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Abstract
Mycobacterium tuberculosis and M. bovis BCG infect APCs. In vitro, mycobacteria inhibit IFN-
gamma-induced MHC-II expression by macrophages, but the effects of mycobacteria on lung APCs
in vivo remain unclear. To assess MHC-II expression on APCs infected in vivo, mice were aerosol-
infected with GFP-expressing BCG. At 28 d, ~1% of lung APCs were GFP+ by flow cytometry and
CFU data. Most GFP+ cells were CD11bhigh/CD11cneg-mid lung macrophages (58–68%) or
CD11bhigh/CD11chigh DCs (28–31%). Lung APC MHC-II expression was higher in infected mice
than naïve mice. Within infected lungs, however, MHC-II expression was lower in GFP+ cells than
GFP− cells for both macrophages and DCs. MHC-II expression was also inhibited on purified lung
macrophages and DCs that were infected with BCG in vitro. Thus, lung APCs that harbor
mycobacteria in vivo have decreased MHC-II expression relative to uninfected APCs from the same
lung, possibly contributing to evasion of T cell responses.
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Introduction
In vitro studies show that prolonged infection of macrophages with Mycobacterium
tuberculosis (Mtb) or M. bovis BCG (BCG) inhibits IFN-gamma-induced expression of class
II transactivator (CIITA) and MHC-II [1;2;3;4;5;6;7], as well as a subset of other IFN-gamma-
induced genes [3;7;8], and results in decreased MHC-II antigen presentation [1;2;4;5;6;9]. This
mechanism has been demonstrated with murine bone marrow-derived macrophages [1;2;4;7],
murine alveolar macrophages [5] and human monocyte-derived macrophages and THP-1 cells
[6;9]. Inhibition of CIITA and MHC-II is dependent on Toll-like receptor 2 (TLR2) signaling
and can be reproduced with purified Mtb components, such as triacylated lipoproteins, which
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are TLR2 ligands [1;2;7;9;10;11]. The inhibition involves blockade of IFN-gamma-induced
chromatin remodeling at the CIITA promoter [12]. These mechanisms may contribute to
immune evasion and persistence of Mtb by decreasing presentation of Mtb antigens by infected
APCs.

In contrast to the in vitro studies discussed above, in vivo studies using mouse models of
mycobacterial infection have provided a more complex picture of the effect of mycobacterial
infection on MHC-II expression. Most in vivo studies have not distinguished the small
proportion of APCs that are directly infected from the large proportion of uninfected APCs
that are present in the infected tissue. In vivo, T cell responses generate IFN-gamma, which
induces MHC-II expression by macrophages. Therefore, macrophage expression of MHC-II
may be increased except in the small proportion of macrophages that actually harbor
mycobacteria, in which mycobacterial inhibition of MHC-II may be manifested. Indeed,
overall MHC-II expression is increased on cells from inflammatory exudates induced by
mycobacterial infection (e.g. 12 d after i.p. infection with BCG) [13], but this does not reveal
the level of MHC-II expression by the small proportion of such cells that are actually infected
by mycobacteria.

This study reports analyses of lung APCs from mice that were aerosol-infected with GFP-
expressing M. bovis-BCG (BCG-GFP) to allow both the identification of cell types that are
infected and the comparison of infected vs. uninfected APCs from the same lung. Aerosol
infection recapitulates the natural route of mycobacterial infection, and BCG infection of mice
provides a good model of mycobacterial infection with a clinical course similar to that observed
of pulmonary infection of humans with Mtb that progresses to latent infection. After aerosol
infection of mice with BCG, bacterial burden increases to a peak at 4–5 weeks and then subsides
to low or undetectable levels of bacteria (in contrast, infection of mice with virulent Mtb
produces a progressive infection with much higher and more persistent bacterial burdens).
Following aerosol infection of mice with BCG-GFP, sufficient numbers of infected APCs for
our studies were present only near the peak of infection (e.g. 4 weeks), at which time ~1% of
all CD11b+ and/or CD11c+ “lung APCs” harbored mycobacteria. APC subsets were defined
by their CD11b and CD11c expression pattern, as adapted from the definitions of Gonzalez-
Juarrero [14]. Most cells harboring BCG-GFP were CD11bhigh/CD11cneg-mid lung
macrophages, but CD11bhigh/CD11chigh DCs were also infected. Bacteria were scarcely found
in CD11bneg-low/CD11cmid-high alveolar macrophages at this time point. Without
distinguishing GFP+ and GFP− events, MHC-II levels increased upon infection on all three
APC subsets (to varying degrees and not always with statistical significance), but this analysis
reflects the uninfected APCs that make up 99% of the APCs within infected lungs. When GFP
+ and GFP− cells from infected lungs were compared, both GFP+ lung macrophages and GFP
+ lung DCs had lower MHC-II expression than GFP− cells of these types. Thus, lung
macrophages and DCs that harbor mycobacteria have decreased MHC-II expression relative
to uninfected macrophages and DCs from the same lung, confirming a mechanism for inhibition
of MHC-II expression by mycobacteria in vivo.

Materials and Methods
Bacteria

M. bovis BCG, Connaught (ATCC 35745, Manassas, VA) was transformed with plasmid
pMV262 [15] (kindly provided by Joel Ernst, New York University, New York, NY) by
electroporation (2.5 kV, 800 Ohms, 25 μF) to make BCG-GFP. Transformants were grown on
Difco 7H11 agar (BD Biosciences, Franklin Lakes, NJ) in the presence of 30 μg/ml kanamycin
(Sigma, St. Louis, MO) at 37°C. The same medium was used for culture of lung homogenates
to determine colony-forming unit (CFU) counts over the course of infection. During plating
of lung homogenates to determine CFU, lung cells were not intentionally lysed; therefore, a
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lung cell harboring more than one BCG bacillus may have produced only a single colony,
assuming a lack of spontaneous cell lysis and release of BCG. The pMV262 plasmid is stably
maintained by BCG even in the absence of kanamycin for at least 28 d in an infected mouse
as indicated by similar CFU counts from lung lysates plated on selective versus non-selective
medium.

