with non-protective immune response and highly transmis-
sible; (2) strain, associated with high expression of
proinflammatory cytokines (tumour necrosis factor and interferon) and
very low anti-inflammatory cytokine expression (interleukins 4 and 10),
which induced accelerated death by immunopathology; (3) strain inducing
efficient protective immunity with lower virulence, and (4) strain demon-

virulent

strating strong and early macrophage activation (innate immunity) with
delayed participation of acquired immunity (interferon expression). We
were able to correlate virulent and transmissible phenotypes in the mouse
model and markers of community transmission such as tuberculin reac-
tivity among contacts, rapid progression to disease and cluster status.
However, we were not able to find correlation with the other two pheno-
types. Our new transmission model supported the hypothesis that among
these strains increased virulence was linked to increased transmission.

Keywords: immunogenicity; immunopathology; molecular epidemiology;
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disease, while in the developing nations TB is a devastat-
ing health problem."

After encounter with Mycobacterium tuberculosis, a ser-
ies of immune responses are triggered that define the
course of the infection. However, this host response is
not uniform in exposed people. Indeed, the vast majority
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of humans never develop overt disease despite being
infected for many years.” Furthermore, an array of clinical
manifestations may occur at any stage of life in those
patients who cannot control the infection. Although con-
siderable information is already available about host
determinants and the environmental factors that influence
a particular outcome,>* there is a lack of systematic
information on the influence of the genetic diversity of
the pathogen itself that may provide important clues for
basic and applied research on TB and its relation with the
human host.

To explain this variability, it has been proposed that
the course of the infection and its epidemiological conse-
quences depend upon a complex interplay of factors. It is
increasingly thought that the virulence and load of the
infecting strain, together with host genetic factors,
contribute to such differences.>>® In particular, several
reports have demonstrated that the severity and clinical
manifestations of TB depend on differences in the
immunogenicity and pathogenicity of the infecting strains
of M. tuberculosis.”'® Some of these results are derived
from animal models that take advantage of a uniform
immune response within the host, allowing the genetic
diversity among strains to be analysed.”™ One such
model has been used extensively by our group to demon-
strate major differences in the progress of infection after
exposure to selected genotypes using the intratracheal
route of administration.''™* This model offers the follow-
ing benefits: first, it is based on airway infection, which is
the usual route in humans. Second, the rate of bacterial
multiplication in the lungs correlates with the extent of
tissue damage (pneumonia) and mortality. Third, the
infection is controlled successfully as long as a strong T
helper type 1 (Thl) cell response is sustained, which is
endorsed by previous evidence on the protective role of
Th1 cytokines against mycobacterial infection.""™"* Conse-
quently, in the light of the high degree of genetic diversity
observed among M. tuberculosis isolates worldwide in the
last decade, it seems worthwhile to investigate differences
in the pathogenicity and immunogenicity of a spectrum
of bacterial genotypes from an area that provides a
unique opportunity to study well-characterized myco-
bacterial isolates.

Another important concern in TB is the relationship
between transmissibility and bacterial genotype. In fact,
the relationship between the transmission dynamics of
infectious diseases and the evolution of pathogenic organ-
isms has been a matter of controversy for many years."?
The question of how the virulence of any particular path-
ogen is linked to its transmission is important because
transmission determines the evolutionary success of path-
ogenic organisms. This important matter has not been
studied in TB in a well-controlled system because of the
lack of an experimental transmission model. Differences
in transmissibility could be related to differences in
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bacterial virulence and the immune responses evoked by
different mycobacterial strains.

We have conducted a population-based prospective
study of pulmonary TB in Southern Mexico since 1995.
All cases of pulmonary TB within the area have been
detected and their clinical isolates have been well charac-
terized. We have also obtained in-depth analysis of house-
hold contacts, as well as comprehensive epidemiological
and clinical data, including follow-up outcomes of TB
patients and their contacts. Moreover, the majority of
these isolates have been fingerprinted using a number of
genotyping tools.'*"

In this study, we used the BALB/c mouse model of
progressive pulmonary TB by the intratracheal route to
examine the course of infection in terms of strain viru-
lence (mouse survival, lung bacillary load, histopathology)
and immune responses [cytokine expression determined
by real-time polymerase chain reaction (PCR)] produced
by different M. tuberculosis strains selected from our clini-
cal/epidemiological study in Orizaba, Mexico. In a second
part of the study, we designed a new mouse model of
transmissibility, which consists of prolonged cohousing
(up to 60 days) of infected and naive animals. The ability
of these strains to be transmitted was measured using
lung bacillus loads of the naive animal and cutaneous
delayed type hypersensitivity (DTH) against mycobacterial
antigens as markers of disease and transmission, respec-
tively.

