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P

ulmonary tuberculosis is caused by infection with Mycobacterium tuberculosis, and current estimates suggest that
one-third of the world’s population has been exposed. The
majority of such people are probably able to eliminate the organism, but ⬃10% develop a chronic or latent state of infection that
will last for the rest of their lives (1).
Macrophages, granulocytes, and dendritic cells in the lungs represent the first line of defense against pathogens entering the lungs.
Among these, dendritic cells are clearly a key population because
of their ability to transport and present Ags to naive T cells in the
secondary lymphoid organs, thus initiating adaptive immunity (2,
3). In addition, other cells of the macrophage/monocyte lineage are
recruited into the developing granuloma, where they surround the
sites of infection and control and contain the surviving bacteria
after receiving appropriate activating signals from Th1 CD4 T
cells (4 –7).
Just as the T cell response to tuberculosis is complex (7, 8), it is
now apparent that the overall macrophage response is a dynamic
event. To date, however, the kinetics of the macrophage response
has not been clearly defined. The growing availability of Abs to
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macrophage cell surface markers, coupled with an improved understanding of how expression of these markers changes, particularly those expressed by dendritic cells, now allows a better definition of these events.
In the present study, flow cytometry was used to define the
influx of cells into the lungs during the early stage of pulmonary
M. tuberculosis infection. Based on expression of the cell surface
markers, several distinct populations of macrophages, as well as
granulocytes and NK cells, could be distinguished. In addition,
maturation of incoming dendritic cells could be identified as the
immune response to the infection developed. Interestingly, markers of activation on these cell populations that were evident during
the early phase of the infection were observed to be lost at a much
later time point when the lung infection is thought to be in some
form of latent state (4). Taken together, the data show that during
the course of pulmonary M. tuberculosis infection, there is activation of macrophages and dendritic cell populations during the
early phase that are associated with development of an effective
immune response; however, during the chronic phase of infection
these cell populations were not activated and resulted in downregulation of the immune response.

Materials and Methods
Mice
Specific pathogen-free female C57BL/6 mice (The Jackson Laboratory,
Bar Harbor, ME) at 6 – 8 wk old were used. They were housed under barrier
conditions in a level III biosafety facility and were allowed free access to
sterile chow and water.

Experimental infections
M. tuberculosis, Erdman strain (TMCC 107), was grown from low-passage
seed lots in Proskauer-Beck liquid medium containing 0.02% Tween 80 to
mid-log phase, then aliquoted and frozen at ⫺70°C until use. Mice were
infected aerogenically with the Erdman strain of M. tuberculosis by using
a Glas-Col aerosol generation device (Glass-Col, Terre Haute, IN) as previously described (9) to result in the deposition of ⬃200 bacilli within the
lungs.
0022-1767/03/$02.00
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The influx of macrophages into the lungs is the major component of the granulomatous response to infection with Mycobacterium
tuberculosis. In this investigation we used flow cytometric analysis to define macrophage populations entering the airways and lung
tissues of infected mice. We demonstrate that by the judicious use of cell surface markers, especially CD11b and CD11c, several cell
populations can be distinguished, allowing cell sorting and morphological definition. Primary populations of CD11bⴚ/CD11cⴙ/high
were defined as alveolar macrophages, CD11bhigh/CD11cⴙ/high as dendritic cells, and CD11bⴙ/mid/CD11cⴙ/mid as small macrophages or monocytes, and changes in the activation phenotype of these populations were followed over the early course of the
infection. In further studies, these cell populations were compared with cells harvested during the chronic stage of the disease.
During the chronic stage of infection, Ag-presenting class II molecules and activation markers were poorly expressed on dendritic,
small macrophage, and monocyte cell populations, which may have important implications for the breakdown of the lesions during
reactivation disease. This analytical approach may facilitate the further characterization of macrophage populations entering into
the lung tissues and their relative contributions to host resistance to tuberculosis infection. The Journal of Immunology, 2003,
171: 3128 –3135.
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Preparation of bronchoalveolar lavage (BAL)4 and lung cell
suspensions