In vitro infection of bone marrow-derived macrophages
Femur marrow was obtained from female C57BL/6J mice (The Jackson Laboratory, Bar
Harbor, ME), which were 6–12 weeks old and housed under specific pathogen-free conditions.
To produce macrophages, bone marrow cells were cultured for 7–12 d in standard medium
(composed of DMEM (HyClone, Logan, UT) with 10% heat-inactivated FCS (HyClone), 50
μM 2-ME, 2 mM L-glutamine, 1 mM sodium pyruvate, 10 mM HEPES, pH 7.4), which was
supplemented with antibiotics and 25% cell-conditioned medium from the LADMAC cell line,
which provides M-CSF [16]. Prior to infection, macrophages were plated at 100,000 cells/well
in a 96-well plate and cultured overnight in standard medium without LADMAC or antibiotics
(unsupplemented standard medium). Bacteria were prepared from freezer stocks by thawing
at 37°C, resuspension in unsupplemented standard medium, and passage through a 26-gauge
needle 10 times to disrupt clumps of bacteria. Remaining clumps were removed by
centrifugation at 200 × g for 2 min. Bacteria were added to macrophages at MOI ranging from
0:1 to 40:1 (bacterium:macrophage) for 2 h at 37°C. After 2 h, any non-phagocytosed bacteria
were removed from the plates by washing with unsupplemented standard medium.
Macrophages and bacteria were incubated at 37°C for an additional 46 h, the last 24 of which
were in the presence of 2 ng/ml IFN-gamma, and then assessed with antigen processing assays
or flow cytometry.

Antigen presentation by bone marrow-derived macrophages
Soluble ovalbumin (OVA, Sigma) or OVA(323-339) peptide was added to macrophages for 2
h. Cells were washed in DMEM and fixed in 0.5% paraformaldehyde in PBS. DOBW T
hybridoma cells, which recognize OVA(323-339):I-Ad or OVA(323-339):I-Ab complexes,
were added (100,000 cells/well) for 24 h. IL-2 in the supernatant was measured by a
colorimetric CTLL-2 bioassay. Supernatants (100 μl) were combined with 5000 CTLL-2 cells
in 100 μl and incubated for 24 h. Alamar Blue (Trek Diagnostic Systems, Cleveland, OH) was
added for 24–48 h, and a Bio-Rad Model 550 microplate reader was used to determine
OD550–OD595.

Aerosol infection of mice and preparation of lung APCs
BCG-GFP cultures were prepared by adding 1.5 × 108 bacteria to 150 ml of 7H9 medium
(Difco) with 30 μg/ml kanamycin. Cultures were grown with shaking for 5 d at 37°C. Bacteria
were harvested at approximately mid-log phase by centrifugation (1800 × g, 15 min) and
resuspended in 10 ml sterile LPS-free water (Invitrogen, Carlsbad, CA). Bacterial clumps were
disrupted by three sequential aspirations through a sterile 26-gauge hypodermic needle, and
10 ml of the suspension was placed in the glass nebulizer chamber of the Inhalation Exposure
System (Glas Col, Terre Haute, IN). Female C57BL/6J mice (8–16 weeks old, Jackson
Laboratory, Bar Harbor, ME) were exposed to bacterial aerosol for 50 min with input and
output airflow rates set at 7 l/min and 24 l/min, respectively. The number of BCG-GFP
implanted in the lung was determined 1 d after infection by culturing lung homogenate. On
average, 2000–4000 CFU were present in the combined, lavaged lungs of each mouse.

After 28–33 d of infection, mice were anesthetized with 750 μl of 1.25% 2,2,2 tribromoethanol
(Sigma, T4840-2) in 40% 2-methyl-2-butanol (tert-amyl alcohol; Sigma, A-1685) i.p. and
exsanguinated by cutting the renal arteries. The diaphragm and the lower ribcage were removed
to expose the lungs, surrounding tissue was removed to expose the trachea, and an incision (1
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mm) was made in the trachea just below the first tracheal ring. An 18-gauge angiocatheter (BD
Biosciences) was inserted to lavage the lungs 3 times with 1 ml of sterile PBS to produce 3 ml
of bronchoalveolar lavage (BAL) fluid from each mouse. After lavage, lungs were removed,
minced in a glass Petri dish and incubated for 60–90 min at 37°C with rotation in 2.5 mg/ml
collagenase D (Roche, Indianapolis, IN) in RPMI (HyClone) supplemented with 10% fetal
bovine serum (FBS) (Hyclone). The suspension was forced through a 70-μm filter and pelleted
at 450 × g for 5 min. The supernatant was decanted, the pellet was resuspended in erythrocyte
lysis buffer (0.01 M Tris-HCl, 0.16 M NH4Cl, pH 7.3) for 5 min, and the suspension was
pelleted at 450 × g for 5 min. The pellet was resuspended in PBS with 0.5% BSA and passed
over a 40-μm filter to yield “total lung homogenate”. For experiments involving detection of
GFP+ events, cells were incubated with magnetic beads coated with anti-CD11b or anti-CD11c
(Miltenyi, Auburn, CA), washed and eluted according to the manufacturer’s instructions to
produce “CD11b affinity-sorted cells” or “CD11c affinity-sorted cells”. Cells from 2–10 mice
within an experimental group were pooled to produce BAL, total lung homogenate, CD11b
affinity-sorted cells or CD11c affinity-sorted cells. Samples of BAL, total lung homogenate,
CD11b affinity-sorted cells or CD11c affinity-sorted cells were cultured to determine bacterial
load (CFU).

Flow cytometry
BAL cells, total lung homogenate cells, CD11b affinity-sorted cells or CD11c affinity-sorted
cells were washed in PBS with 0.1% BSA and incubated for 30 min on ice in the same buffer
with 1:100 anti-CD16/CD32 (Pharmingen, BD Biosciences, San Jose, CA) to block Fc
receptors. Cells were then stained with one of 2 sets of antibodies. The first set consisted of
anti-CD11b-APC-CY7 (Pharmingen, #557657), anti-CD11c-Pacific Blue (eBioscience,
#57-0114-82, San Diego, CA) and anti-MHC-II-APC (eBioscience, #17-5321-82). The second
set (used before the first set of antibodies was available), consisted of anti-CD11b-APC-CY7,
anti-CD11c-APC (eBioscience, #17-0114) and anti-MHC-II (Y3P-biotin). The second set
required a second incubation with streptavidin-Pacific Blue (Molecular Probes, #S11222) for
30 min on ice. Use of CD11b- or CD11c-conjugated magnetic beads for preparation of cells
does not prevent subsequent staining for those markers by fluorochrome-tagged antibodies of
the same clone (manufacturer’s protocol, Miltenyi). Cells were analyzed with an LSR-II (BD
Biosciences) or FACsARIA (BD Biosciences) flow cytometer. From the R0 gate (all events),
the R1 gate was set to include all events except those with very low forward and side scatter,
consistent with subcellular debris. Events in the R1 gate were segregated according to the
expression of CD11b and CD11c for inclusion in the R2 (CD11bneg-low/CD11cmid-high), R3
(CD11bhigh/CD11cneg-mid) or R4 (CD11bhigh/CD11chigh) gate. The majority of cellular
autofluorescence falls within the green-yellow spectral region (500–600 nm), the same region
as GFP fluorescence. To correct for autofluorescence, events in these populations were plotted
on a 2-dimensional histogram to show fluorescence excited by the 488 nm laser at both 575
nm (autofluorescence correction channel) and 525 nm (GFP channel). Events that were shifted
toward greater fluorescence in the GFP channel relative to the autofluorescence channel were
included in gate R6, and other events were included in gate R5. Thus, BCG-GFP+ cells were
shifted into R6 relative to BCG-GFP− cells with similar autofluorescence profiles that were
present in R5.