We selected a panel of isolates representing clinical/epi-
demiological diversity in the population of M. tuberculosis
strains in Mexico and tested them in both animal models.
We were able to define a series of distinct bacterial
phenotypes in the mouse models based on time to death,
bacterial load, immunology kinetics and transmission to
naive animals. We then tried to correlate these bacterial
phenotypes with simple clinical/epidemiology markers.

Materials and methods

Selection of M. tuberculosis clinical isolates

The study site, enrolment, follow-up and laboratory pro-
cedures have been described previously.'"®™ Briefly,
between March 1995 and May 2003, 8202 individuals
with more than 2 weeks of productive cough were
screened for acid-fast bacilli or M. tuberculosis in sputa;
667 pulmonary TB patients underwent epidemiological,
clinical [standardized questionnaire, physical examination,
chest radiograph, human immunodeficiency virus (HIV)
test], mycobacteriological and molecular evaluations. Two
hundred and ninety-six patients (44:3%) belonged to 75
1S6110-restriction fragment length polymorphism and
spoligotype clusters: the size of clusters ranged from 2 to
20 members. Fifty per cent of clustered isolates belonged
to small clusters (three or fewer isolates). Treatment was
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provided using the official norms of Mexico’s National
Tuberculosis Control Programme in accordance with the
World Health Organization (WHO) guidelines for the
period in which the cases were detected. Results of treat-
ment were classified as described plreviously,20 and follow-
up visits were made 6 months later and then on an
annual basis to monitor the results of treatment, the inci-
dence of retreatments and patients’ vital status during the
duration of the study. All deaths were confirmed by death
certificates. The homes of deceased patients were visited
to interview the person who had attended the person dur-
ing the terminal stage and to collect data on their symp-
toms. The surveys were reviewed by two physicians, who
determined if death was attributable to TB. Causes of
death were established as reported previously.”' Of the
667 patients, 42 (6-2%) died from TB. For analysis, we
only considered one TB isolate per patient. A summary of
the main epidemiological and clinical characteristics of
the patients with TB is shown in Table 1. More than half
of patients were male, HIV infection was infrequent, one-
third of patients had more severe clinical manifestations
such as weight loss, haemoptysis or cavitations, approxi-
mately one-fifth of patients harboured drug resistance.
Treatment was administered under the WHO
recommended control strategy DOTS (Directly-Observed
Treatment, Short-course), including its five components:
government commitment; case detection by predo-
minantly passive case-finding; standardized short-course
chemotherapy to, at least, all confirmed sputum smear-
positive cases, provided under proper case management
conditions; a system of regular drug supply; and a moni-
toring system for programme supervision and evaluation.
More than 80% of patients were cured, 6% died from
TB.

Contact investigations

After May 2003, we also collected information from 779
household contacts with a standardized questionnaire and
tuberculin skin test (TST) (Tuberculin PPD RT 23 SSI, 2
T.U./0.1 ml, Statens Serum Institut, Copenhagen,
Denmark). Individuals with a negative baseline TST were
retested at least once a year (minimum of 3 months after
the initial test to avoid boosting) for up to 2 years after
diagnosis of the index case, to detect TST conversion.
Individuals were considered TST positive if they presented
an induration of at least 10 mm.”* In compliance with
international recommendations, a TST conversion was
defined as an increase of > 10 mm in the diameter of the
TST, and was considered a true biological phenomenon
representing a newly acquired infection.”” Of the 779
contacts, 300 (38-5%) were tuberculin reactive. Of the
384 contacts who were initially tuberculin non-reactive
and were retested at 3-monthly intervals, 51 (13-2%)
converted. A summary of the main epidemiological and
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Table 1. Summary of main characteristics of patients and contacts