Results
Early influx of cells into the bronchoalveolar space after
M. tuberculosis infection
Cells in the BAL fluid from naive mice and mice challenged 21
days previously with M. tuberculosis (Fig. 1) were analyzed according to their FSC and SSC characteristics by flow cytometry as
well as for their expression of CD11b and CD11c (Figs. 1 and 2).
Cells that clustered as FCSlow/SSClow were gated as regions R1
and R2 and were found to be mainly CD3⫹ (Figs. 2 and 3). Cells
defined as FSChigh/SSChigh were gated as R3 and were shown to be
CD11b⫺/CD11c⫹ (Fig. 1). Most cells (90 –95%) in the BAL fluid
from naive mice had this latter expression pattern and had typical
morphology of macrophages and immature dendritic cells (data
not shown). Cells in Fig. 1B defined as CD11b⫹/CD11c⫺ were
also positive for Gr-1 expression (Fig. 1C), indicating that they
were granulocytes.
The total number of cells obtained in the BAL from mice infected with a low-dose aerosol of M. tuberculosis increased as the
infection progressed (Table I). Cells were analyzed by their FSC/
SSC profile at 3, 14, and 21 days postchallenge and were compared
with the same regions obtained with BAL fluid from naive mice.
The number of cells in the lymphocyte gate (R2) increased steadily
from day 3 to day 21 of the infection (Table I). As above, cell
populations within the R3 region were differentiated according to
their CD11b/CD11c profiles. There were increased numbers of
CD11b⫹/CD11c⫹ cells over the first 21 days of the infection, as
well as increases in Gr-1⫹ CD11b⫹/CD11c⫺ cells (Fig. 1C and
Table I).
Definition of lung macrophage populations from naive mice
Similar flow cytometric studies were performed using cells released from the lung tissues by enzymatic digestion. The FSC/SSC
profile of these cells from naive mice resolved into two dense cell
populations: an FSClow–mid/SSClow area (R1 and R2) and cells that
were FSCmid– high/SSCmid– high, designated region R3 (Fig. 2A). As
above, CD11c⫹ alveolar macrophages obtained by this method
were located in R3 (Fig. 2).
The FSClow–mid/SSClow region of lung cells from naive mice
was further subdivided into R1 and R2 regions (Fig. 2A, left and

Cell sorting
The lungs were enzymatically digested as indicated above, and the single
cell suspension obtained was labeled with FITC-conjugated CD11b and
PE-conjugated CD11c Abs. Lymphocytes and macrophages were gated
according to their sizes and granularity defined in the forward light scatter
(FSC) and side light scatter (SSC) plot. Cell populations were sorted based
on their CD11b/CD11c profiles using a MoFlo flow cytometer/cell sorter
(DakoCytomation, Fort Collins, CO). The CD11b⫺/ CD11c⫹/high,
CD11b⫹/CD11c⫹/high, CD11b⫹/high/CD11c⫺, CD11b⫹/mid/CD11c⫺, and
CD11b⫹/mid/CD11c⫹/low cell populations in macrophage area (R3) were
sorted and, in the same manner, the CD11b⫹/low/CD11c⫺ and CD11b⫹/mid/
CD11c⫺ cells were also sorted in the lymphocyte area (R2). To obtain
higher purity of cell population, an enrichment mode was performed previously to the purified mode sort.

Cell morphology and microscopic examination
Sorted cell suspensions were cytospun onto glass slides (Shandon Instruments, Sewickley, PA) and were stained using the Hema 3 stain set (Biochemical Science, Swedesboro, NJ). Cell morphology was determined by
microscopic examination.

4
Abbreviations used in this paper: BAL, bronchoalveolar lavage; FSC, forward light
scatter; SSC, side light scatter; MFC, mean fluorescence channel.

