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SUMMARY
A murine low-dose (LD) aerosol model is commonly used to test tuberculosis vaccines. Doses of
50-400 CFU (24-hour lung CFU) infect 100% of exposed mice. The LD model measures
progression from infection to disease based on organ CFU at defined time points. To mimic
natural exposure, we exposed mice to an ultra-low dose (ULD) aerosol. We estimated the
presented dose by sampling the aerosol. Female C57BL/6 mice were exposed to Mycobacterium
tuberculosis H37Rv aerosol at 1.0, 1.1, 1.6, 5.4, and 11 CFU presented dose, infecting 27%, 36%,
36%, 100%, and 95% of mice, respectively. These data are compatible with a stochastic infection
event (Poisson distribution, weighted R2= 0.97) or with a dose-response relationship (sigmoid
distribution, weighted R2= 0.97). Based on the later assumption, the ID50 was 1.6 CFU presented
dose (95% confidence interval, 1.2 to 2.1). We compared organ CFU after ULD and LD aerosols
(5.4 vs. 395 CFU presented dose). Lung burden was 30-fold lower in the ULD model at 4 weeks
(3.4 vs. 4.8 logs, p<0.001) and 18 weeks (≤3.6 vs. 5.0 logs, p=0.01). Mice exposed to ULD
aerosols as compared to LD aerosols had greater within-group CFU variability. Exposure to ULD
aerosols leads to infection in a subset of mice, and to persistently low organ CFU. The ULD
aerosol model may resemble human pulmonary tuberculosis more closely than the standard LD
model, and may be used to identify host or bacterial factors that modulate the initial infection
event.
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INTRODUCTION
Human infection with Mycobacterium tuberculosis (MTB) occurs after inhalation of
aerosolized bacteria from an infected person. When contacts of an infected source patient
are evaluated only a subset of the exposed humans are infected based on tuberculin skin test
conversion. The infection rate varies based on the infectivity of the source and the proximity
and duration of the exposure. Infection rates after the identification of single source patients
averaged 5% in Arkansas prisons, and 12% in Arkansas nursing homes (19). An exposure in
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the confined environment of a submarine infected 80% of humans sleeping in the same
compartment as the source (12).

The natural event of human tuberculosis exposure is assumed to be stochastic (12). Under
the stochastic assumption, the inhalation of an infectious quantum results in infection, and
the relationship between the aerosol dose and the infection rate is modeled by the Poisson
distribution. An alternative model is the biological dose-response relationship represented by
a sigmoid curve.

In a classic study demonstrating that MTB is spread through the aerosol route, guinea pigs
were placed in the exhaust air ducts of a tuberculosis ward, resulting in MTB infection in
19% of the animals (16). Subsequent animal models have used nebulizers to generate
aerosol MTB doses at high multiples of the infectious dose. These models generate uniform
infection of all animals. These models have been useful for natural history studies, and for
testing vaccines and therapeutics. However these models do not mimic the lower doses
associated with natural human infections that lead to only a portion of the population
acquiring infection.

A standard low-dose (LD) murine model has been widely used to test vaccines (2, 3, 9, 20).
Groups of vaccinated and unvaccinated mice are simultaneously challenged with an aerosol
dose between 50 and 400 CFU based on the retained dose, as measured by lung necropsy at
24 hours after exposure (13, 15). At these doses, all mice in the aerosol challenge are
infected. The lung bacterial burden increases rapidly during the first four weeks of infection
and then plateaus at around 105 to 107 CFU. In the early phase of infection, the MTB also
disseminates from the lungs to other organs such as the liver and spleen (4). The infection
leads to chronic disease with progressive tissue destruction in lung, liver, and spleen,
eventually leading to the death of the mouse. Vaccine efficacy is identified by reduced organ
CFU or by increased survival time.

To establish a partial infection model in which only a subset of animals are infected, we
exposed mice to an ultra-low-dose (ULD) aerosol. At these low doses, sentinel necropsy
does not provide a reliable estimate of the retained dose. Instead, we measured the presented
dose using Guyton’s formula to estimate the minute ventilatory volume of the mice and a
BioSampler to measure the viable aerosol concentration (18).

The goals of the current study were (1) determine the presented dose required to produce a
partial infection in mice, (2) determine if the relationship between presented dose and
infection rate is compatible with a stochastic model, and (3) estimate MTB median
infectious dose (ID50) in C57BL/6 mice.

