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The Journal of Immunology

Mpycobacterium tuberculosis Infects Dendritic Cells with High
Frequency and Impairs Their Function In Vivo'

Andrea J. Wolf,*" Beth Linas,* Giraldina J. Trevejo-Nuiiez,* Eleanor Kincaid,*"
Toshiki Tamura,® Kiyoshi Takatsu,?® and Joel D. Ernst>*7l

Mycobacterium tuberculosis (Mtb) is thought to reside in macrophages, although infected dendritic cells (DCs) have been
observed. Thus, although cellular associations have been made, global characterization of the cells harboring Mtb is lacking.
We have performed temporal and quantitative characterization of the cells harboring Mtb following aerosol infection of mice
by using GFP-expressing bacteria and flow cytometry. We discovered that Mtb infects phagocytic cells of diverse phenotypes,
that the predominant infected cell populations change with time, and that myeloid DCs are the major cell population infected
with Mtb in the lungs and lymph nodes. We also found that the bacteria in the lung-draining lymph node are transported
there from the lungs by a CCL19/21-dependent mechanism and that the transport of bacteria to the lymph node is a transient
phenomenon despite chronic infection. In addition, we found that the lymph node cell subsets that are most efficacious in
stimulating Mtb-specific, TCR-transgenic CD4™ T lymphocytes are not infected with the bacteria and are scarce or absent
from the lungs of infected mice. Finally, we found that the lung cell populations that are infected with Mtb at high frequency
are relatively ineffective at stimulating Ag-specific CD4™ T lymphocytes, and we have obtained evidence that live Mtb can
inhibit MHC class I Ag presentation without a decrease in the surface expression of MHC class II. These results indicate

that Mtb targets DC migration and Ag presentation in vivo to promote persistent infection. The Journal of Immunology,

2007, 179: 2509-2519.

ycobacterium tuberculosis (Mtb)? is an exceptionally

successful pathogen, which indicates that it is particu-

larly successful at evading immune responses. Humans

and experimental animals infected with Mtb exhibit robust Ag-

specific CD4" Thl and CD8™ T lymphocyte responses to Mtb Ags

(1-3), implying that the initial steps in the priming and differen-

tiation of T lymphocytes are functional in the setting of tubercu-

losis. However, since the early 20th century it has been known that
Mtb is rarely, if ever, eliminated after infection (4-6).

A major challenge to developing more efficacious vaccines

against tuberculosis is the incomplete understanding of the mech-
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anism of immunity and the mechanism of immune evasion by Mtb.
Despite strong evidence that in humans (7, 8) and mice (1) CD4™
T lymphocytes with a Th1 phenotype (9, 10) are essential for pre-
venting rapid progression of Mtb disease, little is known regarding
the cellular mechanisms of the initiation of CD4 ™" T cell responses
following Mtb infection, and it is unclear how Mtb evades elim-
ination once an adaptive immune response develops.

For >70 years (11) it has been known that Mtb survives within
macrophages in the lungs, but it is unlikely that lung macrophages
alone are capable of initiating cellular immune responses by acti-
vating Ag-specific naive CD4™ T lymphocytes. Recently, den-
dritic cells (DCs) have been found to contain Mtb in human (12)
and mouse (13) tissues, and the depletion of CD11c™ cells (in-
cluding DCs) in mice before an i.v. injection of Mtb delays the
development of CD4" T cell responses and results in impaired
immune control of Mtb (14). Although these data provide evidence
that DCs can contain Mtb and that they can contribute to the timely
development of protective immunity, the precise roles of DCs and
macrophages in the trafficking of bacteria and initiation of immu-
nity and as reservoirs of bacteria in tuberculosis remain undefined.
Moreover, it is unclear how each of these cellular subsets interacts
with Ag-specific T lymphocytes in lungs and lymph nodes to pro-
vide limited protective immunity in tuberculosis.

We developed a technique for sensitive and specific flow cy-
tometry detection and phenotyping of cells from mice infected
with GFP-expressing Mtb and found that DCs are infected with
Mtb at high frequency in the lungs and draining lymph nodes after
aerosol infection. We also found that DCs transport Mtb from the
lungs to the local draining lymph node, but the frequency of trans-
port decreases markedly after a peak in the 3rd week of infection.
Moreover, we found that the subsets of cells that are infected at
high frequency in vivo are poor stimulators of Mtb Ag-specific
CD4™" T cells despite expressing surface MHC class II and co-
stimulatory molecules.
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Materials and Methods
Mice

C57BL/6] mice were bred and housed in the New York University School
of Medicine (New York, NY) animal facilities or purchased from The
Jackson Laboratory. plt/plt (backcrossed against C57BL/6 for 10 genera-
tions, obtained from S. Luther and J. Cyster, University of California, San
Francisco, CA), and P25 TCR-transgenic (Tg) mice were bred and housed
in the New York University animal facility. Mice were infected at 8—12 wk
of age.

Mtb strains and growth

Mtb (H37Rv) was transformed with the plasmid pMV262 encoding FACS-
optimized GFPmut3 under the control of the Mycobacterium bovis BCG
Hsp60 promoter (provided by Dr. L. Ramakrishnan, University of Wash-
ington, Seattle, WA). Bacteria were grown in Middlebrook 7H9 medium
supplemented with 10% (v/v) albumin dextrose catalase (ADC) enrichment
and 50 wg/ml kanamycin. Aerosol infection stocks were generated by ini-
tial passage in C57BL/6J mice. After 36 days of infection, lungs were
homogenized and plated on Middlebrook 7H11 selective medium plates
(Difco) with 50 wg/ml kanamycin and grown for 2-3 wk at 37°C. Bacterial
colonies were scraped into Falcon T75 flasks containing 7H9"ADC en-
richment and grown lying flat to mid-log phase growth for ~7 days at
37°C. Bacteria were pelleted at 2000 X g and resuspended in one-tenth of
the original growth volume of PBS containing 0.5% Tween 80, aliquoted,
and frozen at —80°C. The aerosol stock titer was determined by preparing
eight 10-fold serial dilutions of five random vials of stock in triplicate in
PBS containing 0.5% Tween 80 and plating on Middlebrook 7H11 plates.

Antibodies

All Abs were purchased from BD Pharmingen unless otherwise stated.
Anti-CD11c PerCP (H3L) was a custom conjugate from BD Pharmingen,
and other Ab conjugates used were anti-CD11b allophycocyanin-Cy7, anti-
Gr-1 allophycocyanin or PE-Cy7, and anti-CD86 allophycocyanin. Purified
anti-CD80, anti-CD40, and anti-I-A/I-E were purchased from BD Pharm-
ingen and conjugated to Alexa Fluor 647 by using a mAb conjugation kit
from Molecular Probes.