FIGURE 1. FSC/SSC (A), CD11b/CD11c (B), and FSC/Gr-1 (C) dot
plots of cells from BAL before and 21 days after infection with M. tuberculosis. A, Cells from BAL fluid of naive mice and M. tuberculosis-infected mice. Cells defined as FSClow/SSClow were gated as R2, and cells
defined as FSCmid– high/SSCmid– high were gated as R3. B, Cells from BAL
fluid of naive and M. tuberculosis-infected mice at 21 days postchallenge.
After infection, there is an increase of the CD11b⫹/CD11c⫹ and CD11b⫹/
CD11c⫺ cells. C, The CD11b⫹/CD11c⫺ cell population from B was further characterized as Gr-1⫹ and, therefore, granulocytes.
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Mice were euthanized and the pulmonary cavities were opened. After severing the descending aorta, the blood in the lungs was cleared by perfusion
through the right heart with 5 ml of PBS containing 50 U of heparin (Sigma-Aldrich, St. Louis, MO) per ml until the lungs became whitish. Using
an 18-gauge needle, the trachea was cannulated, and ⬃1 ml of heparin/PBS
was slowly injected into the lungs and then withdrawn. This procedure was
repeated ⬃7–10 times, and a total of 5– 8 ml of lavage fluid was collected.
To obtain lung cell populations, the lungs were perfused with heparin
solution as above. Thereafter, they were aseptically removed and cut into
small pieces. The dissected tissue was incubated in RPMI medium (RPMI
1640 (Life Technologies, Gaithersburg, MD) supplemented with 1% glutamine (Sigma-Aldrich), 0.1 mM nonessential amino acids (Life Technologies), 50 M 2-ME (Sigma-Aldrich), and 1% penicillin-streptomycin
(Sigma-Aldrich)) containing collagenase XI (0.7 mg/ml; Sigma-Aldrich)
and type IV bovine pancreatic DNase (30 mg/ml; Sigma-Aldrich) during
30 – 45 min at 37°C. The action of the enzymes was stopped by adding 10
ml of RPMI medium containing 10% FBS (cRPMI), and digested lungs
were further disrupted by gently pushing the tissue through a nylon screen
(70 m). The single-cell suspension was then washed and centrifuged at
200 ⫻ g. To lyse contaminating RBCs, the cell pellet was incubated during
5 min at room temperature with 5 ml of Gey’s solution (NH4Cl and
KHCO3). Cells were then washed with cRPMI and resuspended in 2 ml of
cRPMI.
Single-cell suspensions obtained by enzymatic digestion as indicated
above were washed in deficient RPMI (Irvine Scientific, Santa Ana, CA),
which was supplemented with 1% L-glutamine (Sigma-Aldrich), 1%
HEPES (Sigma-Aldrich), 0.1% sodium azide (N3Na; Sigma-Aldrich), and
2% FBS. The cells were stained during 30 min at 4°C with directly conjugated Abs. mAbs specific for CD11c (clone HL3, hamster IgG1), CD11b
(Mac-1, clone M1/70, rat IgG2a), Gr-1 (clone RB6-8C5, rat IgG2b), CD3e
(clone 145-2C11, hamster IgG1), CD45RB/B220 (clone RA3-6B2, rat
IgG2a), NK-1.1 (clone PK136, mouse IgG2a), CD16/CD32 (clone 2.4G2,
rat IgG2b), CD40 (clone 3-23, rat IgG2a), CD80 (clone 16-10A1, hamster
IgG), CD86 (clone GL1, rat IgG2a), I-A/I-E MHC class II Ag (clone 2G9,
rat IgG2a), rat IgG2a, rat IgG2b, rat IgG1, mouse IgG2a, and hamster IgG
were purchased from BD PharMingen (San Diego, CA) or eBioscience
(San Diego, CA) as direct conjugates to FITC, PE, PerCP, PerCP-cyanine
5.5 (PerCP-Cy5.5), or allophycocyanin. Purified rat anti-mouse CD16/
CD32 mAb (mouse Fc-Block) was also purchased from BD PharMingen
and used to prevent nonspecific binding of Abs to the Fc receptors. mAb
F4/80 (clone CI:A3-1, rat IgG2b) as a direct conjugate to FITC was purchased from Serotec (Raleigh, NC). Cell acquisition was performed with a
dual-laser flow cytometer (FACSCalibur; BD Biosciences, Mountain
View, CA). Compensation of the spectral overlap for each fluorochrome
was done gating in the R3 region and using CD11b Ag. The data were
analyzed using CellQuest software (BD Biosciences).
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FIGURE 2. Comparative analysis of the
FSC/SSC and CD11c expression of cells
from BAL fluid and lung digested cells of
naive mice. Cells from BAL fluid or lung cell
suspension were gated in regions R1, R2, and
R3 (A), and expression of CD11c marker for
region R3 from each cell suspension was analyzed (B). Most cells in the BAL fluid were
found in R3 and were positive for CD11c Ag.
Also, cells in the R3 gate from lung-digested
cells were CD11c positive.