Characteristic n/total %
Patients

Males 398/667 597

Age in years (mean, SD) 44-5 17-7
Completed elementary school 350/664 52-7

HIV infection 16/632 2:5

Fever 435/667 652

Weight loss 497/666 74-6

Haemoptysis 218/662 329

Cavitation in chest X-ray 201/602 334
Drug sensitivity

Pan-sensitive 527/665 79-2

Joint resistant to isoniazid and rifampin 50/665 75

Other resistance 88/665 13:2
Clinical outcomes

Cure 472/586 80-6

Failure 27/586 4.7

Drop out 58/586 99

Death 20/586 34

Transfer 9/586 15
Follow up

Death due to any cause 65/667 9-7

Death due to tuberculosis 42/667 63
Cluster status

Cluster 150/667 22:5

Unique 502/667 753

Unknown 15/667 22
Contacts

Males 322/777 41-4

Age (mean, SD) 26-2 20-6

Tuberculin skin test positive 351/779 45-1

Tuberculin skin positive among 208/438 47-5

individuals with family relatedness
with index case
Active tuberculosis during follow up 6/779 0-8

SD, standard deviation.

clinical characteristics of the household contacts is shown
in Table 1. There were a larger proportion of females
among this group and they were younger than the
patients. The proportion of individuals who were family
related to the index case and tuberculin reactive (208/438,
47-4%) was similar to the proportion of individuals who
were not family related and tuberculin reactive (143/341,
41-9%), P = NS. Therefore, it is unlikely that tuberculin
reactivity was attributable to genetic predisposition to TB.
Six individuals developed active disease.

Selection of study strains

For the purpose of this study, we defined as follows four
major groups of isolates depending on clinical and epi-
demiologic characteristics, molecular fingerprinting and
TST results among their household contacts:
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(1) Tuberculosis cases in which more than 20% of their
household contacts either were TST positive at the moment
of recruitment for contact investigation studies or,
although their initial TST was negative, they converted dur-
ing follow up. Thirty-two patients met this condition, 23
shared their M. tuberculosis strain genotype with another
isolate in the collection (totalling 19 clones) and nine were
unique fingerprints. Among the 23 strains, we selected one
(09005186) that belonged to a cluster of recently transmit-
ted infection overrepresented in this community (17 iso-
lates shared the same genotype), and for comparison, we
selected one strain (3004245) among the nine non-clus-
tered strains with a high percentage of purified protein
derivative reactivity in their contacts; this strain had a
unique genotype and therefore was considered the result of
reactivated disease. There were no deaths attributed to TB
in any of these groups. We considered these cases and their
isolates as ‘highly transmissible’.

(2) Tuberculosis cases in which their household con-
tacts were always TST negative, at detection of the TB
case or during follow-up. There were 122 patients that
met this condition, 65 of their isolates (53-3%) were clus-
tered with 37 different fingerprint patterns. We tested two
strains: 2008920 which belonged to a cluster (with three
members) and 1036226 which had a unique fingerprint.
We considered these cases and their isolates as ‘poorly
transmissible’.

(3) Cases with a ‘short’ period of latency: individuals
living in the same household as the pulmonary TB index
case who were diagnosed with active pulmonary TB
within 2 years from the diagnosis of the first case, and
whose M. tuberculosis isolates shared the same genotype.
We found 10 cases meeting these criteria, from which we
selected strains 1015312 and 1020319 from two different
clusters.

(4) Cases in which we suspected reactivated disease
after a ‘long’ period of latency: to meet the criteria, we
chose clinical isolates that were monoresistant to strepto-
mycin. This is a rare phenotype in this region and in
other regions of the country. We found this characteristic
in 14 of 779 (2%) of all isolates. We selected strain
09985449, which was the index case of a cluster of 11
members, and strain 2013094, which had a unique
pattern.

The research protocols were approved by the appropri-
ate institutional review boards of participating institutions
and all patients and their contacts signed informed con-
sent before enrolment.

Experimental model of pulmonary TB in BALB/c mice

Virulence (as determined by survival, lung pathology and
bacterial load) and immune response induced by each
isolate were evaluated in 6- to 8-week-old male BALB/c
mice as previously described.”!'™"*** Briefly, to induce
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progressive pulmonary TB, mice were anaesthetized with
sevoflurane and inoculated intratracheally with 2-5 x 10°
bacilli in 100 ul phosphate-buffered saline (PBS).'>"’
Infected mice were kept in a vertical position until the
effect of anaesthesia had passed. Bacteria were grown in
Middlebrook 7H9 broth (Difco, Detroit, MI) enriched
with glycerol and albumin, catalase and dextrose (Becton
Dickinson. Cockysville, MD), and incubated with con-
stant agitation at 37° and 5% CO, for 21 days. Growth
was monitored by densitometry. As soon as the culture
reached stationary phase (optical density at 600 nm = 1),
the bacilli were harvested, and the concentration was
adjusted to 2-5 X 10° viable bacilli per millilitre of PBS as
determined by diacetate of fluorescein (DAF) incorpora-
tion,?* and 100-pl were aliquots frozen at —70° until use.