MATERIALS AND METHODS
Bacterial strains and growth conditions

MTB H37Rv was used in all aerosol experiments. Frozen stock of 0.72 optical density was
used to prepare the inoculum. After thawing the frozen stock a calculated volume of stock
was diluted in 2 mL solution of phosphate-buffered saline (PBS) containing 0.05%
tyloxapol. The solution was then sonicated twice for 15 seconds with a two-minute interval
using an ultrasonicator (Misonix S-4000, Qsonica, LLC). It was then diluted in PBS-
tyloxapol to bring the final volume of the starting inoculum to 15 mL. Antifoam Y-30
(A5758, Sigma-Aldrich Co.) at a concentration of 0.002% was added to the inoculum prior
to the aerosol exposure. Bacterial titers were performed to determine the viable
concentration of the inoculum before and after aerosolization, and to determine the
BioSampler concentration.
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Animals
The animals were handled in the Regional Biocontainment Laboratory at Duke according to
an approved protocol by the Institutional Animal Care and Use Committee. 6-8 week old
C57BL/6 mice from Jackson Labs (Catalog No. 000664) were used for the aerosol
exposures. One week prior to the aerosol challenge animals were acclimatized in the
Biosafety Level 3 animal holding area. The area is set to a 12-hour on/off light cycle and is
environmentally controlled at 21°C room temperature and 50% relative humidity.

Aerosol exposures
A whole-body Madison exposure chamber connected to a Class III biological safety cabinet
was used for aerosol challenges (18). Aerosol was generated using a 6-jet Collision
nebulizer (CN25, BGI Inc.). The nebulizer was operated at 19±1 liters per minute (Lpm) and
35±1 pounds per square inch (1). The aerosol exposure was controlled by a turnkey system,
Aerosol Management platform (AeroMP, Biaera Tech., LLC) (8). The AeroMP system
controls, monitors, and records the aerobiology parameters of nebulizer, dilution, and
sampler air flow rates. The total airflow through the Madison chamber was set to 50 Lpm by
the AeroMP. The animals were loaded into the chamber with the air flow running through
the system. Time duration of aerosol exposures was 20 minutes, initiated and terminated by
the AeroMP. A BioSampler (SKC Inc.) with a flow rate of 12.5 Lpm was used to sample the
aerosol through a port on the door of the Madison chamber.

Madison chamber has been designed to trim large particles on to a baffle and allow small
particles to enter the mixing section of the chamber. The aerosol sampling from the mixing
chamber is anisokinetic. The chamber has been validated to disperse particles of consistent
size and concentration. We have previously demonstrated reproducible pulmonary delivery
among mice using this chamber (18).

Determination of presented dose and retained dose
The presented dose represents the number of viable bacterial CFU inhaled by the mouse
during the exposure. Presented dose was calculated using exposure volume and viable
aerosol concentration in the exposure chamber. Guyton’s formula was used to estimate the
minute ventilatory volume: VM= 2.1 × (BW) 0.75, where BW is the body weight of mouse
(8, 17). VE is exposure volume VE = VM × t, where t is exposure time. Dose presented: DP=
VE × Ca, where Ca is the viable aerosol concentration. Ca was calculated using the
BioSampler. Ca= (CSAMPLE × (VSAMPLER-(EC × t)))/(QSAMPLER × t), where CSAMPLE is
concentration in BioSampler, VSAMPLER is sampler initial volume, EC is evaporation rate, t
is exposure time duration, and QSAMPLER is sampler airflow rate.

The aerosol concentration was varied by changing the inoculum concentrations. The
retained dose was determined by lung necropsy in four mice sacrificed 24 hours after
exposure. Lungs removed from the mice were placed in a WhirlPak bag containing 2 mL of
PBS and homogenized by manually rolling a pipette on the bag. Defined volumes of the neat
homogenate and serial dilutions were plated on 7H10 agar plates (#221174, BD Diagnostic
Systems). The plates were incubated for 4 weeks at 37° C. The limit of detection (LOD) for
each group was determined based on the volume and dilutions plated. The volume and
dilutions were modified for different organs and time points based on predicted organ CFUs.
The upper limit for colony counting was 400 colonies per plate. When the most dilute
sample from an organ generated over 400 colonies per plate, the upper limit of quantitation
(LOQ) was used in place of the exact CFU.
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Analysis
The primary and secondary endpoints were the proportion of mice infected and the organ
CFU counts, respectively. Log-transformed organ CFUs were compared by t-test. The
correlation between the log-transformed presented dose and the log-transformed organ CFU
was assessed by linear regression.