Cell sorting and microscopic examination
Phenotypic characterization of lung cell populations by flow cytometry was used to conduct high-speed cell sorting of each population and further examination of morphology by microscopy.
The dot plots for each sorted population are shown in Fig. 5. The
percentage of positive cells in the CD11b/CD11c dot plot and the
purity obtained after sorting each cell population were 9% positive
and 91% purity for CD11b⫺/CD11c⫹/high (R5), 1% and 56% for
CD11b⫹/CD11c⫹/high (R6), 3% and 62% for CD11b⫹/mid/
CD11c⫹/mid (R7), 6% and 88% for CD11b⫹/mid/CD11c⫺ (R8),
and 2% and 85% for CD11b⫹/high/CD11c⫺ (R9), respectively. The
morphology of the cells in the R5 gate was that of alveolar macrophages, and these were identical with cells obtained in the BAL
fluid. This R5 region also contained some small veiled cells that
resembled immature dendritic cells in this sorted population. Most
cells sorted from the R6 region had morphology typical of dendritic cells, with large lateral nuclei and very long cytoplasmic
processes. Sorted cells from R6 also contained some neutrophils
characterized by multilobed nuclei. Cells in R7 and R8 were
smaller cells in comparison with those in R5 and R6 and had the
morphology of monocytes, with typical horseshoe-like nuclei or
small macrophages. Cells in the R9 region were neutrophils with
the same morphology as indicated above (Fig.5).

Changes in the phenotype and composition of lung
macrophage cell populations during early stages of
pulmonary M. tuberculosis infection

FIGURE 3. CD11b expression in cells of FSClow/SSClow or R2 gate
were positive for CD11b expression. Cells from lung-digested tissue gated
in R2 as indicated in Fig. 2, and analysis for expression of cell marker such
as CD11b and F4/80 is known to be characteristic of the macrophage
lineage cells. A, Cells in R2 were analyzed for CD3 and CD11b expression.
B, Cells in R2 were analyzed for CD11b and NK1.1 and were further
characterized for F4/80 and CD11c expression (panels 1– 4).

Changes in the phenotype and composition of cells in the lung
were monitored from day 3 to day 21 after pulmonary challenge
with M. tuberculosis. Cells in the R2 region were composed
mainly of lymphocytes and monocytes, and these increased in
number over this period of time as reported previously (10).
As indicated above, cells in the R3 region could be separated
into six distinct cell populations according to their expression of
CD11b and CD11c (Fig. 4). Fig. 4 compares the CD11b/CD11c
profile from naive cells and cells harvested during the early stage
(21 days) of the infection. The total number of cells defined as
CD11b⫺/CD11c⫹/high (R5), CD11b⫹/CD11c⫹/high (R6), and
CD11b⫹/mid/CD11c⫹/mid (R7) increased as a result of the infection
(Fig. 4, A and B).
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right, respectively). In the R2 area, cells were CD3⫹ (42%; Fig.
3A), NK1.1⫹ (8%; Fig.3B), or B220⫹ (33%; data not shown).
Only a few Gr-1⫹ cells (0.9%) were located in the R2 area (data
not shown). Approximately 23% of cells in the R2 region stained
positive for CD11b⫹ (Fig. 3A), and among those 8% were
NK1.1⫹/CD11blow and another 8% were NK1.1⫺/CD11b⫹/high
(Fig. 3B). Furthermore, CD11b⫹ cells in the R2 region could be
subdivided into NK1.1⫹ and NK1.1⫺ cells (Fig. 3B). The
CD11b⫹/NK1.1⫹ were further characterized as lacking expression
of F4/80 and were CD11c⫹/low (Fig. 3B, panels 1 and 2). In contrast, CD11b⫹/NK1.1⫺ cells were F4/80⫹/mid and CD11c⫺ or
CD11c⫹/mid (Fig. 3B, panels 3 and 4).
Cells in the R3 region could be separated into six distinct cell populations according to their expression of CD11b and CD11c (Fig. 4,
A and C). These populations comprised of CD11b⫺/CD11c⫹/high
cells (R5), CD11b⫹/CD11c⫹/high (R6), CD11b⫹/mid/CD11c⫹/mid
(R7), CD11b⫹/mid/CD11c⫺ (R8), CD11b⫹high/CD11c⫺ (R9), and
CD11b⫺/CD11c⫺ (Fig. 4, A and C)
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Table I. Cell composition in the BAL fluid during early phase of pulmonary infection with M. tuberculosisa
Days Postchallenge
3

14

Total number of cells (⫻104)*
CD3⫹ (⫻104)* (R2)
CD11b⫹/CD11c⫹ (⫻104)* (R3)