Flow cytometry data were analyzed with WinList software (Verity Software House, Topsham,
ME). MFIs represent linear means of events from a specified gated cell population from a
single experiment. The percentage of events within a gate is expressed as the mean +/− standard
deviation (SD) of results from 3–4 replicate experiments, each containing 2–10 mice, unless
a single representative experiment is explicitly presented. MHC-II expression by different cell
subsets was assessed by comparing the mean MFI values for different groups (e.g. BCG-GFP
+ vs. BCG-GFP−) from multiple experiments with groups from a single experiment paired.
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MFI data from multiple experiments were summarized by mean and standard error of the mean
(SEM). The difference of MFI between two groups was examined by paired T-test. All tests
were two-sided, and p-value ≤ 0.05 was considered statistically significant.

Microscopy
Cells from gate R6 were sorted onto microscope slides with a FACSAria to confirm their
infection and count the number of bacilli per cell. Cells were mounted in ProLong Gold anti-
fade medium (Molecular Probes) containing DAPI. Images shown were generated with a Zeiss
LSM510 inverted confocal microscope system using a Plan-Apochromat 63x/1.4 oil DIC
objective with a 2x zoom. For scoring cells, a Leica DM LB fluorescence microscope with a
100X objective was employed.

Antigen presentation by purified lung APCs
Homogenates were prepared from post-lavaged lungs of 20 naïve BALB/c mice as described
above, dead cells and tissue debris were removed using a dead cell removal kit (Miltenyi), and
CD11c affinity-sorted cells were prepared as described above. A FACsAria flow cytometer
(BD Biosciences) was used to sort APCs by CD11b and CD11c expression, typically yielding
106 alveolar macrophages, 5–8 × 105 lung macrophages and 105 dendritic cells. Purified lung
APCs were incubated in 96-well plates (50,000–75,000/well for alveolar and lung
macrophages; 50,000 cells/well for lung DCs) in standard medium for 24 h and then with or
without BCG-GFP for an additional 48 h, the last 24 h of which was with 4 ng/ml IFN-gamma.
Soluble endotoxin-free OVA (Profos AG, Germany) was then added at 1 mg/ml for 24 h with
fresh IFN-gamma (4 ng/ml). Cells were washed, fixed in paraformaldehyde, washed and
incubated with DOBW cells as described above. IL-2 was measured by ELISA.

Results
Flow cytometry detection of bone marrow-derived macrophages infected with BCG-GFP in
vitro

To establish a method for distinguishing mycobacteria-infected cells from uninfected cells, we
expressed GFP in BCG, and the resulting BCG-GFP bacteria were used to infect mice or cell
cultures. Transformation of BCG with the GFP-expressing plasmid pMV262 increased
bacterial MFI approximately twenty-fold over background (Fig. 1A) to a level exceeding the
background MFI of bone marrow-derived macrophages (Fig. 1B). To test detection of cells
infected with BCG-GFP, bone marrow-derived macrophages were incubated with BCG-GFP
for 48 h at varying MOI (IFN-gamma was added for the last 24 h), and the cells were analyzed
by flow cytometry (Fig. 1B). With MOI of 5:1, BCG-GFP-infected cells were readily detectable
with a shift in fluorescence. At MOI of 40:1 most bone marrow-derived macrophages were
infected, as manifested by increased MFI, and MHC-II expression was decreased by 2-fold
(Fig. 1C, D). In addition, BCG-GFP caused a dose-dependent decrease in the ability of bone
marrow-derived macrophages to process OVA and present it to DOBW T hybridoma cells
(Fig. 1E). These results indicate that BCG-GFP inhibits MHC-II expression and antigen
processing/presentation, consistent with earlier studies with Mtb [1;2;3]. Furthermore, cells
harboring BCG-GFP were detected by flow cytometry in this in vitro system, allowing us to
further test this approach for ex vivo analysis of cells infected in vivo in the course of pulmonary
mycobacterial infection.

Infection with BCG-GFP increases numbers of CD11bhigh/CD11chigh cells in the lung
The main goal of this study was to compare the expression of MHC-II by BCG-infected vs.
uninfected APCs from the same lungs. As a foundation to achieve this primary goal, we first
characterized the lung APC subsets that were present with or without aerosol infection with
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BCG. Lungs of naïve mice were lavaged to remove alveolar macrophages, which were
analyzed separately, and lungs were then minced, digested with collagenase, and passed
through a 40-μm filter to create a single cell suspension (“total lung homogenate”). Cells were
stained for CD11b and CD11c for flow cytometry (Fig. 2A). From all events (R0 gate), the R1
gate was set to include all R0 events except those with very low forward and side scatter
consistent with subcellular debris (Fig. 2B). From R1, events were gated into the
CD11bneg-low/CD11cmid-high (R2), CD11bhigh/CD11cneg-mid (R3) or CD11bhigh/CD11chigh

(R4) gate (Fig. 2B). Lung APC subsets were defined as in previous studies [14;17],
characterizing CD11bneg-low/CD11cmid-high cells (gate R2) as alveolar macrophages (in BAL
or post-lavage residual alveolar macrophages in lung), CD11bhigh/CD11cneg-mid cells (gate
R3) as lung macrophages, and CD11bhigh/CD11chigh cells (gate R4) as DCs (Table 1). These
definitions are useful to distinguish major APC subsets in a manner consistent with prior
studies, although they are approximations, given the array of APC phenotypes and the limited
resolution of subsets by expression of CD11b and CD11c alone. Although it is useful to analyze
these subsets separately for some purposes, our subsequent conclusions regarding changes in
MHC-II expression are not dependent on isolation of single APC types by this approach.