The ID50 was estimated by plotting the proportion of mice infected as a function of the
presented dose, then fitting curves for a Poisson distribution and sigmoid dose-response. The
Poisson curve was represented by P = 1 − eˆ(-Dp/DI), where P is the proportion of animals
infected, Dp is the presented dose, and the constant DI represents the presented dose
corresponding to an infection event (infectious quantum). This formula was derived from the
general Poisson’s formula, P(κ; λ) = (λˆκ × eˆ-λ)/κ!, expressing the probability of exactly κ
occurrences, where λ is the expected number of occurrences. This formula was solved for
κ=0, representing the probability of no infection, eˆ-λ. This was subtracted from 1 to yield
the probability of infection, 1 - eˆ-λ. Lastly, the expected number of occurrences, λ, was
replaced by the ratio Dp/DI. The constant DI was then varied to produce the best fit to the
data, based on least squares, weighted by group size.

The sigmoid curve was represented by P = K/ (1 + eˆ(a + (b × log Dp))), where P is the
proportion of animals infected, and Dp is the presented dose. The constant K represents the
maximal response, while constants a and b together generate the slope and intercept.
GraphPad Prism version 5.01 was used to determine the best-fit curve and the ID50. Lastly,
the ID50 was calculated using the traditional method of Reed and Muench (14).

RESULTS
In the first set of experiments, four groups of mice were exposed to varying concentrations
of MTB aerosol, and then euthanized at multiple time points to determine the proportion of
infected mice and the organ CFU (Table 1, Fig. 1). Groups A through D received presented
doses ranging from 1 to 395 CFU/ mouse, corresponding to a retained dose of <2 to 53.
Presented dose for groups A, B, C, and D were based on the mouse weights of 20.6, 16.5,
18.7, and 18.7 grams. We refer to group D as an example of LD aerosol exposure and to all
other groups as ULD exposures.

All mice in groups B, C, and D were infected as shown by the presence of MTB in lung,
liver, and spleen at 4, 10, and 18 weeks post-exposure. At the lowest dose (group A),
infection was detected in only one mouse at each time point. As expected, there was a
positive dose-response relationship between the presented dose and the lung CFU at each
time point. Based on linear regression between log-transformed presented dose and log-
transformed lung CFU, the p-values for the correlation were <0.001, <0.001, 0.021, and
0.078 at 24 hours, 4 weeks, 10 weeks, and 18 weeks, respectively.

The lung burden of mice in all four groups increased rapidly during the first 4 weeks, then
slowed between weeks 4 and 18. This pattern has been observed in previous reports using
the LD aerosol infection model. However, the ULD exposure led to a persistently lower lung
CFU than the LD exposure. The lung CFU was lower in group B compared to D at 24 hours,
4 weeks, and 18 weeks by 0.8, 1.4, and 1.4 logs respectively (p = <0.001, <0.001, and 0.01).
Dissemination to liver and spleen was observed at 4, 10, and 18 weeks. There was greater
variation in CFU at these sites than in the lungs. The dose-response relationship was
statistically significant in both liver and spleen at 10 weeks (p <0.05), but not at 4 and 18
weeks.
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In a second set of experiments, larger groups of mice were exposed to ULD aerosols to
confirm the reproducibility of the establishment of a partial infection, and to estimate the
ID50. Groups E, F, and G received presented doses of 1.1, 1.6, and 11 CFU/ mouse,
resulting in infection of 36%, 36%, and 95% of mice, respectively (Table 2). We did not
measure the retained dose in these groups, as it was predicted to be too low for accurate
quantitation. Presented doses for groups E, F, and G were based on a theoretical mouse
weight of 18.9 grams. Presented dose correlated well with the proportion of infected mice
(Tables 1 and 2).

Figure 2 shows the lung CFU in these larger groups of mice exposed to ULD aerosol. The
SD in lung CFU in groups E, F, and G was 0.51, 1.85, and 0.39 logs respectively. This is
higher than the SD typically observed in the standard LD aerosol model of around 0.2 logs
at the 4-week time point. As an example of LD aerosol exposure, the SD in group D was
0.17 logs. This increased SD in the ULD as compared to the LD exposures may be
explained by the greater stochastic variation in the actual dose delivered to each mouse.