1.1 ⫾ 0.43
2.32 ⴞ 0.16

CD11b⫹/CD11c⫺ (⫻104) (R3)
Gr-1⫹ (⫻104)* (R3)

1.15 ⫾ 0.31
3.56 ⴞ 1.31

21

27 ⫾ 0.3
77 ⴞ 2.2
1.50 ⫾ 0.48
19.0 ⴞ 2.5
0.60 ⫾ 0.23
4.04 ⴞ 0.66
8.6 ⫾ 6.3
8.3 ⴞ 1.7
0.04 ⫾ 0.05
0.88 ⴞ 0.16

a
The average and SD from total numbers of cells, CD3⫹, CD11b⫹/CD11c⫹, CD11b/CD11c⫺, or GR-1⫹ as defined in Fig.
1 were determined for cells in BAL fluid from naive (upper number) or infected mice (lower number in bold type).
*, p ⬍ 0.05 compared between naive and infected mice (Mann-Whitney U test).

Macrophages, monocytes, and dendritic cells have different constitutive levels of costimulatory and activation markers. It is well
established that differentiated naive dendritic cells are the most
efficient APCs, in contrast with macrophages and monocytes, because they constitutively express high levels of costimulatory molecules (CD80 and CD86), CD40, and class II MHC Ags on their
cell surface (2, 3). Therefore, from the CD11b/CD11c dot plot
shown in Fig.4C, we analyzed differential expression of CD80,
CD86, CD40, and class II MHC Ags on the surfaces of the cells in
each region. Cells in regions R5, R6, R7, R8, and R9 were gated,
and the mean fluorescence channel (MFC) for each marker was
compared with the MFC from the other regions (Table II). As
shown, the R6 region, which contained CD11b⫹/high/CD11c⫹/high
dendritic cells, had the highest constitutive expression of CD86,
class II MHC, and CD40 Ags. CD80 Ag expression on cells within
the naive population was similar on cells in regions R5 and R6. In
addition, the CD11b⫹/mid/CD11c⫺ (R8) cells gated from the R3
region were F4/80 positive (data not shown). The cells in R9 gate
and ⬃20% of cells in the R6 gate expressed Gr-1, were negative
for costimulatory Ags, and had morphology typical of granulocytes (Fig. 5).

FIGURE 4. CD11b/CD11c dot plot of lung-digested cells. Lung cells gated in R3 stained for the
CD11b and CD11c markers before (A) and 21 days
after infection (B). The CD11b/CD11c dot plot
was gated in five regions (C), namely CD11b⫺/
CD11c⫹/high (R5), CD11b⫹/CD11c⫹/high (R6),
CD11b⫹/mid/CD11c⫹/low (R7), CD11b⫹/mid/CD11c⫺
(R8), and CD11b⫹/high/CD11c⫺ (R9).

One of the earliest events upon Ag uptake and activation by
dendritic cells is the up-regulation of costimulatory (CD80 and
CD86) and activation markers such as MHC class II and CD40 Ag
expression on their cell surfaces. Changes in these markers after
infection are shown in Table II. Even by day 7 expression shifts
were evident, with CD11b⫹/CD11c⫹/high cells in region R6 increasing expression of CD86, CD40. Thus, MFC for CD86 at 7
days postchallenge increased from 356 to 696 in the R6 from naive
and infected populations, respectively. In addition, the MFC for
CD40 Ag expression for the same populations changed from 232
to 350. By 21 days postchallenge, there were major increases in
CD80, CD86, MHC class II, and CD40 on cells in the R6 gate. The
MFCs for CD86, CD40, and class II MHC Ags were also increased
in R5, R7, and R8 (Table II and Fig. 6).
Changes in the numbers of macrophage cell populations during
the early and chronic phase of the disease process
Table III shows the changes in the percentages of cells for each
cytometric gating region at a time point well into the chronic or
latent stage of the disease, compared with the early response. The
percentage of alveolar macrophages in region R5, defined as
CD11b⫺/CD11c⫹, decreased from 20% in naive mice to 16% and
6% during the early or chronic stage of infection, respectively. In
contrast, dendritic cells in R6 defined as CD11b⫹/high/CD11c⫹/high
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Increased expression of costimulatory and activation surface
molecules on macrophage cell populations during the early
stage of infection with M. tuberculosis.
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about twofold as a result of infection, as did cells in R8. Neutrophils in R9 increased from 4% in the early infection to 14% during
the chronic phase, consistent with increasing lung damage occurring at this time (11).
Changes in costimulatory and activation markers in cells
harvested during early and chronic infection