Two experiments were performed: in each experiment
nine groups of 70 mice were infected with the eight dif-
ferent M. tuberculosis clinical isolates plus H37Rv con-
trols; 20 mice from each group were left undisturbed to
record survival from day 8 up to day 120 after infection.
Six animals from each group were killed by exsanguina-
tion at 1, 3, 7, 14, 21, 28, 60 and 120 days after infection.
One lung lobe, right or left, was perfused with 10% form-
aldehyde dissolved in PBS and prepared for histopatho-
logical studies. The other lobe was snap-frozen in liquid
nitrogen then stored at —70° for microbiological and
immunological analysis.'>'? All procedures were per-
formed in a class IIT cabinet in a biosafety level IIT facil-
ity. Infected mice were kept in cages fitted with
microisolators connected to negative pressure.

Progression of disease in our model has been previously
described.'” Briefly, after inoculation with the laboratory
strain H37Rv, an initial immune response dominated by
high production of Thl cell cytokines and tumour necro-
sis factor-o (TNF-a) is induced and temporarily controls
the infection. Granulomas develop during this phase.
After the third week of infection, there is a drop in inter-
feron-y (IFN-7y) expression with high expression of Th2
cytokines. Gradually, pneumonic areas prevail over granu-
lomas. Pneumonia, in coexistence with a high burden of
bacteria, causes death. Animal work was performed in
accordance with the National Regulations on Animal Care
and Experimentation.

Preparation of lung tissue for histology and automated
morphometry

One lobe of the lung was fixed by intratracheal perfusion
with 10% formaldehyde for 24 hr, then sectioned through
the hilus and embedded in paraffin. Sections, 5 pm thick,
were stained with haematoxylin & eosin for the histologi-
cal/morphometric analysis. The percentage of the pulmo-
nary area affected by pneumonia was determinate using
an automated image analyser (Q Win Leica, Milton Key-
nes, UK).!»13
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Determination of colony-forming units in infected lungs

Right or left lungs from four mice at each time-point, in
two different experiments, were used for colony counting.
Lungs were homogenized with a Polytron (Kinematica,
Luzern, Switzerland) in sterile 50-ml tubes containing
3 ml isotonic saline. Four dilutions of each homogenate
were spread onto duplicate plates containing Bacto Mid-
dlebrook 7H10 agar (Difco Lab code 0627-17-4; Difco)
enriched with oleic acid, albumin, catalase and dextrose.
The time for incubation and colony counting was
21 days."

Real-time PCR analysis of cytokines in lung homogenates

Left or right lung lobes from three different mice per
group in two different experiments were used to isolate
messenger RNA (mRNA) using the RNeasy Mini Kit
(QIAGEN Mexico, Colima, México), according to the
recommendations of the manufacturer. Quality and quan-
tity of RNA were evaluated through spectrophotometry
(260/280) and on agarose gels. Reverse transcription of the
mRNA was performed using 5 pg RNA, oligo-dT and the
Omniscript kit (QIAGEN Mexico). Real-time PCR was
performed using the 7500 real-time PCR system (Applied
Biosystems, Foster City, CA, USA) and Quantitect SYBR
Green Mastermix kit (Qiagen). Standard curves of quanti-
fied and diluted PCR product, as well as negative controls,
were included in each PCR run. Specific primers were
designed using the program PriMer Express (Applied
Biosystems) for the following targets: glyceraldehyde-3-
phosphate dehydrogenase (GAPDH): 5-CATTGTGGAA
GGGCTCATGA-3', 5-GGAAGGCCATGCCAGTGAGC-3';
TNF-o: 5-TGTGGCTTCGACCTCTACCTC-3, 5'-GCCG
AGAAAGGCTGCTTG-3; IFN-y: 5-GGTGACATGAAAA
TCCTGCAG-3/, 5'-CCTCAAACTTGGCAATACTCATGA
-3’; and interleukin-4 (IL-4): 5-CGTCCTCACAGCA
ACGGAGA-3', 5-GCAGCTTATCGATGAATCCAGG-3'.
Cycling conditions used were: initial denaturation at 95°
for 15 min, followed by 40 cycles at 95° for 20 seconds,
60° for 20 seconds, 72° for 34 seconds. Quantities of the
specific mRNA in the sample were measured according to
the corresponding gene-specific standard. The mRNA copy
number of each cytokine was related to one million copies
of mRNA encoding the GAPDH gene."* H37Rv was used
as a control for all experiments in our BALB/c model.