Mouse aerosol infections

Mice were infected by the aerosol route using an inhalation exposure unit
from Glas-Col. An aliquot of aerosol infection stock was thawed at room
temperature, and the bacterial suspension was forced 10 times through a
25-gauge needle fitted to a 1-ml syringe to disperse clumps of bacteria. The
inoculum was prepared by diluting the bacterial stock of a known concen-
tration to a concentration equal to 2 X 10* times the intended dose per
mouse in sterile water to yield 6 ml of inoculum. Five milliliters of the
inoculum was loaded into the inhalation exposure unit nebulizer and the
remaining 1 ml was used to confirm the inoculum concentration by serial
dilution and plating on 7HI1 agar. The following program was used to
infect the mice: 900 s of preheating, 2400 s of nebulizing, 2400 s of cloud
decay, and 900 s of decontamination. After infection, mice were returned
to their original cages and housed in individually ventilated microisolator
cages. For controls for the specificity of GFP fluorescence as a measure of
infection, a group of C57BL/6J mice were infected with wild-type Mtb
H37Rv by the same procedure within 24 h of the Mtb-GFP group. For all
infections, the actual infection dose was determined by euthanizing five
mice within 24 h of infection. Lungs were removed, homogenized, and
plated on 7H11 agar plates. CFU were counted after incubation at 37°C
for 2-3 wk.

Tissue harvests and CFU determination

Mice were euthanized by CO, followed by cervical dislocation. The lungs
and mediastinal lymph nodes were removed and placed in digestion buffer
(RPMI 1640, 5% FCS, and 10 mM HEPES). Tissues were minced using
forceps and scissors into pieces 2-mm? in the greatest dimension. Tissue
was then incubated in 1 mg/ml collagenase D (Roche) and 30 pug/ml DNase
I (Roche) at 37°C for 45 min. Each tissue was forced through a 70-um cell
strainer (BD Falcon) and an aliquot was removed to determine the bacterial
load. The single cell suspension was washed and the RBC were removed
using ACK lysis buffer (155 mM NH;Cl, 10 mM KHCO;, and 88 uM
EDTA). Live cells were counted using trypan blue exclusion.

FACS staining and acquisition

Staining for surface markers was done by resuspending 1 X 10° cells in
medium with an Fc receptor-blocking Ab (clone 2.4G2) for 10 min at 4°C
followed by washing and resuspension with FACS buffer (PBS, 1% FCS,

DENDRITIC CELLS IN TUBERCULOSIS

0.1% sodium azide, and 1 mM EDTA) containing Abs and incubation at
4°C for 20 min. Cells were then washed twice and fixed in 1% parafor-
maldehyde overnight at 4°C. Samples were acquired using a FACSDiva,
LSR II, or FACSVantage flow cytometer depending on the experiment.
Because Mtb-GFP™ cells are rare, especially early in infection, and lung
cells exhibit high autofluorescence, special conditions were required to
detect and phenotype Mtb-GFP* cells. First, unstained lung cells from
mice infected with wild-type Mtb H37Rv were used to set the boundary
between the GFP™* and negative populations. Second, due to the low fre-
quency of GFP™ cells, an abundant positive control was required to stan-
dardize the GFP compensation. For this purpose, RAW264.7 cells were
transformed with the plasmid pEGFP-N1 (Clontech Laboratories) and a
stable GFP-expressing line (RAW-GFP) was generated. RAW-GFP cells
were spiked into a sample of unstained lung cells to compensate the GFP.
Finally, because of the autofluorescence associated with lung cells it
was not possible to use Abs conjugated to fluorophores spectrally ad-
jacent to GFP. An empty/unused channel was necessary to establish a
consistent GFP™ gate. Mtb-GFP™ cells could then be phenotyped using
fluorophores with at least one spectral channel of distance from GFP.

Phenotyping and quantitation of lung and lymph node cells

CD11c"e"CD11b™e" Jung cells were designated as myeloid DCs based on
previously described functional and morphologic characteristics (15-17)
and on the observation that, after aerosol infection of IFN—yR” ~ mice with
Mtb, they expressed high levels of surface MHC class II whereas in other
lung cell subsets surface class II expression was markedly reduced in
infected IFN-yR™/~ mice (data not shown). Alveolar macrophages
(CD11c"E"CD11b'"%) were identified by the pattern of staining of cells
recovered by bronchoalveolar lavage and by the depletion of this cell
subset from postlavage lung homogenates. Recruited macrophages
(CD11c"¥CD11b"2") were identified by their presence in low numbers in
uninfected mice, their absence from bronchoalveolar lavage, the marked
increase in their numbers in the lungs after aerosol infection with Mtb, and
their dependence on IFN-vy responsiveness for the surface expression of
MHC class II. Monocytes (CD11c”CD11b'"%) were also identified as in
Ref. 15 and expressed low amounts of surface MHC class II in the presence
or absence of IFN-y responsiveness. Neutrophils were identified as de-
scribed in Results on the basis of their nuclear morphology and the pres-
ence of myeloperoxidase. Myeloid DCs (CD11c"#"CD11b"¢") in medias-
tinal lymph nodes were identified as described (15, 16). CD11c"CD11b'""
lymph node cells, despite their resemblance in terms of expression of these
markers, were considered to be distinct from alveolar macrophages in the
lung because they are present in lymph nodes that do not drain the lungs.
They and the CD1 1c"CD11b ™ cells are likely to be similar, if not identical,
to DC subsets previously identified in mouse lymph nodes (18, 19).

Mtb expressing [B-galactosidase (3-gal) and
immunohistochemistry

Mtb H37Rv was transformed with the plasmid pUS989 (a gift from Dr. D.
Mclntosh, Oswaldo Cruz Foundation, Rio de Janeiro, Brazil), which ex-
presses [-galactosidase under the control of the Hsp60 promoter (20), to
prepare a strain termed Mtb-3-gal. Wild-type C57BL/6 mice were infected
with mouse-passaged Mtb-f-gal by the aerosol route as described above.
At designated time points lungs were inflated with Tissue-Tek OCT
(Sakura Finetek) and embedded and frozen in Tissue-Tek OCT. Samples
were stored at —80°C. Tissue was sectioned into 6-um sections using a
Leica cryostat fitted with a CryoJane tape-transfer system and a Cryo-
Vac-Away system (Instrumedics). Sections were dried and fixed for 10
min with acetone. Mtb-B-gal was detected in sections by staining with
a solution of 1 mM MgCl,, 5 mM potassium ferrocyanide, 5 mM po-
tassium ferricyanide, and 1 mg/ml X-galactosidase in PBS for 12 h at
37°C. Immunohistochemistry was performed using a mAb to DEC-205
(NLDC-145; Serotec), which was detected using biotin-labeled anti-rat
IgG (Vector Laboratories) and a Vector ABC alkaline phosphatase kit
using Vector Red as the substrate (Vector Laboratories). Sections were
counterstained with Vector hematoxylin and mounted using Permount.
Sections were viewed and photographed using a Leica DMRB micro-
scope using a X20 or a X100 oil objective and equipped with a Diag-
nostics Instruments Spot Slider camera and Spot software.