Within homogenates of lavaged naïve mouse lungs, CD11bhigh/CD11cneg-mid lung
macrophages were the most abundant APC subset (Fig. 2B, C), representing 29.7 +/− 3.4% of
cells in R1 and 71.1 +/− 2.5% of total lung APCs (R2 + R3 + R4) (numbers represent mean +/
− SD for three independent experiments). CD11bhigh/CD11chigh DCs accounted for 3.2 +/−
1.2% of cells in R1 and 7.5 +/− 2.3% of total lung APCs, and CD11bneg-low/CD11cmid-high

alveolar macrophages were 9.1 +/− 1.9% of cells in R1 and 21.7 +/− 3.8% of total lung APCs.
Analysis of BAL from naïve mice showed that 69.7 +/− 4.1% of BAL cells belonged to the
CD11bneg-low/CD11cmid-high subset, 3.4 +/− 2.6% were in the CD11bhigh/CD11chigh subset,
and 0.8 +/− 0.6% were in the CD11bhigh/CD11cneg-mid subset. The remainder of both the lung
homogenate and the BAL consisted of CD11bnegative/CD11cnegative cells.

To characterize APCs from BCG-infected lungs, C57BL/6J mice were aerosol-infected with
BCG, an established model for pulmonary mycobacterial infection [18;19;20], to achieve 300–
400 CFU in the BAL and 2000–4000 CFU in the post-lavage lung tissue as assessed 1 d after
infection. Bacterial loads peaked at 4–5 weeks post-infection, with 1.7 × 104 – 7.5 × 104 CFU
per set of lavaged mouse lungs, and then declined, as previously described [18]. After aerosol
infection of mice, BCG achieves pulmonary bacterial loads that are much lower than those
achieved with virulent Mtb, and sufficient numbers of infected APCs for our studies were
obtained only near the peak of infection (~4 weeks). Therefore, mice were sacrificed 28–33 d
after aerosol infection with BCG-GFP, and lung cells were prepared for flow cytometry (Fig.
2A). Our initial analysis addressed changes in lung APCs and their expression of CD11b and
CD11c without measuring GFP signal (Fig. 2B, C). Of APCs isolated from lung tissue, BCG
infection increased CD11bhigh/CD11chigh cells from 3.2 +/− 1.2% to 7.5 +/− 2.3% of R1 total
lung homogenate cells (average of 3 experiments), whereas CD11bneg-low/CD11cmid-high cells
decreased from 9.1 +/− 1.9 % to 4.3 +/− 2.2% of R1 cells. The CD11bhigh/CD11cneg-mid subset
was essentially unchanged with infection, representing 29.7 +/− 3.4% and 29.5 +/− 7.0% of
R1 cells from naïve and BCG-GFP-infected mice, respectively. Within the BAL, BCG
infection expanded the CD11bhigh/CD11chigh subset from 3.4 +/− 2.6% to 22.5 +/− 5.8% of
R1 BAL cells, whereas the CD11bneg-low/CD11cmid-high subset decreased from 69.7 +/− 4.1%
to 57.3 +/− 3.3% of R1 BAL cells, and the CD11bhigh/CD11cneg-mid subset increased from 0.8
+/− 0.6% to 2.9 +/− 2.5% of R1 BAL cells. In summary, infection with BCG increased the
proportion of CD11bhigh/CD11chigh DCs in both the lung and the BAL, while the proportion
of CD11bhigh/CD11cneg-mid lung macrophages remained constant in the lung and increased
within the BAL and the proportion of CD11bneg-low/CD11cmid-high alveolar macrophages
declined in both lung and BAL.
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Ex vivo flow cytometry detection of infected lung APCs following in vivo aerosol-induced
pulmonary infection with BCG-GFP

To study APCs that harbored mycobacteria in vivo, lungs were harvested 28–33 d after aerosol
infection with BCG-GFP. Immunoaffinity isolation with anti-CD11b or anti-CD11c magnetic
beads was used to enrich APCs and remove contaminating lung cell populations with high
autofluorescence that interfered with detection of GFP (Fig. 3 and subsequent figures). Cells
were then stained for CD11b and CD11c for flow cytometry. The R1 gate was used to exclude
subcellular debris (Fig. 3A, D), and lung APC subsets were defined from R1 events based on
levels of CD11b and CD11c expression (Fig. 3B, E). Total lung APCs (CD11b+ and/or CD11c
+ cells; R2 + R3 + R4) were then analyzed for GFP signal. Since most lung APCs express at
least low levels of both CD11b and CD11c, the cell populations isolated by CD11b and CD11c
immunoaffinity sorting were overlapping. Nonetheless, analyses were performed separately
on both CD11b and CD11c immunoaffinity-sorted cell samples to avoid potential selection
bias due to preferential isolation of APC subsets with higher expression of CD11b or CD11c.
The similar results we obtained with the two sorted cell samples provided additional
confirmation of our conclusions.

A two-parameter autofluorescence correction method [21;22] was used to detect GFP+ cells,
since signal from BCG-GFP was not sufficient to shift fluorescence beyond the widely-spread
background autofluorescence of the population on a one-dimensional histogram. Total CD11b
+ and/or CD11c+ cells (R2 + R3 + R4) from either CD11b or CD11c immunoaffinity-sorted
samples were plotted on a two-dimensional histogram to show fluorescence (excited by the
blue 488 nm laser) at 575 nm (autofluorescence correction channel) vs. 525 nm (GFP channel).
Events that were shifted toward greater fluorescence in the GFP channel relative to the
autofluorescence channel were included in gate R6, and other events were included in gate R5
(Fig. 3C, F). The GFP-specific shift in fluorescence appeared smaller than reported by some
other groups [17;21], possibly due to smaller numbers of bacteria present after aerosol infection
(as opposed to intranasal infection), paraformaldehyde fixation in our protocol, which increases
cellular autofluorescence (but is advantageous for biohazard control), or different fluorescence
intensity of BCG-GFP strains. GFP+ infected cells were not detected in BAL, perhaps
reflecting the low level of infection of alveolar macrophages at this time point and the high
autofluorescence of these cells. Of CD11b affinity-sorted total lung APCs (R2 + R3 + R4), the
mean proportion of GFP+ events (R6 gate) was 0.60 +/− 0.21% (range of 0.38% to 0.86% over
4 experiments). In CD11c affinity-sorted samples, GFP+ events (R6) represented 0.52 +/−
0.26% (range of 0.21% to 0.82% over 4 experiments) of lung APCs. Overall, these results
indicate that BCG-GFP is detected by flow cytometry in approximately 0.6% of lung APCs.