Experimental model of M. tuberculosis transmissibility
in BALB/c mice

To evaluate the transmissibility of each selected clinical
isolate, we tried to reproduce the close-contact living con-
ditions between TB patients and their household contacts.
Five BALB/c mice, all infected with one of the selected
strains, were kept in the same microisolator cage from
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the first day of infection with another five healthy non-
infected BALB/c mice (healthy contacts). To determine if
these animals were infected by their close and long-term
contact with the tuberculous mice, we killed them after 1
and 2 months of cohousing with the infected mice and
determined lung colony-forming units (CFU) as described
above, as well as DTH against whole mycobacterial anti-
gens from culture filtrate harvested from M. tuberculosis
H37Rv grown as described above for 4-5 weeks. Culture
filtrate protein antigens were obtained by precipitation
with 45% (w/v) ammonium sulphate, washed and redis-
solved in PBS. For DTH measurement, each mouse
received an injection of 20 pg antigen in 40 pl PBS into
the hind footpad. The footpad was measured with a pre-
cision micrometer before and 24 hr after the antigen
injection, as previously described.'*

Statistical analysis

Statistical analysis of survival curves was performed using
Kaplan—Meier plots and Long Rank tests. Student’s f-test
was used to determine statistical significance of CFU,
histopathology and cytokine expression. P < 0-05 was
considered significant.

Results

The eight strains of M. tuberculosis representing the
groups defined in the Materials and methods section were
used to infect mice by the intratracheal route in both vir-
ulence and transmissibility models. Based on the results
from these models, we were able to classify these clinical
isolates into four groups based on immunopathology.

Phenotype 1: strain that does not induce a protective
immune response and shows increased virulence and
transmission

The strain which clearly represents this category is
9005186. BALB/c mice infected with this clinical isolate
started to die after 3 weeks, and by the 5th week all the
animals had died (Fig. 1a). This strain grew rapidly in
the lung, peaking at day 21 with a CFU double that of
the control strain H37Rv (Fig. 2a), and produced signifi-
cantly more pneumonic areas at day 28 than H37Rv
(Fig. 3a). In comparison with mice infected with H37Rv,
in mice infected with strain 9005186, the induction of
IFN-y expression was delayed, but there was rapid and
high IL-4 expression (Fig. 4a,b). Interestingly, this strain
also induced high but transient TNF-o expression
(Fig. 4c). Overall, these results indicate that this strain is
more virulent and does not induce a protective immune
response in our animal model.

Our transmissibility study based on cohousing of
infected and healthy mice showed that this strain was
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Figure 1. Survival rates produced by selected Mycobacterium tuberculosis clinical isolates. Twenty mice were infected with the indicated M. tuberculo-
sis strain by the intratracheal route, and spontaneous death was recorded along the infection comparing with control animals infected with the
laboratory strain H37Rv. *Statistically significant (P < 0-05), when compared with mice infected with H37Rv strain analysed by Kaplan—Meier test.

highly transmissible, as demonstrated by the fact that the centage of purified protein derivative conversion in
lungs from contact mice showed threefold more CFU household contacts.

than the contacts of H37Rv-infected animals after
1 month, and fourfold more CFU after 2 months
(Fig. 5a). There were also significantly higher DTH
responses at 30 days (data not shown). These results were

Phenotype 2: strain that induces a low anti-
inflammatory cytokine response and shows increased

in agreement with the clinical/epidemiological informa- virulence

tion, which showed that this isolate was part of a big Mice infected with strain 1020319 showed 100% mortality
cluster that was over-represented in the community and after 9 weeks postinfection (Fig. 1b), more pneumonia
that was highly transmissible as indicated by a high per- than H37Rv-infected mice (Fig. 3b), but similar CFUs