Cell sorting and microscopy

Paraformaldehyde-fixed, single-cell suspensions of lung and lymph nodes
were stained with 4’,6'-diamidino-2-phenylindole (Molecular Probes) and
~1000 cells were sorted onto slides based on CD11b and CDI Ic surface
stains using a FACS Vantage (New York University Center for AIDS
Research, New York NY). Cells were mounted using Slow-Fade mounting
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FIGURE 1. Flow cytometry detection of Mtb-GFP-infected cells from
mouse lung tissues. A, Flow cytometry dot plots showing single-cell sus-
pensions from the lungs of mice infected with wild-type Mtb H37Rv (Mtb-
WT; left panel) or GFP-expressing Mtb H37Rv (right panel) 28 days
postinfection, confirming that GFP™ cells are only found in mice infected
with Mtb-GFP. B, Quantitation of infection by comparison of the number
of infected cells as determined by flow cytometry (— 4 —) and bacterial
CFU in total lung homogenate (—<—) and in washed lung cells
(---0---). GFP" was calculated as the percentage of GFP* cells
determined by flow cytometry multiplied by the total number of cells in
the single-cell suspension. For total homogenate CFU, an aliquot of
total disrupted lung tissue before any washing was serial diluted and
plated on 7HI11 agar in triplicate. For single-cell suspension CFU, an
aliquot of the final single-cell preparation from the lung used to deter-
mine the total cell number was serial diluted without lysing the cells and
plated on 7HI11 agar in triplicate. Colonies were counted 14-21 days
later. Data are the mean = SD of five mice per time point. C, Bacterial
load in the mediastinal lymph node was assessed by serial dilution of
the total homogenate before any washing and plating on 7H11 agar
from the experiment displayed in Fig. 3.

medium (Molecular Probes) and visualized with a X100 oil immersion
objective on a Leica DMRB fluorescent microscope. Photomicrographs
were recorded using a Spot Slider digital camera and Spot Software.

Stimulation of Mtb-specific CD4" T Iymphocytes by cells from
Mtb infected mice

T cells and B cells were removed from single cell suspensions of lungs and
lymph node using Dynal magnetic bead selection (Invitrogen) to enrich for
APCs. For live sorts, cells were stained in sterile PBS with 10% FCS, kept
on ice, and sorted using a FACS Vantage at the New York University
Center for AIDS Research. CD4" T cells were isolated from P25 TCR-Tg
mice (21) by using a CD4 T cell isolation kit and an autoMACS system
(Miltenyi Biotec). CD4" T cells (1-2 X 10°) were combined with sorted
APCs at designated ratios in complete medium (RPMI 1640, 10% FCS,
L-glutamine, nonessential amino acids, sodium pyruvate, HEPES, and
2-ME) in the presence of 10 ug/ml P25 TCR-specific peptide (Mtb Ag 85B
aa 240-254, FQDAYNAAGGHNAVF; synthesized by Invitrogen Life
Technologies) for 3 days at 37°C with 5% CO,. Supernatants were assayed
in triplicate for IFN-y by ELISA (BD Biosciences).

CIITA-RAW264.7 cell Ag presentation assay

The FLAG epitope and open reading frame of human CIITA III were
excised from p3FgCIITA8 (provided by Dr. J. Ting, University of North
Carolina, Chapel Hill, NC) by using EcoRI and ligated into pQCXIN
(Clontech Laboratories). The product was used to transfect GP2-293 cells,
together with pVSV-G, to prepare vesicular stomatitis virus G protein-
pseudotyped retroviral particles for the constitutive expression of CIITA
and neo" as a bicistronic message driven by the CMV immediate-early
promoter with a viral internal ribosome entry site for the translation of neo".
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FIGURE 2. A and B, Flow cytometry dot plots of the distribution of
CDl1lc- and CDI11b-expressing cell subsets in the lungs (A) and the me-
diastinal lymph node (B) before (day 0) and after aerosol infection. C and
D, The total number of cells in each of the CD11c/CD11b-defined subsets
before (day 0) and during the course of infection in the lungs (C) and
mediastinal lymph node (D). mDC, Myeloid DC; RM, recruited interstitial
macrophage; AM, alveolar macrophage; Mono, monocyte; Neut, neutro-
phil. The neutrophil subset is not shown on the dot plot because it was
excluded by gating on CD11c~Gr-1"2" cells before identifying the CD11c/
CD11b-defined subsets. Cell numbers were calculated by multiplying the
percentage of cells in each subset obtained through flow cytometry by the
total number of cells determined through manual count of the total number
of cells in the single cell suspension from each tissue. Data are shown as
mean * SD for three (lymph nodes) or five (lungs) mice per time point.
Cell populations in lungs of uninfected mice were (X10%: myeloid DC,
2.2 £ 0.5; alveolar macrophage, 13 = 3; recruited interstitial macrophage,
9.1 = 2.1; monocytes, 5.3 £ 1.6; neutrophils, 1.9 = 0.9. Cell populations
in mediastinal lymph nodes of uninfected mice were (X 10%): myeloid DC,
4.1 = 0.2; CD11b"¥DC, 7.4 = 0.1; CD11b DC, 2.5 = 0.1; CDllc"
CD11b"e" 8.0 = 0.2; CD1lc” CD11b"¥, 18 * 0.3.

Packaged retroviral particles were used to transduce RAW264.7 cells, sta-
bly transduced cells were selected in G418, and individual clones were
characterized by their levels of expression of surface MHC class II by
FACS. A clone that expressed surface class II at a level that resembled that
of mature bone marrow-derived DCs was expanded and used for subse-
quent studies.