Necropsies in Groups E and G were carried out at 5 weeks and 4 weeks after infection,
respectively. There was a clear separation between infected and uninfected mice in these
groups with the lowest lung CFU at least one log over the limit of detection (Figure 2).
Necropsy in Group F was carried out earlier, at 3 weeks after infection. The separation
between infected and uninfected mice is less clear in this group as several infected mice had
a lung CFU near the limit of detection. The aerosol concentration in the exposure chamber
for the ULD groups A, E, F, and G, was 2.67 × 10-3, 3.13 × 10-3, 4.32 × 10-3, and 2.90 ×
10-2 CFU/mL, respectively. The aerosol concentration for groups B, C, D that led to 100%
infection was 1.56 × 10-2, 2.76 × 10-1, and 1.03 × 100 CFU/mL, respectively.

Figure 3 shows the proportion of infected mice as a function of the log presented dose for all
seven exposure groups. Best fit curves are shown based on a Poisson distribution and
sigmoid dose-response relationship. The Poisson curve corresponds to the stochastic (all-or-
none) model of infection, while the sigmoid curve corresponds to a biological dose-
response. The Poisson curve provided a good fit (weighted R2 = 0.973) with an ID50
estimate of 1.9 CFU presented dose, and an estimate of 2.8 CFU as the infectious quantum,
the presented dose corresponding to an infection event. The sigmoid curve also provided a
good fit to the data (weighted R2 = 0.970) with an ID50 estimate of 1.6 CFU presented dose
(95% confidence interval, 1.2 to 2.1), and an estimated maximal response of 100% infected.
The traditional method of Reed and Muench provided an ID50 estimate of 1.4 CFU
presented dose.

DISCUSSION
We delivered ULD MTB aerosol to mice, leading to infection in a portion of mice in four
independent experiments. The murine infection curve was consistent with both the Poisson
and sigmoid distribution. The stochastic (Poisson) assumption is supported in this study by
low infectious dose, the steep slope of the dose response curve, and the maximal response of
100%. Using the stochastic assumption, the ID50 of 1.9 CFU correlates with an infectious
quantum of 2.8 CFU presented dose. Since only a portion of the presented dose is delivered
to the lungs (18), these data are consistent with an infectious quantum of a single CFU.
Mycobacteria aggregate in growth media, so one MTB CFU in our aerosol may correspond
to multiple bacteria. We previously reported a mass mean aerodynamic diameter in our
MTB aerosols of 1.98 microns, larger than the predicted aerodynamic diameter of one
micron for a single bacterium (18). Aggregation in the starting inocula may have contributed
to the lack of linear correlation between the inoculum OD and CFU titer in Tables 1 and 2.
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The data gathered so far are compatible with either a stochastic or dose-response model. As
shown in Fig. 3, it is possible to distinguish stochastic and dose-response curves at very low
doses. The stochastic model predicts a near-linear relationship between event rate and dose
at very low doses, while the dose-response model predicts a threshold below which the event
rate is infinitesimal. For example, at a presented MTB aerosol dose of 0.2 CFU, the
stochastic model predicts an infection rate of 7.4% compared to the dose-response prediction
of 2.1%. At a presented dose of 0.1 CFU, the predictions are 3.8% and 0.6% respectively. A
murine exposure study could be carried out to distinguish between these two predictions,
though a very large number of mice would be required.

Infection by a single bacterium was hypothesized by Dannenberg and the results of our
study support his hypothesis (5). Dannenberg had postulated that upon entry of a single
bacterium, if it successfully evades the host defense mechanism, infects the macrophages
and multiplies to cause infection (5). Our results also validate the concept that infection is an
all-or-none event.

Several limitations of the ULD model should be noted. The primary outcome in the ULD
model is the proportion of mice infected. Larger group sizes are typically necessary for
pairwise comparisons using a dichotomous variable such as the proportion infected, as
compared to a continuous variable such as organ CFU. Though CFUs are measured in the
ULD model, we observed greater within-group variation (Figure 2) as compared to typical
LD results. Lastly, it is difficult to accurately measure the retained dose in the ULD model,
since the number of bacteria delivered is so low. This limitation could be overcome by
plating complete lung homogenates from a large number of mice. We have instead used the
presented dose as the standard dose measurement for these studies. If the ULD model is
used to assess the efficacy of a vaccine or therapeutic against the MTB infection event, then
it will be essential to expose control and experimental groups simultaneously to identical
aerosols. The capacity of the Madison chamber (72 mice) makes this feasible. Experiments
requiring larger numbers of mice may be accomplished with multiple exposures if the
experimental groups are stratified across exposures.