7 7 7
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Figure 2. Kinetics of lung bacillary loads along the infection. BALB/c mice were infected through the intratracheal route with the indicated Myco-
bacterium tuberculosis clinical isolate and groups of four animals were killed at different time-points after infection, their lungs were removed and
used to determine bacillary loads by counting colony forming units (CFU), animals infected with laboratory strain H37Rv were used as controls.
Data are presented as mean and standard deviation at each time-point. *Statistically significant (P < 0-05) when compared with mice infected
with H37Rv strain.
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Figure 3. Percentage of lung surface affected by pneumonia. Lung histology sections from four animals per time-point infected with the indicated

strain were used to determine the percentage of lung surface affected by pneumonia using automated morphometry. Data are presented as mean

and standard deviation. *Statistically significant (P < 0-05) when compared with mice infected with H37Rv strain.

(Fig. 2b). In comparison with animals infected with
H37Rv, this strain induced higher expression of IFN-y
during late stages of disease, higher TNF-« levels through-
out, and very low IL-4 and IL-10 expression (Fig. 4a—c).

Healthy contact animals cohoused with mice infected
with this 1020319 strain showed similar lung CFU
(Fig. 5b), but a significantly higher DTH response after
1 month of cohabitation, when compared with contact
mice that lived together with H37Rv-infected animals,
although the difference in DTH was gone by 2 months
(data not shown). By our clinical/epidemiological criteria,
strain 1020319 was one of the short latency strains, which
was part of a cluster and provoked active disease in a
household contact within the first 2 years after diagnosis
of the index case.

Phenotype 3: strain that induces a strong protective
immune response early during infection and shows
less virulence

Animals infected with strain 2008920 survived better than
H37Rv-infected animals, with 70% survival compared
with 30% survival at 16 weeks postinfection (Fig. 1c).
This was coincident with lower CFUs and less lung sur-
face affected by pneumonia at 4 months postinfection
(Figs 2c and 3c). The study of cytokine expression in
infected lungs showed that this strain induced higher
expression of IFN-y during the first week in comparison
with H37Rv, and this was maintained during progressive
disease (Fig. 4a). Interleukin-4 was expressed at low levels
(Fig. 4b), whereas expression of TNF-o was significantly
higher during early and late disease (Fig. 4c). It would
seem that strain 2008920 is less virulent and stimulates an
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effective, protective cellular immune response. The bacil-
lus loads in the lungs of contact animals were similar to
those produced by H37Rv-infected mice (Fig. 5¢), but the
induced DTH was significantly higher after 1 month (data
not shown). The clinical/epidemiological picture of these
strains was one of ‘poorly transmissible’, with most of the
household contacts of the TB patient who harboured
strain 2008920 remaining skin test negative, although the
strain belonged to a small cluster of three members.

Phenotype 4: strains that eventually induced a
protective acquired immune response, and were less
virulent

Several strains showed this pattern. For example,
9985449, which was classified as a ‘long’ latency isolate
from the clinical/epidemiological data. Animals infected
with this strain showed an increased survival rate of 90%
after 16 weeks of infection (Fig. le), with lung bacterial
loads and pneumonic areas less than those seen in
H37Rv-infected mice at all time-points (Figs 2e and 3e).
During early infection (first month) and in comparison
with H37Ryv, this strain induced lower levels of IFN-y, fol-
lowed by very high and sustained IFN-y. However, there
was very high TNF-o expression from the first day of
infection with significantly lower IL-4 expression (Fig. 4).
Strains 1015312, 1036226, 3004245 and 2013094 produced
a similar mouse phenotype (Figs 1-3).