For Ag presentation experiments, CIITA-RAW cells were grown in
RPMI 1640 medium with 10% heat-inactivated FCS and 2 mM L-glu-
tamine and plated at a density of 2.5 X 10° cells per 10-cm tissue culture
dish. Mtb (H37Rv) was grown in Middlebrook 7H9 broth supplemented
with ADC enrichment to an ODsg, of 0.5-1.0. The culture was centrifuged
at 2,200 X g for 10 min and the pellet was resuspended in 2 ml of RAW
cell growth medium. Clumps of bacteria were disrupted by vortexing on
high for 3 min in the presence of 3-mm glass beads and passed through a
5-pm syringe filter (Millipore) by gravity flow to remove clumps. Bacterial
density was determined by counting in a Petroff-Hausser counter and con-
firmed by serial dilution and plating on 7H11 agar. CIITA-RAW cells were
infected at a multiplicity of infection of 10 or treated with 200 ng/ml
gamma-irradiated H37Rv for 1824 h. CIITA-RAW cells were scraped
and harvested in PBS with 5 mM EDTA and replated in a round-bottom
96-well plate at designated densities in triplicate in complete medium
(RPMI 1640 medium, 10% heat-inactivated FCS, 10 mM HEPES, 100 uM
nonessential amino acids, 1 mM sodium pyruvate, 100 U/ml penicillin, 100
ng/ml streptomycin sulfate, and 1X 2-ME). Cells were incubated with 1
M OVA peptide (aa 323-339) (Peptides International) for 6 h and then
fixed for 10 min with 1% paraformaldehyde and thoroughly washed with
PBS. DO11.10 CD4™ T cells that had been primed for 4 days in the pres-
ence of 1 ng/ml IL-12, 1 uM OVA peptide (323-339), and 10 ug/ml
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FIGURE 3. Distribution of Mtb-GFP infected cells in the CD11c/CD11b-defined leukocyte subsets of the lung and mediastinal lymph node. A and D,
Percentage of GFP™ cells that fall within each of the subsets of leukocytes in the lung (A) and mediastinal lymph node (D) during the course of infection.
B and E, Flow cytometry dot plot of the distribution of GFP* cells in the lung (B) and mediastinal lymph node (E) at day 28 postinfection on a plot of
CDll1c vs CD11b. The gates represent the subsets of APCs identified in each tissue based on the surface expression of CD11c and CD11b. Fewer than 5%
of the CD11c* cells in the lungs expressed either CD3 or CD8a, and Mtb-GFP were not detected in any CD11c*CD3" or CD11c¢"CD8a™ cells (not
shown). The numbers in the gates represent the percentage of GFP™ displayed in that gate. C and F, The total number of infected cells within the leukocyte
subsets in the lung (C) and mediastinal lymph node (F) during the first 4 wk of infection. The total number of infected cells in each subset was determined
by multiplying the percentage of the total cells that are GFP" within each subset as determined through flow cytometry by the total number of cells isolated
from the tissue at each time point. Data shown are mean = SD for five mice per time point. mDC, Myeloid DC; RM, recruited interstitial macrophage;

AM, alveolar macrophage; Mono, monocyte; Neut, neutrophil.

anti-IL-4 were purified using a CD4™ isolation kit and an autoMACS ma-
chine, added to the CIITA-RAW cells at 2 X 10° in complete medium, and
incubated at 37°C and 5% CO, for two days. Supernatants were harvested
and assayed in triplicate using ELISA with anti-mouse IFN-y Abs (BD
Biosciences), and absorbance was read on a microplate reader (Bio-Tek
Instruments).

Statistical analysis

Statistical comparison of the number of bacteria per cell in myeloid DCs
and recruited macrophages was performed by the Mann-Whitney U test
and a comparison of the number of DCs and bacteria in lymph nodes of
wild-type and plt/plt mice was performed by unpaired Students’ ¢ test, both
using both Prism 4 for Macintosh (version 4.0a) from GraphPad Software.

Results

Flow cytometry detection of Mtb-infected cells from mouse
tissues

To identify, characterize, and quantitate Mtb-infected cells in a
temporal fashion during infection, we performed flow cytometry
analysis on the lungs of mice infected with Mtb constitutively
expressing GFP (Mtb-GFP). We first confirmed the specificity of
detection by determining that green fluorescent events were de-
tected in cells from mice infected with Mtb-GFP but not in cells
from mice infected with wild-type Mtb (Fig. 1A). To confirm that

Table I.  Percentage of cells in each cell subset from the lungs that are GFP™ over the course of infection”

Alveolar Recruited
Dendritic Cells Macrophages Macrophages Monocytes Neutrophils
14 1.89 £ 0.99 0.77 £0.21 0.63 £0.28 0.11 = 0.07 1.26 £ 0.77
19 10.14 = 0.84 2.07 £ 0.36 4.88 = 1.32 1.21 £0.41 9.09 = 2.09
21 16.2 = 1.82 4.09 £ 0.97 7.86 £2.71 2.76 £ 1.32 12.86 = 3.62
28 15.63 = 2.95 279 £04 6.82 £2.13 1.91 £ 043 3.52 £0.57

“Results shown are mean = SD from analysis of five mice.
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Table II.  Percentage of cells in each cell subset from the mediastinal lymph node that are GFP™ over the

course of infection”

Myeloid DC CD11c™CDI11b"™ CD11c*CD11b™ CD11lc™CD11bhieh CD1lc™CD11b™
14 2.83 1.51 1.69 1.17 0.13
19 8.22 0.40 0.15 0.87 0.0095
21 6.78 3.25 4.97 1.73 0.07
28 3.44 0.21 0.029 1.15 0.03

“ Numbers were obtained by pooling cells from lymph nodes from five mice at each time point.

these green fluorescent events represented Mtb-GFP infected cells,
we sorted cells in the positive and negative gates in the infected
lung (Fig. 1A, right panel) and found that >90% of the cells in the
positive gate contained one or more bacteria whereas <0.002% of
the cells in the negative gate contained bacteria as detected by
fluorescence microscopy.

We next monitored the numbers of Mtb-GFP ™" cells over several
weeks of infection. First, we confirmed that the infection was pro-
gressing as expected by plating whole homogenates of total lung
tissue for viable bacteria (Fig. 1B). We found the expected increase
in bacterial counts from 14 to 21 days followed by a plateau in the
number of bacteria. The number of fluorescent events per lung
detected by flow cytometry displayed the same temporal pattern as
the total bacterial counts (Fig. 1B). We consistently detected ~1
log,, fewer fluorescent events than viable bacteria (Fig. 1B). This
difference is partially due to the loss of bacteria during the washing
steps that were performed before FACS analysis as determined by
assessing the CFU in the supernatant of each wash (data not
shown). In addition, microscopic examination of sorted cells
showed that many infected cells contained more than one bacte-
rium (see below), resulting in a ratio of GFP™ events to CFU of
<1. Additionally, the number of fluorescent events detected cor-
related very closely with the number of viable bacteria detected in
the washed, single-cell suspensions that were not lysed with de-
tergent before plating (Fig. 1B). Taken together, these data indicate
that our flow cytometry technique is both sensitive and specific for
detecting infected cells and show that the number of infected cells
first increases and then plateaus, mirroring the pattern of total
bacterial counts. This indicates that during the initial phase of
infection with Mtb before the appearance of the adaptive im-
mune response, the growth of the bacterial population in the
lungs is accompanied by an expansion of the number of infected
cells, which implies a high rate of cell-to-cell spread of the
bacteria. This cell-to-cell spread is diminished by the adaptive
immune response, as the number of infected cells plateaus with
the same kinetics as the bacterial population size.