Flow cytometry detection of BCG-GFP-infected cells was validated by several approaches.
First, R6 events were enumerated in cells from lungs of naïve mice or mice infected with non-
fluorescent BCG. From naïve mice, 0.09 +/− 0.10% (range of 0.02% to 0.24% in 4 experiments)
of CD11b affinity-sorted cells and 0.07 +/− 0.02% (range of 0.05% to 0.09% in 4 experiments)
of CD11c affinity-sorted cells were in the R6 gate (Fig. 3C), indicating a false positive
background of approximately 15% of the signal seen in BCG-GFP-infected mice. From mice
that were infected with non-fluorescent BCG, 0.07% of CD11b affinity-sorted and 0.09% of
CD11c affinity-sorted cells were in the R6 gate, indicating a 12–17% background. Thus, the
background in this assay was only ~15%, and the similar background with naïve and non-
fluorescent BCG-infected mice justified subsequent comparison of BCG-GFP-infected and
naïve mice.

A second validation approach was to sort R6 events by FACS and then perform fluorescence
microscopy (Fig. 4A). Clearly demarcated fluorescent bacteria were present in 55 +/− 23% of
CD11b affinity-sorted cells in the R6 gate and 59 +/− 21% of CD11c affinity-sorted cells in
the R6 gate (mean +/− SD, 3–4 experiments), and many other cells contained highly fluorescent
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granules, apparently representing partially degraded mycobacteria. Thus, most cells in the R6
gate contained BCG-GFP. The majority of CD11b or CD11c affinity-sorted cells in the R6
gate contained 1–5 rods (Fig. 4B), and many contained only a single visible BCG-GFP bacillus,
indicating that sensitivity of flow cytometry was sufficient to detect infection with a single
bacillus.

A third validation approach was to compare the number of BCG-GFP+ APCs to the number
of CFU cultured from infected tissues with both numbers normalized to the number of cells in
the starting material. Assuming that each CFU represents one infected cell, the flow cytometry
sensitivity (detection efficiency) was 38–42% (Table 2). Since cells that contained more than
one bacillus may have produced more than one CFU, the number of infected APCs may have
been lower than implied by the CFU analysis, implying a higher flow cytometry detection
efficiency than calculated above. Although there are caveats to this sensitivity analysis, it is
reassuring that the sensitivities implied by independent CFU and fluorescence microscopy
analyses are in reasonable agreement. In summary, APCs that harbor BCG-GFP in vivo can
be identified by ex vivo flow cytometry, allowing subsequent studies to compare infected and
uninfected APCs from lungs of mice with pulmonary mycobacterial infection.

CD11bhigh/CD11cneg-mid lung macrophages harbor the most bacteria, but a higher proportion
of CD11bhigh/CD11chigh lung DCs is infected

Flow cytometry was used to determine which APC subsets harbored bacteria after aerosol
infection with BCG-GFP. The CD11bhigh/CD11cneg-mid subset contained the largest number
of GFP+ events, followed by the CD11bhigh/CD11chigh subset (Fig. 5). Of GFP+ (R6) events
derived from CD11b affinity-sorted cells, CD11bhigh/CD11cneg-mid cells represented 67.9 +/
− 12.9% and CD11bhigh/CD11chigh cells represented 27.5 +/− 13.0% (n = 4 experiments).
CD11bneg-low/CD11cmid-high cells were too scarce in CD11b affinity-sorted samples for
analysis of GFP+ events. Of GFP+ (R6) events derived from CD11c affinity-sorted cells,
CD11bhigh/CD11cneg-mid cells represented 57.9 +/− 22.6%, CD11bhigh/CD11chigh cells
represented 30.9 +/− 16.9%, and CD11bneg-low/CD11cmid-high cells were 7.2 +/− 3.9% (higher
autofluorescence of this population may have caused an underestimate of the number of
infected CD11bneg-low/CD11cmid-high cells). Thus, most BCG-GFP-infected APCs were in the
CD11bhigh/CD11cneg-mid “lung macrophage” subset, and CD11bhigh/CD11chigh DCs were the
other major subset of infected cells. Since there are far fewer CD11bhigh/CD11chigh cells than
CD11bhigh/CD11cneg-mid cells in the lung, a higher proportion of CD11bhigh/CD11chigh DCs
was actually infected.

Pulmonary infection increases mean MHC-II expression on lung APCs, but MHC-II is
decreased on APCs that harbor mycobacteria

Several groups have demonstrated that infection of macrophages with mycobacteria in vitro
inhibits expression of MHC-II, a finding that has yet to be demonstrated in vivo. To address
regulation of MHC-II expression on specific subsets of infected lung APCs, MHC-II
expression was assessed on CD11bneg-low/CD11cmid-high (R2), CD11bhigh/CD11cneg-mid (R3)
and CD11bhigh/CD11chigh (R4) lung cells from both naïve and infected mice. Each APC subset
was divided into GFP− (R5) and GFP+ (R6) cells and levels of MHC-II expression were
assessed. For all three APC subsets the mean MHC-II expression was higher on GFP− (R5)
APCs from infected lungs than APCs from naive lungs (data cited below represent mean values
from at least three independent experiments +/− SEM). MHC-II expression increased 4.00 +/
− 0.49-fold for total R2 cells, 1.24 +/− 0.27-fold for total R3 cells and 1.90 +/− 0.53-fold for
total R4 cells (p < 0.05 for R2; p > 0.05 for R3 and R4). However, GFP+ (R6) cells in the
CD11bhigh/CD11cneg-mid (R3) and CD11bhigh/CD11chigh (R4) subsets had significantly lower
MHC-II levels than GFP− (R5) cells in the same subsets from the same lungs. There was a
1.73 +/− 0.11-fold decrease in MHC-II expression for R3 cells and a 1.70 +/− 0.14-fold
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decrease for R4 cells (Fig. 6, p < 0.05 for both). There were insufficient numbers of GFP+ R2
events for analysis. On GFP+ APCs from both R3 and R4, MHC-II expression was reduced to
a level that was not significantly different from MHC-II expression on cells from naïve mice.
In summary, BCG-GFP infection generally increased MHC-II expression on APCs that did
not harbor mycobacteria, but MHC-II levels were significantly lower on lung macrophages
and dendritic cells that actually harbored BCG-GFP than on uninfected cells of the same APC
subsets from the same lungs.

Infection with BCG-GFP in vitro inhibits MHC-II antigen processing and presentation in all
lung APC subsets

Although MHC-II levels were significantly lower on BCG-GFP+ macrophages and dendritic
cells after infection in vivo, flow cytometry studies of cells from infected lungs did not suffice
to determine whether MHC-II antigen presentation by lung APCs was functionally inhibited.
Since the very low number of BCG-GFP+ cells present in infected lungs precluded isolation
of sufficient numbers of in vivo-infected APCs for functional antigen presentation assays, lung
APCs were purified from lungs of naïve mice, infected in vitro with BCG-GFP and used in an
assay of antigen processing and presentation to determine the functional impact of infection.
Infection with BCG-GFP inhibited the ability of all three lung APC subsets, alveolar
macrophages, dendritic cells and lung macrophages, to process and present exogenous OVA
to DOBW T hybridoma cells (Fig. 7). These data confirm that the reduction in MHC-II
expression that results from infection of lung macrophages and DCs in vivo is paralleled by an
infection-induced functional deficit in antigen processing and presentation function, albeit one
that was studied by in vitro infection of these purified lung APC subsets.