Discussion

FIGURE 5. CD11b/CD11c dot plots of sorted lung cells. Cell populations
were sorted based on their CD11b/CD11c profiles using a MoFlo flow cytometer/cell sorter (DAKO Cytomation, Fort Collins, CO). To obtain higher
purity of cell population, an enrichment mode was performed before the purified mode sort. The left panel corresponds to dot plots of sorted cells from
each region of the CD11b/CD11c profile. From the CD11b/CD11c dot plot
were gated five regions, namely CD11b⫺/CD11c⫹/high (R5), CD11b⫹/
CD11c⫹/high (R6), CD11b⫹/mid/CD11c⫹/low (R7), CD11b⫹/mid/CD11c⫺ (R8),
and CD11b⫹/high/CD11c⫺ (R9). The given number in each plot corresponds to
the percentage of positive cells for each region sorted and is indicative of the
purity obtained after each sort. The right panel corresponds to photomicrographs of Hema 3 stained, sorted and cytospun cells from each region of the
CD11b/CD11c dot plot. The R5 and R9 show typical morphology of alveolar
macrophages and granulocytes, respectively. The R6 consists of macrophages,
dendritic cells, and some granulocytes. The R7 and R8 show a mixture of
small macrophages and monocytes.

increased from 1% in naive to 7% and 4% during the early or
chronic stage of infection, respectively. Monocytes and small macrophages in R7 defined as CD11b⫹/mid/CD11c⫹/mid increased

The results of this study show that the influx of macrophage populations into the developing granulomatous response in the lungs
to pulmonary tuberculosis infection can be defined in six distinct
populations based on the expression of the CD11b and CD11c cell
surface markers. Each population had distinct morphological features that could be defined as alveolar macrophages, dendritic
cells, monocytes, small macrophages, and granulocytes by analysis
of the differential expression of CD11b and CD11c Ag expression
on these cell populations. The kinetics of influx of monocytes into
the lungs could be followed during infection, as well as their activation and potential differentiation into mature macrophage populations. Cells with both cell surface markers and morphology indicating dendritic cells could also be clearly defined. Interestingly,
characteristic activation profiles seen on both these cells and other
macrophage populations during the early phase of the infection
were clearly modulated and reduced on similar cells harvested during the chronic phase of the disease, an observation that may have
important consequences in terms of the development of reactivation disease.
Changes in surface expression of CD11b and CD11c allow
some speculation as to the differentiation pathways of macrophages entering the lungs in response to the infection. The data
suggest that CD11b⫹/mid/CD11c⫺ monocytes are recruited into the

Table II. Flow cytometric comparison of the costimulatory and activation markers of lung cells between naive and 21 days postM. tuberculosis-infected micea
MFC
Regions
⫺

Cells

⫹/high

CD11b /CD11c

(R5)

CD11b⫹/high/CD11c⫹/high (R6)
⫹/mid

CD11b

⫹/mid

/CD11c

(R7)

CD11b⫹/mid/CD11c⫺ (R8)
⫹/high

CD11b

⫺

/CD11c (R9)

Alveolar macrophages
Dendritic cells
Monocytes and small macrophages
Monocytes and small macrophages
Granulocytes

CD86

CD40

MHC Class II

CD80

63
112
119
267
45
95
41
52
23
30

21
35
60
406
25
83
9
31
15
12

319
2494
4108
6606
1283
2305
161
756
264
503

124
128
136
144
28
18
7
8
6
6

a
Lung cells were stained for the CD11b and CD11c markers. From the CD11b/CD11c dot plot were gated five regions, namely CD11b⫺/CD11c⫹/high
(R5), CD11b⫹/CD11c⫹/high (R6), CD11b⫹/mid/CD11c⫹/low (R7), CD11b⫹/mid/CD11c⫺ (R8), and CD11b⫹/high/CD11c⫺ (R9). Each region was further
analyzed for expression of CD86, CD40, MHC class II, and CD80 molecules. Comparison of the MFC from naive (top number) and infected (bold
numbers) lung-digested tissue are shown.