Mtb infects lung cells with diverse phenotypes in vivo

Differential quantitative expression of the leukocyte markers
CD11b and CDl1Ic, together with bronchial lavage, identified three
major and two minor subsets of myeloid cells in the lungs (15-17)
(Fig. 2). At the earliest time point that Mtb-GFP could be reliably
detected (14 days postinfection), alveolar macrophages, myeloid
DCs, and neutrophils were the predominant infected cells in the
lungs (Fig. 3). By 19 days postinfection myeloid DCs and inter-
stitial macrophages were recruited to the lungs and outnumbered
the alveolar macrophages (Fig. 2). Concurrent with their recruit-
ment to the lungs, myeloid DCs and recruited interstitial macro-
phages became infected (Fig. 3) and were the predominant popu-
lations of infected cells in the lungs while alveolar macrophages,
which changed minimally in total number during the course of
infection, decreased as a fraction of the total infected cells in the
lungs. We confirmed that GFP™ cells in each of these cell subsets

represented Mtb-infected cells by flow sorting of each subset, fol-
lowed by examination of the sorted cells by fluorescence micros-
copy. Myeloid DCs and recruited macrophages remained the pre-
dominant infected cells in the lungs throughout the remainder of
the monitored infection. Despite the long-standing belief that mac-
rophages represent the resident cells for Mtb, myeloid DCs ac-
count for the largest percentage (>50%) of infected cells in the
lung after 14 days of infection. Although recruited interstitial mac-
rophages represent a significant percentage of the infected cells,
infected myeloid DCs outnumber infected recruited macrophages
by 2:1 at the peak of the infection in the lung (Fig. 3, A and C).
Although accounting for approximately half the infected cells after
3 wk, the myeloid DCs only represent 6.8% of the total cells in the
lung; therefore, a high proportion of the DCs in the lung become
infected with Mtb (Tables I and II).

In addition to macrophages and DCs, between 14 and 21 days
postinfection we found GFP™ cells within a CD11¢~CD11b"2"Gr-
1Mg" population. Examination by microscopy of flow-sorted GFP™
cells from this population confirmed that the GFP™ cells contained
Mtb, histological staining by Hema3 showed that 80% of the cells
possessed granulocyte-like nuclei, and 72% of the cells were
strongly positive for myeloperoxidase activity by Leder stain.
Taken together, these results indicate that granulocytes are tran-
siently infected with Mtb early in infection but that they represent
a minor fraction of the infected cells at later times.

DCs transport Mtb to the mediastinal lymph node

We also used flow cytometry to characterize the cells in the me-
diastinal lymph node, which drains the lungs. After day 14 postin-
fection, one population of cells dominated the distribution of in-
fected cells in the mediastinal lymph node (Fig. 3, D—F). Greater
than 65% of the infected cells were CD11c™&"CD11b™#" myeloid
DCs, which resemble the predominant infected cell population in
the lungs. The total number of these cells increased progressively
in the lymph node during the course of infection (from 1 X 10 to
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FIGURE 4. DCs and Mtb CFU in lymph nodes of C57BL/6J and plt/plt
mice 14 days after aerosol infection with ~100 Mtb CFU/mouse. A, Re-
cruitment of myeloid DCs, calculated as the increase in myeloid DCs in the
mediastinal lymph node in response to Mtb infection of wild-type and
plt/plt mice relative to the number of myeloid DCs in uninfected lymph
nodes from each strain of mice. B, Mtb CFU in the mediastinal lymph
node. Data represents the mean = SD of at least five mice in each group.
WT: Wild-type C57BL/6 mice.
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Table III. APC subsets in mediastinal lymph nodes of wild-type and plt/plt mice before and 14 days after M. tuberculosis

infection”
C57BL/6 pli/plt
Uninfected Day 14 Uninfected Day 14
Percentage Percentage Percentage Percentage

Cell Subset (%) x10* (%) x10* (%) x10* (%) x10*
Total Cells 182 950 50 54.8
Total APC 791 144 =04 4.7 448 =225 543 2.72 7.76 42 *21
Myeloid DC 0.83 1.5x0.1 0.54 49 £38 0.57 0.29 0.95 05*04
CDI11b"*" DC 1.48 2.7 =0.02 0.96 94 *56 0.61 0.31 1.36 0704
CDl1lb™ DC 0.49 0.9 £0.05 1.04 9.9 £6.7 0.55 0.28 2.32 12x1.0
CDl1lc™ CDI11b"ieh 1.59 29 0.1 0.56 51%29 1.56 0.78 0.75 042 0.3
CD1lc CDI1b"™ 3.52 64 +0.2 1.6 154 £8.5 2.15 1.08 2.38 1.3x0.7

“ Data from uninfected plt mice were obtained by pooling cells from lymph nodes of five mice; the remaining data are mean = SD of five mice per

group.

2 X 10°), and by day 19 ~25% of these cells in the mediastinal
lymph node contained bacteria detectable by flow cytometry. In
contrast to the total number of myeloid DCs in the mediastinal
lymph node, the number of infected myeloid DCs reached a peak
of ~2.5 X 10* by day 21 postinfection and then decreased to
~8 X 10 per lymph node by day 28. The number of viable bac-
teria in the lymph node decreased by a similar extent between days
21 and 28.

Infected lymph node cells could arise by several different mech-
anisms, including the drainage of cell-free bacteria from the lungs
in lymphatic fluid, the phagocytosis of hematogenously spread
bacteria by resident cells in the lymph node, or the transport by
DCs that become infected in the lungs and then migrate to the
lymph node when they mature. To distinguish these possibilities
we infected plt mice that lack the expression of CCL19 and
CCL21ser (22), which are normally expressed in the lymphatic
endothelium and the paracortical zone of lymph nodes and serve as
ligands for CCR7 on mature DCs. Compared with wild-type con-
trols, mediastinal lymph nodes of plt mice recruited 95% fewer
CD11cMe"CD11bMe" cells and contained 95% fewer bacteria on
day 14 after Mtb infection (Fig. 4). The number of lung DCs or
macrophages and the number of bacteria in the lungs did not differ
significantly on day 14 between plt mice and controls. Although
the recruitment of other APC subsets to the mediastinal lymph
node was also defective in Mtb-infected plt mice (Table III), the
defective migration of myeloid DCs is most likely to account for
the lower number of bacteria in the lymph node because this subset
represents the largest fraction of infected cells in the lymph node.
These results support the hypothesis that mature DCs transport live
Mtb from the lungs to the local draining lymph node, at least
during the early phase of infection. The observation that the num-
ber of Mtb-infected myeloid DCs in the lymph node decreases
later in infection while the number of infected myeloid DCs in the
lungs remains at the high level achieved by day 21 (Fig. 3) implies
that migration of Mtb-infected myeloid DCs from the lungs to the
mediastinal lymph node is a transient phenomenon and is down-
regulated in the later stages of infection.

Immunohistochemistry localizes Mtb in DEC-205" cells

As an alternative approach to determining the frequency of Mtb
infection of DCs, we used immunohistochemistry and a well-char-
acterized Ab to the DC marker DEC-205. Because immunohisto-
chemistry staining and acid-fast staining of mycobacteria are in-
compatible, we performed these studies using a strain of Mtb
transformed with a plasmid for constitutive expression of Esche-
richia coli B-gal. This revealed that bacteria could be detected in

DEC-205" as well as DEC-205" cells in pulmonary granulomas
and that infected DEC-205" cells formed aggregates with other
infected DEC-205" cells while infected DEC-205" cells clustered

with other DEC-205" cells (Fig. 5). When we quantitated the fre-
quency of Mtb in DEC-205" cells in the lungs we found that 21
days after infection 53% of the bacteria were in DEC-205" cells;
this increased to 63% by 28 days after infection. These results
support the observations obtained by flow cytometry that the ma-
jority of bacteria reside in lung cells with the characteristics
of DCs.