Previous studies in other vertebrate species have demonstrated a low infectious dose for
mycobacteria. Aerosol delivery of 3-5 CFU of MTB caused infection in guinea pigs as
demonstrated by granuloma formation, cytokine production, and bacterial burden at 3 to 4
weeks post infection (10, 11). A low dose of 5 CFU of M. marinum in adult zebra fish
delivered by intraperitoneal injection caused mortality (21). Intra-bronchial delivery of 10
MTB CFU in Rhesus monkeys caused asymptomatic tuberculosis in all the challenged
monkeys (7).

We are aware of two studies using low enough doses of mycobacteria to cause partial
infection in experimental animals. The first was the classic report by Riley and colleagues
demonstrating that MTB can be transmitted by the aerosol route (16). Guinea pigs were
placed in the exhaust duct of a tuberculosis patient ward over a period of two years. MTB
infection was demonstrated in 71 out of 373 guinea pigs. The viable MTB aerosol
concentration was not measured in this study. More recently, Dean and colleagues delivered
low doses of M. bovis to calves by the intra-tracheal route (6). Infection was identified by
sequential measurement of immune responses and by post-mortem examination. Intra-
tracheal delivery of 1, 10, 100, and 1000 CFU led to infection in 50%, 83%, 75%, and 75%
of calves, respectively. The authors estimated that one CFU in their intra-tracheal inoculum
represented eight bacteria (6). A sigmoid dose response curve fits these results well (R2 =
0.92), yielding an ID50 estimate of 1 CFU, and an estimated maximal response of 79%
infected. Since even high doses did not lead to 100% infection, these data does not fit a
Poisson curve (R2 = -0.02), and are not consistent with an all-or-none infection event.
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We chose inbred mice for this study to minimize within-group variation among the animals.
This relatively clean system generated a reasonably precise estimate of the ID50, and
generated data that was consistent with the stochastic all-or-none model. Many variables
present in human populations are not captured in this model, and are likely to influence the
infection event. These factors may include varied genetic backgrounds, prior mycobacterial
exposure, immune suppression, and lung damage related to non-infectious causes. These
factors may influence the ID50, the slope of the dose-response curve, and the peak response.
Variations on this murine model may allow the effect of some of these factors on the
infection rate to be assessed in a controlled laboratory environment.

The ULD model has some features that may mimic human tuberculosis infection more
closely than the standard LD model. A typical human exposure to infectious aerosol leads to
infection in only a small proportion of the exposed population. Human pulmonary
tuberculosis typically begins at a single pulmonary site, compatible with a single infectious
event. ULD model mimics the natural event, route, and dose of exposure.

The ULD model can be used to identify host or bacterial factors that modulate the initial
infection event. These factors may be different from those that influence progression from
the initial infection to disease. The ULD may be used to assess the effects of vaccination on
the infection event by comparing infection rates in control and vaccinated groups exposed to
the same aerosol.
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Figure 1. MTB CFU at varied time points after infection
Female C57BL/6 mice were exposed to various concentrations of MTB aerosol (Table 1),
resulting in the presented doses (Dp) indicated in the legend. CFU from lung (Fig. 1A), liver
(Fig. 1B) and spleen (Fig. 1C) were determined by necropsy at the time points shown. The
limit of detection (LOD) is shown for each group at each time point. The upper limit of
quantitation (LOQ) is also shown when applicable. Groups A, B, C, and D are represented
by square, diamond, circle, and triangle shapes, respectively. Individual mice within each
exposure group have the same pattern in the lung, liver, and spleen charts. When no bacteria
were grown, the results are plotted on the X-axis. Mean log CFU±SD for infected mice in
each exposure group are shown in the box. The brackets show statistically significant linear
correlations between the log-transformed Dp and log-transformed organ CFU across the four
exposure groups (**, p<0.001. *, p<0.05).
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Figure 2. MTB CFU in lungs after ULD exposure
Aerosol exposure groups are summarized in Table 2. CFU was determined by lung necropsy
of groups E, F, and G at 5, 3, and 4 weeks, respectively post aerosol exposure. The limit of
detection (LOD) is shown for each group. When no bacteria were grown, the results are
plotted on the X-axis. Dp: presented dose (CFU/mouse).
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Figure 3. Proportion of mice infected based on presented dose
Aerosol exposure groups A-G are described in Tables 1 and 2. The area of each data point is
proportional to the total number of mice in the group. Curves were plotted based on a
sigmoid dose-response (solid line) and a Poisson distribution (dashed line) as described in
Methods. The best-fit curves were determined by weighted least squares.
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