In the transmission experiments, healthy contact ani-
mals cohoused with mice infected with these strains
showed similar lung CFU to contacts of H37Rv-infected
animals (Fig. 5d,e). Similar DTH responses were also seen
after 1 month of cohousing (data not shown). Of the five
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Figure 4. Gene expression of cytokines determined by real-time reverse transcription—polymerase chain reaction in the infected lungs. BALB/c mice
were infected with the indicated Mycobacterium tuberculosis strain and killed at different time-points. The lungs from four different animals at each
time-point were used to determine the gene expression of interferon-y (IFN-7y), interleukin-4 (IL-4) and tumour necrosis factor-o. (TNF-o). In
comparison with control strain H37Rv (black bars), clinical isolate 9005186 (white bars) induced delayed IFN-y expression (a), rapid and higher
IL-4 expression (b), and higher but ephemeral TNF-o expression (c). After the first month of infection, clinical isolate 1020319 (diagonal lines)
induced higher expression of IFN-y (a), with very low IL-4 and IL-10 expression (b) and constantly higher TNF-o (c). Strain 2008920 (white
squares) induced higher IFN-y expression during the first week and later infection (a), lower IL-4 (b) and higher TNF-o expression (c) during late
disease. Strain 9985449 (hatched bars) induced lower IFN-y expression during early disease, followed by very high and sustained IFN-y; lower IL-4
during late disease and higher TNF-o expression particularly during the first month of infection. Data are the means and standard deviation.

*Statistically significant (P < 0-05) when compared with mice infected with H37Rv strain.

strains that demonstrated this phenotype, strains 1036226
and 2013094 were recovered from patients whose house-
hold contacts were mostly tuberculin negative; both
strains had unique fingerprints. Therefore, the clinical/
epidemiological picture for these strains fitted well with
the murine phenotype. The other three strains did not
match because they produced rapid skin test conversion
among household contacts (1015312), monoresistance to
streptomycin but belonged to a cluster of 11 members
(09985449) and high frequency of tuberculin reactivity
among household contacts (3004245).

Discussion

In this study, we took advantage of our population-based
study,'”'®* to select a panel of isolates representing
clinical/epidemiological diversity, and tested them in two
animal models. The first model has been previously
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characterized by our group,”''”*** and is based on time

to death, bacterial load, tissue damage and immunology
kinetics. The second model is new and additionally con-
siders bacterial pulmonary load and delayed tuberculin
reactivity among healthy mice that are cohoused with
infected animals. Based upon these markers, we were able
to identify four clearly defined strain phenotypes in the
mouse models. However, there was no absolute correla-
tion with the clinical/epidemiological criteria. We found
that rapid death, higher bacterial loads, more tissue dam-
age, immunological responses consistent with a Th2
response and transmission of infection to contact animals
(phenotypes 1 and 2) correlated with indicators of trans-
mission in the community, such as size of cluster and
tuberculin reactivity (strain 09005186) or rapid progres-
sion to disease (1020319) among household contacts.
However, when we analysed the mouse-model phenotypes
(3 and 4) characterized by slower time to death, lower

© 2008 Blackwell Publishing Ltd, Immunology, 128, 123-133



Virulence of M. tuberculosis in a murine model

(a) (b) ©
A ' 500 5.00
~ 5 9005186 4.50 450
0 = H37Rv 1 4.00 1020319 4.00 © 2008920
30 350 « H37Rv 3.50 * H37Rv
30 3.00 . 300
25 2.50 : 20 X
by 200 : 2.00
e : - 150 . : 150 , :
Ly 1.00 1.00
05 0-50 0.50
B 00 0-00 0-00 _
- 30 60 30 60 20 =0
g (d) ©
© 500 5.00
a0 = 1036226 450| 02013094 51015312
3.50 © 3004245 ag0|  =9985449 = H37RY
3.00 = H37Rv 3.00
2501 ] ] 250
2 B
1-00 / - W - 1.00
0-50, 050
0-00 .00
30 60

Days of cohousing

Figure 5. Pulmonary bacillary loads in animals with natural infection after cohousing with infected mice (transmissibility model). Groups of five

infected mice with the indicated strain were cohoused with five naive mice for 1 or 2 months, after which they were killed and their lungs were

cultured to determine bacterial colony forming units (CFU). Data are means and standard deviation. *Statistically significant (P < 0-05) when

compared with the control group.

bacterial loads, less tissue damage, cytokines indicating a
Thl response and absence or very little transmission to
contacts, only two of six tested strains showed consistent
patterns, These strains showed reduced transmission in
the community (very few tuberculin-positive household
contacts and unique fingerprint patterns, strains 1036226
and 2013094).