CIDEC205+ MMl DEC205Neg
70

% of Infected Cells

Day21 Day28

FIGURE 5. Immunohistochemical localization of Mtb in DEC-205"*
and DEC-205" lung cells. Mtb-3-gal was visualized with X-galactosidase
(blue-green) and DEC-205 (red) was visualized with the mAb NLDC-145
in hematoxylin-counterstained (blue) lung sections from a mouse infected
by the aerosol route 28 days earlier. A, Original magnification: X20; ar-
rows designate bacteria in DEC-205" cells and arrowheads designate bac-
teria in DEC-205" cells. B, Original magnification: X100 with oil immer-
sion. C, Isotype control stained lung, counterstained with hematoxylin. D,
On days 21 and 28 postinfection Mtb-3-gal was scored for its localization
in DEC-205" or DEC-205" cells in lung sections. DEC-205" cells were
further categorized as staining with high (lower section of bar) or low
(upper section of bar) intensity. At each time point the distribution of
Mtb-B-gal was determined in cells on six lung sections; the percentage of
bacteria in DEC205" and DEC-205" cells was calculated for each section;
data shown are mean * SD for the six sections from each time point. On
sections from day 21, a total of 525 Mtb-B-gal™ cells were counted; on
sections from day 28, a total of 722 Mtb-B-gal™ cells were counted.

2202 ‘¥ 1snbny uo 1sanB Aq /640" jounwiwi:mmm//:dny wouy papeojumoq


http://www.jimmunol.org/

The Journal of Immunology 2515

< 100 7
o
g . 0C o
S 5
z BR Am .
= 9058 5 K . ]
z =
= 2% I i .
o]
19 o8
Days Post Infection
i 100
AO
g ° Il mDC 804
T 4 EICD11c™CD11b™ 604
= Ccpt1e™9cpiip®
£ EZCD11b° DC
= neg 20+
2 E=3cD11b™° DC
19 21 28
Days Post Infection
E CD80 CD86 CD40 F
1001 ) 1004
Ao
807 "
it
607 [y
A
404 N
I’ \h
207 " ]
v \“\ H’ 8
C —

FIGURE 6. Expression of surface MHC class II on Mtb-GFP-infected cells in the CD11c/CD11b-defined subsets of leukocytes in the lung and
mediastinal lymph node. A, MHC class II mean fluorescence intensity of the GFP™ cells within each cell subset during the first 4 wk of infection. Data
shown are mean = SD for five mice per time point. mDC, Myeloid DC; RM, recruited interstitial macrophage; AM, alveolar macrophage; Mono, monocyte;
Neut, neutrophil. B, Histogram of MHC class II expression on lung cell subsets from a representative mouse 21 days postinfection. Bold black line, Myeloid
DC; dark gray line, alveolar macrophage; light gray line, recruited interstitial macrophage; dashed gray line, monocyte; heavy dashed line, neutrophil; fine
black line, control. C, MHC class IT MFI for the GFP™" cells within each of the CD11c/CD11b-defined cell subsets in the mediastinal lymph node. Cells
from the mediastinal lymph nodes of five mice per time point were pooled into a single sample to acquire sufficient GFP* events for quantitation. D,
Histogram of MHC class II expression on lymph node cell subsets from a representative mouse 21 days postinfection. Bold black line, Myeloid DC; heavy
dashed line, CD11b"" DC; dashed gray line, CD11b~ DC; dark gray line, CD11c~CD11b""; light gray line, CD11c~CD11b'"; fine black line, control.
E and F, Representative histograms of costimulatory molecule expression on each APC subset from the lung (E) and mediastinal lymph node (F) 21 days
postinfection. Cell subsets are designated as in B and D. Expression of MHC class II on all CD11¢/CD11b-defined subsets in the lungs and lymph nodes
of uninfected mice was below the lower limit of the scale shown in A and C.

APCs in the lungs and mediastinal lymph nodes of Mtb-infected
mice express surface MHC class 1l and costimulatory molecules

of Mtb-infected mice expressed high levels of MHC class II (Fig.
6). DCs in the lungs of infected mice expressed progressively
higher levels of surface MHC class II from 14 to 21 days after
infection, consistent with progressive maturation of resident and
newly recruited DCs by bacterial products and by proinflammatory
cytokines induced by infection (23, 24). Likewise, myeloid DCs in
the mediastinal lymph node expressed high levels of MHC class II,
consistent with maturation. Further evidence for the maturation of
DCs in the lungs and mediastinal lymph node was provided by the
expression of costimulatory molecules (CD80, CD86, and CD40)
on a higher proportion of lung and mediastinal lymph node DCs

Secondary lymphoid tissues such as lymph nodes are the sites of
the priming of naive CD4" T lymphocytes by MHC class II-re-
stricted recognition of peptide Ag, usually on DCs. In the lungs,
Ag presentation is necessary for recognition of infected cells by
Mtb Ag-specific effector CD4™ T cells. Our finding that Mtb in-
fects DCs in the lungs and mediastinal lymph node indicates that
these cells contain Mtb Ag and may participate in the activation of
naive (lymph node) and effector (lung) CD4™ T cells. We found
that myeloid DCs from the lungs and the mediastinal lymph nodes

Table IV. Percentage of GFP™ cells in each lung cell subset that express costimulatory molecules”

CD86 CD80 CD40
Subset Day 14 Day 21 Day 28 Day 14 Day 28 Day 14 Day 28
Myeloid DC 73.8 2732 91.6 =138 539*+182 974*+278 833*1.78 40.8*9.65 72.1 *3.07
Alveolar Macrophage  35.5 =894 92.8 =0.96 74 £ 648 94.1 =391 86.3 *+2.03 6.68 £2.56 73.5*8.29
Recruited Macrophage 51.7 = 18.3 27 37 289 =*336 71 £ 14.1 478 £551 36.1 £13.7 21.1 =3.88
Monocyte 179 £125 139231 829 £233 388 *£388 165*x724 1735*+485 3.19*04
Neutrophil 783 £695 274*+256 987 *194 89.5=*774 21.8*£329 756=*363 152*3.04

“ Results shown are mean * SD from analysis of five mice at each time point.
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Table V. Percentage of total (GFP™ and GFP™) lung cells in each subset that express costimulatory molecules”

CD86

CD80 CD40

Subset Day 14 Day 21 Day 28

Day 14 Day 28 Day 14 Day 28

Myeloid DC 623 =564 851*+348 654164 544x209 831*1.08 324=*101 572=*138
Alveolar Macrophage  36.9 =424 889+ 152 71.1 £2.64 80.7*104 875=*0.64 3.33+223 272=x3.17
Recruited Macrophage 41.2 * 5.82 45 £4.66 28.1*448 624*+93 468*35 339x279 119 =*0.39
Monocyte 19.4 = 5.94 31 206 13.8 227 27.77*105 233=*3.61 724*+252 35%*044
Neutrophil 76.1 =599 33.7*+426 6.67*091 87.7x506 11.7*141 73.1*3.63 3.18*0.34

“ Results shown are mean * SD from analysis of five mice at each time point.