Discussion
The goals of this study were to develop a method to distinguish lung APCs harboring
mycobacteria from uninfected APCs in the same lung and apply this tool to assess direct
regulation of APCs by mycobacteria (distinct from regulation by cytokines and other factors
present in the infected lung). Mice were aerosol-infected with BCG-GFP. Our study focused
exclusively on the peak of infection at ~28 d, when sufficient numbers of BCG-GFP-infected
APCs could be isolated for analysis. Mycobacterial inhibition of MHC-II expression may be
more pronounced and effective later in the course of infection, but later time points yield too
few infected APCs to permit the type of analysis used in this paper. Overall, we observed that
MHC-II expression was lower in infected APCs than in uninfected APCs of the same subsets
from the same infected lungs. This is a novel in vivo demonstration of mycobacteria-induced
inhibition of MHC-II, a process that has been studied in vitro.

During pulmonary infection, mycobacteria can infect both macrophages and dendritic cells.
Following aerosol infection with BCG-GFP (28 d), we observed that most infected cells were
CD11bhigh/CD11cneg-mid lung macrophages, although a higher percentage of the less abundant
CD11bhigh/CD11chigh DCs was infected. Previous studies have shown that after intranasal
infection of mice for 48 h with BCG-GFP, 15% of infected cells in the lung had a DC phenotype
(CD11c+/33D1+), while the rest were categorized as macrophages [21]. In a study by
Humphreys et al., Mtb was contained largely within alveolar macrophages at early time points
after intranasal infection and then largely within CD11bhigh/CD11chigh DCs at later time points
[17]. In other studies with aerosol infection with Mtb, infection of DCs was also prominent
[23]. Thus, both macrophages and DCs harbor mycobacteria in the infected lung, and the
proportions of infected cell types vary with the time point and infection model.

A great deal of in vitro work with both murine and human primary cells and cell lines has
shown that IFN-gamma-induced MHC-II expression is decreased on macrophages (including
alveolar and bone marrow-derived macrophages) upon infection with mycobacteria or
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exposure to mycobacterial components, e.g. lipoproteins LpqH, LprG or LprA, which signal
through TLR2 [1;2;3;4;5;6;7;9;10]. The decrease in MHC-II protein expression by
macrophages correlates with decreases in the mRNA for MHC-II and CIITA [2;4], which is
the master regulator of MHC-II gene transcription. While mycobacteria and TLR agonists
increase expression of MHC-II protein on bone marrow-derived DCs [10], this increase reflects
post-translational regulation, and these stimuli decrease CIITA and MHC-II mRNA in DCs,
like macrophages. Interestingly, our studies suggest that infection with BCG in vivo may
decrease MHC-II expression on lung DCs, in contrast to results with bone marrow-derived
DCs in vitro. Mycobacteria also inhibit macrophage expression of other genes that contribute
to antigen processing and presentation [7]. As a result, mycobacteria decrease the ability of
macrophages to process and present antigens to T cells [1;4]. This process requires
mycobacterial infection or stimulation of TLR2 by mycobacterial lipoproteins for ~24 h to
allow for a number of events, putatively including TLR2 signaling, induction of negative
regulators of CIITA transcription (including C/EBP) [24], chromatin remodeling at the CIITA
promoter [12], decreased CIITA transcription and sequential decay of CIITA mRNA, MHC-
II mRNA and MHC-II protein expression. In addition to the goal of evaluating MHC-II
regulation in vivo, this study extends prior experiments to include in vitro studies of lung-
derived APCs (Fig. 7), demonstrating that MHC-II antigen processing and presentation is
inhibited by BCG infection of purified lung macrophages and dendritic cells, as well as alveolar
macrophages.

While previous studies of in vivo mycobacterial infection have reported an increase in MHC-
II expression on macrophages [13;14], these studies did not distinguish the small proportion
of macrophages that actually harbored mycobacteria, and it is necessary to distinguish direct
regulation of infected macrophages by mycobacteria from regulation of the more numerous
uninfected macrophages by cytokines and other regulators that are present in infected tissue
(e.g. IFN-gamma that is increased at this time point of infection). Accordingly, we used flow
cytometry to discriminate BCG-GFP-infected APCs from uninfected APCs from the same
lungs using a method sensitive enough to detect a single BCG-GFP bacillus in an APC.
Consistent with prior in vivo/ex vivo studies, we observed that infection of mice with BCG-
GFP increased MHC-II expression on most lung APCs, but our studies revealed the novel
finding that MHC-II expression was lower on GFP+ (infected) cells than on GFP− (uninfected)
cells of the same APC subset for both CD11bhigh/CD11chigh DCs and CD11bhigh/
CD11cneg-mid lung macrophages (we obtained too few GFP+ CD11bneg-low/CD11cmid-high

alveolar macrophages for this analysis). MHC-II expression was decreased on GFP+ lung
macrophages and DCs to levels that were not significantly different from those seen on the
same APC subsets from naïve mice.

One issue is the degree of inhibition achieved, since mean MHC-II expression was only
partially inhibited in BCG-GFP+ APCs (60% and 59% inhibition relative to GFP− DCs and
lung macrophages, respectively). The mean decrease in MHC-II expression may understate
the impact of the effect, since the APC subsets defined by expression of CD11b and CD11c
are heterogeneous, and minor subsets with greater inhibition of MHC-II may provide important
niches for the small numbers of mycobacteria that persist in latent inhibition. In addition,
antigen presentation may be inhibited further by mechanisms other than decreased MHC-II
expression. Indeed, we observed Mtb-induced defects in expression of multiple genes that
contribute to antigen processing or presentation [7], and inhibition of antigen processing and
presentation was more profound than the decrement in MHC-II expression [9]. Similarly, Fig.
1E demonstrates that processing and presentation of OVA by bone marrow-derived
macrophages is substantially inhibited even at an MOI (e.g. 10:1) that causes only partial
inhibition of MHC-II expression, and Fig. 7 shows that BCG infection strongly inhibits antigen
processing and presentation function of alveolar macrophages, lung macrophages and lung
DCs (functional inhibition again more dramatic than the change in MHC-II expression). We
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speculate that even greater inhibition of MHC-II expression may occur during later stages of
infection that were not analyzed in our study (due to insufficient bacterial load for BCG-GFP
flow cytometry analysis). Thus, a combination of in vivo and in vitro results suggest that
mycobacteria inhibit APC function, contributing to their ability to evade T cell immunity during
latent infection.