Downloaded from http://www.jimmunol.org/ by guest on January 29, 2021

Fig. 6 shows the relative up-regulation for each cell population in
the CD11b/CD11c dot plot for CD86, CD80, CD40, and class II
MHC Ags during the course of the infection with M. tuberculosis.
The ratio between the average of MFCs (n ⫽ 4) for each of these
Ags on the defined cell populations from the early stage and those
for cells harvested during chronic stage of infection was determined vs the naive population, respectively. As shown in Fig. 6,
the ratio for each Ag (except CD80) was higher during the early
phase, as would be anticipated. In contrast, ratios of ⬃1:1 were
seen on cells harvested during the chronic phase, indicating that
dendritic cells and macrophages present at this time were less activated and were not expressing MHC molecules at levels higher
than that seen in age-matched naive controls.
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lungs, where they increase their expression of CD11c and become
CD11b⫹/mid/CD11c⫹/mid, thus potentially constituting the precursor cells for lung interstitial macrophages, alveolar macrophages,
and dendritic macrophages. It is known that these cells terminally
differentiate into macrophages or dendritic cells within the lungs
and that this process depends greatly upon the local cytokine environment, particularly GM-CSF (12).
Based upon our data, it is possible that two separate pathways of
differentiation may occur. In the first, CD11b⫺/CD11c⫹/high alveolar macrophages or immature dendritic cells located in the alveolar spaces may be activated by the presence of the infection and
increase their expression of CD11b, becoming CD11b⫹/high/
CD11c⫹/high activated macrophages or differentiated dendritic cells.
The second pathway of differentiation that may occur with-

in the CD11b⫹/mid/CD11c⫹/mid population is up-regulation of CD11b
and CD11c markers, becoming the differentiated CD11b⫹/high/
CD11c⫹/high dendritic cells observed in region R6.
The data also demonstrate that costaining with CD11b and
CD11c allows a more precise definition of the cell subsets. To
date, several reports (13–16) have used CD11c⫹ staining as the
sole marker to identify dendritic cells without taking into account
that this marker is also expressed on alveolar macrophages. In
addition to these latter cells, we found that the BAL also contained
some small veiled cells that morphologically resembled immature
dendritic cells, consistent with previous reports (17, 18). Moreover,
whereas lymphocytes clustered as a dense region in the
FSClow/SSClow (R2) area, this region also contained ⬃23% of

Table III. Percentage of lung cells in each region of the CD11b/CD11c dot plot from naive, early, or chronic stage of murine
pulmonary infection with M. tuberculosisa

Infection
Stage

R5
CD11b /CD11c⫹/high
Alveolar Macrophages

R6
CD11b
/CD11c⫹/high
Dendritic Cells

R7
CD11b⫹/mid/CD11c⫹/mid
Monocytes/Small
Macrophages

R8
CD11b⫹/high/CD11c⫺
Monocytes/Small
Macrophages

R9
CD11b⫹/high/CD11c⫺
Granulocytes
(Neutrophils)