Our transmissibility model tries to reproduce the close
and prolonged contact between patients with TB and
household contacts using microisolator cages where
infected animals and naive mice lived together during
2 months. Lung CFUs demonstrated that this close con-
tact efficiently permitted the natural infection of naive
animals, and also induced activation of cellular immunity,
as was demonstrated by the DTH responses. Linkage
between high transmissibility and high virulence governs
the evolution of a wide range of infectious organisms,*®
particularly when the virulence is associated with patho-
gen rate of replication and transmission.”” Animals that
were exposed to the more virulent strain 09005186 devel-
oped the hallmark of progressive disease (pneumonic
patches) after 2 months of cohousing, whereas the other
low or intermediate virulence strains only induced small
granulomas and chronic inflammatory infiltrates (data
not shown). Transmission of bacilli from infected to
naive contact mice probably resulted from coprophagia
because only faeces produced positive cultures.

The first pattern was represented by a more virulent,
highly transmissible organism (09005186) with lower and
delayed expression of IFN-y and more rapid and higher
IL-4 expression and ephemeral TNF-¢ production.
Both IFN-y, leading to macrophage activation,”® and the

© 2008 Blackwell Publishing Ltd, /mmunology, 128, 123-133

emergence of a Th2 response counteracting the protective
Thl response through IL-4 expression correlate with the
severity of human and murine disease.”*”° Interestingly,
30 days after infection there were high bacillary loads
despite high IFN-y expression, suggesting involvement of
other protective mechanisms. The clinical/epidemiological
profile of strain 09005186 fits these criteria well because it
formed a large clone overrepresented in the community,
and produced higher tuberculin reactivity among house-
hold contacts.

The second pattern was represented by strain 1020319,
which was a more virulent strain with higher IFN-y and
TNEF-a expression associated with very low IL-4 and IL-10
expression during the progressive phase of the disease
(after 1 month of infection) resulting in significantly
higher lung inflammation and death. High expression of
IFN-y has been observed in human TB, while experimen-
tal lymphocytic lung infiltration, associated with specific
mycobacterial genes,”” has been correlated with immuno-
pathology rather than protection. Consequently, very low
production of immunomodulatory cytokines together
with high production of proinflammatory cytokines
induced death by immunopathology. This clinical isolate
showed similar lung bacillus counts to H37Rv in the
transmissibility model but higher DTH, indicating strong
inflammatory responses. From the epidemiological point
of view, strain 102319 was classified as a member of the
‘short latency’ group; it was part of a cluster and pro-
duced active disease in a household contact suggesting
that this strain was efficient in producing active disease.

The third pattern was related to a less virulent strain
(2008920) which induced an early and vigorous protective
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immune response resulting in lower mortality, decreased
bacillus loads and less tissue damage. This strain also
induced rapid and higher IFN-y expression with lower IL-
4 production, whereas during late disease IFN-y expres-
sion was maintained at high levels with significantly
higher expression of TNF-y, and mild expression of IL-4
resulting in efficient and rapid protective cellular immune
response, without excessive lung consolidation. Transmis-
sibility experiments showed higher DTH after 1 month.
This strain is similar to isolate CDC 1551, which also
induced strong Thl responses in mice and is not hyper-
virulent.” We were unable to correlate this mouse pheno-
type with the clinical epidemiological data.

The fourth pattern was related to less virulent strains
with delayed acquired protective immune responses. Five
clinical isolates showed these characteristics (strains
2013094, 1015312, 3004245, 09985449 and 1036226).
These clinical isolates induced higher IFN-y expression
after 1 month of infection, contrasting with progressive
disease and the decline of this Thl cytokine in controls.
Delayed activation of a Thl response together with early
higher TNF-o expression suggested that innate immunity
could be a significant factor for efficient control of early
infection. Contrasting with previous observations,’" beta-
defensins were not involved in the early efficient control
of bacillus growth (data not shown). These clinical iso-
lates showed transmissibility that was similar to (strains
3004245, 2013094, 1015312) or lower than (strain
2013094) that of H37Rv in the murine model. When the
clinical and epidemiological characteristics were reviewed
only strains 1036226 and 2013094 showed reduced trans-
mission in the community.

It is important to emphasize that all of these strains
had similar in vitro phenotypes (cord formation, growth
curves, response to exposure to hydrogen peroxide, data
not shown). Moreover, our data suggest that the current
use of H37Rv as the standard for animal models may be
flawed because there were important differences in
pathology caused by H37Rv.

Our results warrant further studies using subtractive
genomics, transcriptome hybridization and comparative
proteomics to better identify the extent to which
the genetic and genomic diversity of M. tuberculosis is
correlated with the quality of the host immune response.
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