Other studies have produced various insights into in vivo regulation of MHC-II on lung APCs.
One study showed that MHC-II levels on CD11b+CD11chigh foamy macrophages increased
upon acute infection with Mtb but dropped below the level seen on cells from naïve mice in
later stages of chronic infection [25]. In another study, acute Mtb infection increased MHC-II
expression on all APC subsets except CD11bhigh/CD11chigh DCs, but MHC-II expression by
most APC subsets later decreased to levels seen on cells from naïve mice [14]. An
immunohistochemical study showed that MHC-II levels were low on macrophages within
granulomas that contained Mtb, whereas surrounding DCs had higher MHC-II expression
[26]. Recently, Kincaid et al used infection with GFP-expressing Mtb to assess MHC-II levels
on infected versus uninfected lung cells from mice infected with Mtb H37Rv. Their studies
did not reveal statistically significant changes in MHC-II expression on macrophages, while a
small, statistically significant increase in MHC-II expression was present on infected DCs at
21 d after infection but not at 28 or 35 d after infection [27]. Thus, in vivo studies have produced
varying results with different models, but our data and some other reports suggest that MHC-
II expression may be decreased on specific APC subsets at certain times during Mtb infection,
even though MHC-II expression may be increased on other APCs or at other time points.
Moreover, inhibition of MHC-II expression in even a small proportion of APCs would suffice
to provide niches for the small number of Mtb bacilli that persist during chronic infection.

Although TLR2 has been implicated in the inhibition of MHC-II expression, which may allow
Mtb to evade immune surveillance, the overall impact of TLRs in mycobacterial disease is to
promote the host immune response. In humans, polymorphisms that cause a defect in TLR2
signaling worsen outcomes in both tuberculosis and leprosy [28;29;30], and TLR2 is important
for the murine immune response to mycobacterial infection [31;32]. Thus, the predominant
role of TLRs in mycobacterial disease is host-beneficial. However, one consequence of
prolonged TLR2 signaling is inhibition of MHC-II expression an antigen presentation by
macrophages. We propose that this reflects a homeostatic program designed to down-regulate
APC function to prevent excessive generation of inflammatory and tissue-damaging effector
T cell responses, and this program may be subverted by Mtb (and perhaps other intracellular
pathogens that persist in APCs). Thus, mycobacteria that survive and signal though TLR2 in
host cell phagosomes may use the host’s own anti-inflammatory homeostatic negative feedback
mechanism to inhibit APC function of the infected macrophage and establish a niche for
evasion of immune surveillance.

In summary, our results provide a novel demonstration that MHC-II expression is inhibited in
vivo in cells that directly harbor mycobacteria despite increased MHC-II expression by other
APCs of the same subsets in the same infected lungs. These results provide important in vivo
validation for in vitro studies of the ability of mycobacteria to inhibit MHC-II expression and
antigen presentation. We propose that mycobacteria evade immune surveillance by CD4+ T
cells by persisting in niches provided by APCs in which direct mycobacterial signaling inhibits
expression of MHC-II and other proteins required for Ag processing and presentation.
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Figure 1. BCG-GFP is detectable by flow cytometry and down-regulates surface expression of
MHC-II and antigen processing and presentation by bone marrow-derived macrophages
A. M. bovis-BCG (“BCG”) was transformed with the GFP-expressing plasmid pMV262 to
produce BCG-GFP. GFP fluorescence was 20-fold higher for BCG-GFP than non-transformed
BCG. B. Murine bone marrow-derived macrophages were incubated with control medium
(MOI of 0:1) or BCG-GFP at varying MOI (bacteria: macrophages) for 48 h (2 ng/ml IFN-
gamma was present for the final 24 h). C and D. MHC-II expression by macrophages from
panel B that were uninfected (C) or infected at MOI of 40:1 (D). E. Macrophages were
incubated with BCG-GFP and IFN-gamma as in panel B and then incubated with 500 μg/ml
OVA for 2 h, fixed, and incubated with DOBW T hybridoma cells. IL-2 was assessed in
supernatants with a colorimetric CTLL-2 bioassay to determine presentation of processed
OVA. Results are expressed as means of triplicate wells ± SD. When error bars are not visible,
they are smaller than the symbol width.
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Figure 2. Definition of lung APC subsets by differing expression of CD11b and CD11c
C57BL/6J mice were aerosol-infected with BCG-GFP for 28–33 d. Lungs were lavaged to
obtain BAL cells, perfused with PBS and homogenized. Lung homogenate was analyzed
directly or used to prepare CD11b or CD11c affinity-sorted cells. Cells were stained for CD11b,
CD11c and MHC-II. Fig. 2 shows flow cytometry analysis of lung homogenate, but all other
figures show analysis of CD11b or CD11c affinity-sorted cells, which provide lower
autofluorescence background for studies to detect BCG-GFP+ events. A. Sample preparation
schematic. B. Dot plots showing forward scatter (FSC) vs. side scatter (SSC) and CD11b vs.
CD11c for naïve and BCG-GFP-infected lung homogenate and BAL. The R1 gate was drawn
on FSC vs. SSC plots to exclude only subcellular debris in the lower left corner. Cells from
R1 were analyzed for CD11b and CD11c to define 3 major APC populations (R2, R3 and R4
gates, see Table 1). C. Mean percentage of R1 cells represented by each APC subsets in lung
homogenate and BAL from naïve and BCG-GFP-infected mice. Data was drawn from 3–4
experiments with 2–5 mice per group.
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Figure 3. Detection of BCG-GFP ex vivo by flow cytometry of lung APCs
CD11b or CD11c affinity-sorted lung APCs were prepared from naïve or BCG-GFP-infected
mice. A, D. R1 gate defined by FSC vs. SSC. B, E. Gates R2, R3 and R4 defined by CD11b
vs. CD11c expression on cells from R1. C, F. Cells from total lung APCs (R2 + R3 + R4)
analyzed for fluorescence at 525 nm (autofluorescence + GFP signal) vs. 575 nm
(autofluorescence). BCG-GFP+ events are right-shifted on the x-axis (525 nm), placing them
in gate R6, whereas GFP− events are included in gate R5. Mice infected with non-fluorescent
BCG had background numbers of events in R6 that were similar to those of naïve mice (data
not shown). Percentages represent R6/(R2 + R3 + R4) and are from a representative experiment.
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Figure 4. Fluorescence microscopy of BCG-GFP+ cells obtained by FACS
A. Paired differential interference contrast (DIC) and fluorescence microscopy (GFP) images
of cells from the R6 gate that contained BCG-GFP (panels 1–3) and one example (panel 4) of
a highly autofluorescent cell with granules that represents an apparent false GFP+ event (4).
Bars = 5 microns. B. Cells from gate R6 were scored by fluorescence microscopy for the
number of mycobacteria/cell. Each data point represents the mean +/− SD from 3 independent
experiments (50–225 cells were scored for each experiment).
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Figure 5. BCG-GFP is most often found in CD11bhigh/CD11cneg-mid cells
CD11b or CD11c affinity-sorted cells were prepared from naïve or BCG-GFP-infected lungs.
APC subsets were defined as in Fig. 3. GFP+ (R6) events were selected for analysis (R6 events
were drawn from R2 + R3 + R4). A. CD11b vs. CD11c expression by GFP+ cells from a single
experiment (affinity-sorted cells pooled from 5 naïve or infected mice). B. Proportion of GFP
+ (R6) cells in each APC subset (CD11bneg-low/CD11cmid-high, gate R2; CD11bhigh/
CD11cneg-mid, gate R3; CD11bhigh/CD11chigh, gate R4). Each data point represents mean +/−
SD of 3 independent experiments (each with cells pooled from 2–5 naïve or infected mice).
n.d., not determined (CD11b affinity-sorted cells did not consistently provide sufficient R2
events for analysis of GFP+ events).
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Figure 6. Pulmonary infection increases mean MHC-II expression on lung APCs, but MHC-II is
decreased on APCs that harbor mycobacteria
CD11b or CD11c affinity-sorted cells were prepared from naïve or BCG-GFP-infected lungs.
APC subsets were defined as in Fig. 3. CD11bneg-low/CD11cmid-high cells were analyzed from
CD11c affinity-sorted cells; CD11bhigh/CD11chigh and CD11bhigh/CD11cneg-mid cells were
analyzed from CD11b affinity-sorted cells (n.d. = not determined due to insufficient number
of infected cells). A. Isotype control antibody staining (gray filled curve) or anti-MHC-II
staining of BCG-GFP− (R5) APCs and BCG-GFP+ (R6) APCs from the same infected lungs.
Each sample represents cells pooled from 5 mice. MFI for MHC-II is indicated on each
histogram. B. MHC-II fold-change between BCG-GFP− and BCG-GFP+ cells in R3 and R4
from the same infected lungs. Data has been normalized to BCG-GFP+ samples. Data
represents the average of 3–4 experiments, each containing cells pooled from 5–10 mice.
Asterisks (*) indicate statistical significance (p < 0.05) as determined by t test (see Methods).
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Figure 7. MHC-II antigen processing and presentation by purified lung APCs is inhibited by in
vitro infection with BCG-GFP
Alveolar macrophages (R2), lung macrophages (R3) and lung DCs (R4) were purified by FACS
from naïve BALB/c mice and infected with BCG-GFP for 48 h with IFN-gamma (4 ng/ml)
present during the final 24 h. Soluble OVA (1 mg/ml) was then added for 24 h, and the APCs
were fixed and processed for detection of OVA presentation to DOBW T hybridoma cells.
IL-2 production was determined by ELISA. Data represent pooled results of two independent
experiments expressed as percent of control IL-2 production observed with each uninfected
APC type. Data points represent the mean of four results (two for DCs). DC data were obtained
only at MOI of 0 and 5 due to limiting cell numbers. N.D. = not determined.
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Table 1
Summary of lung cell subsets