Naive
Early
Chronic

20
16
6

1
7
4

3
6
6

4
6
8

4
4
14

⫺

⫹/high

a
Lung cells from mice in naive (n ⫽ 4) and early (n ⫽ 4) or chronic (n ⫽ 4) stage of infection after pulmonary challenge with M. tuberculosis were
stained for CD11b and CD11c expression. The percentage of cells in each region of the CD11b/CD11c dot plot was determined. These results are from
one representative experiment at each time point. Four experiments were done for early phase of infection (21 days) and two experiments were done for
the chronic phase of infection (240 days). Each experiment was compared with naive mice of similar age.
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FIGURE 6. Comparative ratios of the MFCs for each Ag on lung cell populations from mice in early or chronic stage of infection vs naive. Comparative
expression of CD80, CD86, CD40, and class II MHC Ags in each region of the CD11b/CD11c dot plot on lung cells from early or chronic stage of murine
pulmonary infection with M. tuberculosis vs naive. Lung cells from mice in the naive (n ⫽ 4), early (n ⫽ 4), or chronic (n ⫽ 4) phase of infection after
pulmonary challenge with M. tuberculosis were stained for CD11b and CD11c expression. First, from the CD11b/CD11c dot plot were gated five
regions, namely alveolar macrophages CD11b⫺/CD11c⫹/high (R5), dendritic cells CD11b⫹/CD11c⫹/high (R6), monocytes and small macrophages
CD11b⫹/mid/CD11c⫹/low (R7), small macrophages CD11b⫹/mid/CD11c⫺ (R8), and neutrophils CD11b⫹/high/CD11c⫺ (R9). In addition, lung cells
were also stained for CD80, CD86, CD40, and class II MHC expression. The average of the MFC from each group for each molecule in each region
of the CD11b/CD11c dot plot was determined. Relative changes in expression of each molecule during the early or chronic phase of infection
pulmonary challenge with M. tuberculosis were determined by the ratio of MFC obtained from cells from early (filled bars) or chronic (open bars)
phase with the MFC obtained from naive cell populations. These results are from one representative experiment at each time point. Four experiments
were done for early phase of infection (21 days) and two experiments were done for the chronic phase (240 days) of infection. Each experiment was
done using naive mice of similar age.
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ers can be used to distinguish between subsets of macrophages in
the lungs and their changes with time after M. tuberculosis infection. This information should facilitate further investigations into
both the physiology and contributions of these populations to the
expression of host immunity in the lungs.
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cells that stained CD11b⫹ and in addition for F4/80, a marker of
monocyte/macrophage lineage cells (19).
Additional characterization of cells in these regions using expression of costimulatory Ags (CD80 and CD86), CD40, and class
II MHC Ags, together with morphological characterization of
sorted cell populations showed that CD11b⫺/CD11c⫹/high (R5)
cells were a mixture of alveolar macrophages and early immature
dendritic cells, whereas CD11b⫹/CD11c⫹/high (R6) cells were
mainly differentiated dendritic cells and some activated macrophages. As discussed above, we speculate that alveolar macrophages or immature dendritic cells contained in the R5 gate may
differentiate into activated macrophages or dendritic cells located
in the R6 region. In fact, sorting of CD11b⫺/CD11c⫹/high cells
from both the lung digests and BAL showed the morphology of
alveolar macrophages, and treatment of these cells with LPS triggered them to change their phenotype to CD11b⫹/mid/CD11c⫹/high
(data not shown).
Cells in the R6 region expressed high levels of CD80, CD86,
CD40, and class II MHC and had the typical morphology of differentiated dendritic cells. After infection, a significant increase in
CD40 expression occurred, and this could be observed as early as
day 7. Notably, however, up-regulation of class II MHC was observed, but not to the extent that might have been anticipated (Table II and Fig. 6). This may reflect some degree of inhibition of Ag
presentation caused by the bacterium itself or mycobacteria Ags,
as several laboratories have recently noted (20 –23).
As verified by cell sorting, the R9 region was represented by
neutrophils. Using conventional microscopy it is usually difficult
to find neutrophils in the very early stages of the lung infection, but
the data shown here verify that this population of cells does indeed
enter the lungs early. As noted elsewhere (11), depletion of these
cells seems to cause a transient drop in resistance early in the
infection.
Based upon these observations, we also examined macrophage
populations harvested from mice well into the chronic or latent
phase of the infection. What was notable that increased expression
of markers associated with activation and Ag presentation was not
apparent on the macrophage subsets present at this later stage of
the infection. The status of events during this stage of the disease
is still poorly understood, both at the bacterial and host response
levels. The data imply that fresh monocytes are still entering the
granulomatous lesions at this later time, but they may not be differentiating further. Ag presentation appears completely shut
down, which may simply reflect the fact that Ag is not being produced by bacteria because they are in a latent state, or that Ag
presentation is being actively interfered. The latter is supported by
our results in which APCs in the lung during the chronic stage of
M. tuberculosis infection did not have the activated phenotype
required to present Ag to T cells. These data are in accordance with
previous reports indicating that cultured cells infected with M. tuberculosis resulted in defective Ag processing because of several
factors, from down-regulation of cell surface expression of MHC
class II Ags (21) and defective trafficking of immature class II
molecules (20, 24, 25), to interferences of M. tuberculosis with the
cellular transcriptional pathways that are activated by IFN-␥ (26),
to specific action of lipoproteins from the mycobacterial lysate
with Ag processing (20). In addition, it is also known that the local
cytokine environment at this time includes cytokines such as IL-6,
IL-10, and TGF␤, which are down-regulatory (27–29). As we have
recently suggested, accumulation of IL-10 may directly trigger reactivation disease (30).
In summary, flow cytometric analysis centering on the identification of the levels of expression of the CD11b and CD11c mark-
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