(Tables IV and V). Consistent with other studies in mice (15) and
humans (25), we found that alveolar macrophages also expressed
high levels of MHC class II, although the levels were not as high
as those on DCs. By comparison, newly recruited interstitial mac-
rophages, which represent a major subset of the Mtb-infected cells
in the lungs, expressed lower levels of MHC class 11 as reflected by
10-fold lower fluorescence intensity by flow cytometry, and a
lower proportion of these cells expressed CD80 and CD86 (Fig. 6
and Tables IV and V).

Subsets of cells from tissues of Mtb-infected mice differ in their
ability to stimulate Mtb-specific CD4" T lymphocytes

The differences in expression of MHC II and costimulatory mol-
ecules on distinct subsets of cells from Mtb-infected mice sug-
gested that cells in the subsets might differ in their capacity to
stimulate CD4™" T lymphocytes. To test this hypothesis, we sorted
lung and mediastinal lymph node cells on the basis of their quan-
titative expression of CD11b and CD11c and used the sorted cells
to stimulate T cell Ag receptor (TCR) Tg (P25 TCR-Tg) CD4™ T
cells that recognize a peptide from Mtb Ag 85B (21).

In the lymph node, we expected that the myeloid DCs from
Mitb-infected mice would be the most efficient APCs to CD4* T
cells because they exhibit a mature phenotype and are well known
for their efficiency as APCs. However, we found that myeloid DCs
from mediastinal lymph nodes of Mtb-infected mice were poorer
APCs than were CD11c™#"CD11b'°%~ DCs, which elicited twice
as much IFN-vy from the responding T cells as than did myeloid
DCs (Fig. 7A). The same pattern was observed for the stimulation
of IL-2 secretion, indicating that the differential ability of the APC
subsets was not confined to a single T cell response (not shown).
When we compared the ability of the same subsets of DCs (after
maturation with TNF and LPS) from lymph nodes of uninfected
mice to stimulate P25 TCR-Tg cells, myeloid DCs were the most
efficacious in stimulating the production of IFN-y from the re-
sponding T cells (data not shown). Because myeloid DCs are the
predominant Mtb-infected cells in the lymph node and nonmyeloid
DCs are infected with very low frequency, these results suggest
that Mtb infection may inhibit direct Ag presentation by
myeloid DCs.

Among the cells in the lungs, we also anticipated that myeloid
DCs would be efficient APCs because they express the highest
levels of surface MHC class II and costimulatory molecules. How-
ever, as in the mediastinal lymph nodes, myeloid DCs isolated
from the lungs stimulated P25 TCR-Tg CD4™* cells poorly. Indeed,
myeloid DCs isolated from the lungs of Mtb-infected mice stim-
ulated the CD4" T cells no more effectively than did recruited
macrophages, which express lower levels of MHC II and costimu-
latory molecules (Fig. 7B). In contrast, alveolar macrophages,
which represent a small percentage of the total of the infected
cells, consistently elicited the greatest amount of IFN-y from
P25 TCR-Tg CD4" T cells. In comparison to mediastinal

lymph node cells with comparable surface phenotypes, all of the
subsets of cells from the lungs were less efficacious stimulators
of CD4™ T cells.

Mtb inhibits MHC class Il Ag presentation without reducing
surface class II expression

The finding that cells from Mtb-infected mice were poor stimula-
tors of Ag-specific CD4™ T cells suggested that Mtb infection
might inhibit class II Ag presentation. To test this hypothesis, we
constructed a cell line that constitutively expresses high levels of
surface MHC class II and other mediators of class II Ag presen-
tation due to the constitutive expression of CIITA. These cells
were efficient APCs to DO11.10 OVA-specific TCR-Tg CD4* T
lymphocytes (Fig. 8). When these cells were infected with live,
virulent Mtb, their stimulation of DO11.10 cells was reduced by
90% without a significant change in their surface expression of
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FIGURE 7. Ag-specific CD4" T lymphocyte-stimulating capacity of
CD11c/CD11b-defined cell subsets from lungs and mediastinal lymph
nodes of Mtb-infected mice. A, Cells in each of the CD11¢/CD11b-defined
subsets in the mediastinal lymph node of mice infected 28 days earlier were
sorted by FACS and combined with Mtb Ag85B-specific transgenic CD4 "
T lymphocytes (P25 TCR-Tg) at the designated ratios in the presence of
antigenic peptide. Three days later supernatants were assayed for the pres-
ence of IFN-vy to assess T cell activation. mDC, myeloid DC. B, Cells in
each of the CD11c¢/CD11b-defined subsets from the lungs of mice infected
for 28 days were sorted by FACS and combined with P25 TCR-Tg CD4 T
cells at 1:10 APCs to T cells. After a three-day incubation, supernatants
were assayed for IFN-vy. Graphs are representative of five independent
experiments with each tissue. mDC, Myeloid DC; RM, recruited inter-
stitial macrophage; AM, alveolar macrophage; Mono, monocyte; Neut,
neutrophil.
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FIGURE 8. Inhibition of Ag presentation by Mtb in vitro. A, Histogram
of surface expression of MHC class II on the clone of CIITA-RAW cells
used for Ag-presentation experiments. Shaded area, Untreated CIITA-
RAW cells; dashed line, CIITA-RAW cells exposed to gamma-irradiated
Mitb; dotted line, CIITA-RAW cells infected with live Mtb. B, CIITA-
RAW cells were exposed to gamma-irradiated (irrad) or live Mtb or me-
dium alone and assayed for their ability to present OVA peptide (325-339)
to Thl-polarized DO11.10 T cells, assayed as the production of IFN-y
after 48 h. The results shown are representative of four independent
experiments.

MHC class II or a reduction in the surface expression of CD80 or
CD86. Inhibition of Ag presentation by the CIITA-RAW cells re-
quired live Mtb, as no effect was observed when the cells were
treated with gamma-irradiated Mtb.