Cell subset name Flow cytometry gate parameters Gate name

Total lung cells*1 Scatter exclusion of subcellular debris R1

CD11b or CD11c affinity-sorted cells*2 Scatter exclusion of subcellular debris R1

Alveolar macrophages*3 CD11bneg-low/CD11cmid-high R2

DCs*3 CD11bhigh/CD11chigh R4

Lung macrophages*3 CD11bhigh/CD11cneg-mid R3

Total lung APCs R2 + R3 + R4 R2 + R3 + R4
*1

Used only for studies that did not assess GFP+ events. R1-gated total lung homogenate. The R1 gate contains all events except those that represent
subcellular debris based on optical scatter analysis.

*2
Used for all studies that assessed GFP+ events. Cells were derived from total lung homogenate by immunoaffinity bead sorting, and subcellular debris

was excluded with the R1 gate.

*3
Lung APC subset definitions adapted from Gonzalez-Juarrero [14]. R2, R3 and R4 events were derived from R1-gated total lung homogenate or R1-

gated CD11b or CD11c affinity-sorted cells.
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Table 2
Efficiency of flow cytometry for detection of BCG-GFP+ events from murine lung tissue*1

Percent APCs
containing
BCG-GFP by
flow cytometry

Percent
affinity-sorted
cells containing
BCG-GFP by
flow cytometry

CFU/affinity-sorted cells Detection efficiency

Formula*2 mean (R6/(R2 +
R3 + R4))

mean (R6′/R1) mean (CFU/R1) mean (R6′/CFU)

CD11b affinity-sorted cells 0.60 +/− 0.21% 0.29 +/− 0.18% 0.9 +/− 0.56% 38 +/− 0.17%

CD11c affinity-sorted cells 0.52 +/− 0.26% 0.35 +/− 0.22% 1.1 +/− 0.47% 42 +/− 0.37%
*1

Data are shown as mean +/− SD. Data are from 3 separate experiments with 2–5 mice per group (pooled to generate CD11b or CD11c affinity-sorted
samples).

*2
R6 events in column 2 are BCG-GFP+ events derived from R2 + R3 + R4, and the proportion of lung APCs that were BCG-GFP+ was determined as

R6/(R2 + R3 + R4). For CFU determination, samples were taken from total CD11b or CD11c affinity-sorted cell preparations and included cells both
inside and outside R2 + R3 + R4 (strictly represented by R0 events and effectively represented by the R1 gate that excludes only subcellular debris),
necessitating comparison of CFU to BCG-GFP+ events derived from R1 (not just R2 + R3 + R4). Therefore, R6′ events in columns 3 and 5 are BCG-
GFP+ events derived from R1. CFU values were determined by culture of affinity-sorted cells. R1 was determined by flow cytometry analysis in column
3 and by cell count with a hemacytometer in column 4. Detection efficiency was calculated as mean (R6′/CFU) as opposed to (mean R6′/R1)/(mean CFU/
R1).
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