Inefficient CD4™ T cell stimulation is accompanied by the
accumulation of intracellular bacteria in lung DCs and
recruited macrophages

CD4" T cells provide protection against progressive growth of
Mtb by secreting TNF and IFN-+y and by incompletely character-
ized cell contact-dependent mechanisms (26-28). The observation
that Mtb-infected recruited interstitial macrophages and myeloid
DCs were poorly recognized by Mtb-specific CD4™ T cells sug-
gests that these cells would be permissive for intracellular growth
of Mtb in vivo. To test this hypothesis, we counted the number of
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FIGURE 9. Frequency distribution of the number of Mtb-GFP per cell
in recruited macrophages (RM)and DCs isolated from lungs (day 21
postinfection). GFP* recruited macrophages and DCs were sorted by
FACS and nuclei were visualized with 4',6'-diamidino-2-phenylindole.
Approximately 450 cells of each type were examined by fluorescent mi-
croscopy and the number of bacteria in each cell was assessed visually,
with all cells that contained at least five bacteria per cell counted as “5+.”
Micrographs show representative cells from the DC 5+ bacteria per cell
group and the recruited macrophage 5+ bacteria per cell group. mDC,
myeloid DC.
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bacteria per cell after sorting GFP* myeloid DCs and recruited
macrophages from the lungs (Fig. 9). Accurate enumeration of the
number of bacteria per cell was only possible at low cellular bac-
terial densities, so we used a conservative cutoff and scored all
cells with five or more bacteria as having five bacteria per cell.
Despite this conservative cutoff, we found that lung DCs contained
3.76 = 0.05 bacteria per cell, whereas recruited macrophages con-
tained 4.13 = 0.05 bacteria/cell (p = 0.0001, by Mann-Whitney U
test). Moreover, while 32% of infected lung DCs contained at least
five bacteria per cell, nearly twice as many infected recruited mac-
rophages (59%) contained at least five bacteria per cell and many
of the macrophages were densely packed with bacteria, whereas
few densely infected DCs were found (Fig. 9). These findings in-
dicate that multiple subsets of APCs are permissive for the growth
of Mtb in vivo and that cells that stimulate Ag-specific CD4" T
cells poorly contain more bacteria per cell.

Discussion

The studies reported here reveal several major findings regarding
the early stages of infection and the adaptive immune response
after aerosol infection with Mtb. First, they demonstrate that Mtb
infects cells of diverse phenotypes, that the predominant infected
cell populations change with time, and that myeloid DCs are one
of the major cell populations that are infected with Mtb in the
lungs and lymph nodes. Second, we found that the population of
Mtb-infected cells in the lung-draining lymph node is much less
diverse than that in the lungs; up to 80% of the bacteria in the
lymph node are found in myeloid DCs. Moreover, we found evi-
dence that the bacteria in the lung-draining lymph node are trans-
ported there from the lungs by a CCL19/21-dependent mechanism
and that the transport of bacteria to the lymph node is a transient
phenomenon. Third, we found that the lymph node cell subsets that
are most efficacious in presenting an Mtb peptide Ag to CD4" T
lymphocytes are not infected with the bacteria and are not repre-
sented in the lungs of infected mice. Finally, we found that the cell
populations that are infected with Mtb at high frequency are rel-
atively ineffective at stimulating Ag-specific CD4" T cells, and we
have obtained evidence that live Mtb can inhibit MHC class II Ag
presentation without a decrease in the surface expression of MHC
class II.

Since 1925, mononuclear phagocytes have been known to be
resident cells for Mtb in vivo (11). Until recently, Mtb has been
thought to reside exclusively in macrophages, although recent
studies have detected bacteria in DCs in tissues of mice and hu-
mans (12, 13, 29). The sensitive and specific flow cytometry assay
we have developed has allowed us to detect and characterize cells
infected with GFP-expressing Mtb and to find that the cell popu-
lations that contain Mtb during the initial 4 wk of infection are
highly dynamic and that DCs, not macrophages, are the quantita-
tively predominant subset of the infected cells in the lungs after the
first 2 wk of infection. In the studies reported here, lung DCs were
identified by their high-level expression of both CDllc and
CD11b as previously described (15-17). In addition, we found that
this cell subset in the lungs exhibits other characteristics of DCs,
including IFN-vy-independent expression of high levels of surface
MHC class II and high levels of the costimulatory molecules CD80
and CD86. This same subset of cells in the lungs has been found
by other investigators to exhibit additional properties of DCs, in-
cluding characteristic morphology in situ (17), the ability to mi-
grate from the lungs to the mediastinal lymph node (16, 30), and
the ability to prime naive T cells (16, 17). Moreover, we found that
a large fraction of the infected cells in the lungs express the DC
marker DEC-205 as determined by immunohistochemistry. Al-
though our findings indicate that lung DCs are a major cell subset
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infected with Mtb, they do not establish whether the infected cells
exhibited a DC phenotype before infection or whether a subset of
macrophages undergoes a transition to a DC phenotype in response
to Mtb infection.

The number of DCs and recruited macrophages in the lungs
increases progressively during the first 4 wk of infection, at least
in part due to CCR2-dependent signaling (31-33), and upon arrival
in the lungs the DCs and recruited macrophages become infected
and markedly outnumber the initially infected alveolar macro-
phages, which do not change in total number or the number of
infected cells after the first 2 wk of infection. After the 3rd wk of
infection, newly recruited DCs and macrophages together account
for 80-90% of the infected cells in the lungs, and afterward the
distribution of the bacteria in these cells remains stable. Between
days 14 and 19 postinfection, concurrent with DC recruitment and
infection in the lungs, DCs mature as assessed by expression of
surface MHC class II and the costimulatory molecules CD80 and
CD86. Within this same interval, infected DCs transport live Mtb
from the lungs to the lung-draining mediastinal lymph node, which
indicates that at least a subset of infected lung DCs express CCR7,
CCRB&, and/or other chemokine receptors required for migration, at
least in the first 14—17 days of infection.

Within the lung-draining mediastinal lymph node, all of the sub-
sets of cells defined by the expression of CD11b and CD1lc in-
creased in number by day 19 of infection, and all of them stayed
persistently increased in number compared with that in uninfected
mice for at least the first four weeks of infection. Of the lymph
node cells that contained Mtb, up to 80% are CD11cMe"CD11b"en
myeloid DCs, which implies that only this subset of cells, and
neither of the macrophage subsets, is capable of migrating from the
lungs to the lymph node, consistent with the results observed after
the administration of fluorescent latex particles (16) or infection
with an influenza virus (30). The number of Mtb-infected DCs in
the lymph node reached a peak on day 21 after infection, when the
number of DCs containing bacteria in the lungs also reached its
maximum level. On day 21, the number of Mtb-infected myeloid
DCs in the lymph node was ~10% of the number in the lungs,
which suggests that during the initial weeks of infection a high
proportion of the DCs in the lungs that become infected migrate
from the lungs to the local lymph node. Unlike the pattern seen in
the lungs, the number of infected myeloid DCs in the lymph node
decreases markedly after day 21, so that by day 28 the number of
infected cells in the lymph node is only 2% of that in the lungs.
One potential explanation for this finding is that infected DCs stop
migrating from the lungs to the lymph node, as has been observed
for lung DCs after infection with an influenza virus (30). However,
this is not likely to be the sole explanation, because the total num-
ber of myeloid DCs in the lymph node remains stable from days
19-28. An additional possibility is that total DC migration from
the lungs does not cease but that migration of Mtb-infected DC is
selectively arrested after days 17-21. Further studies will be re-
quired to determine whether selective differences in the migration
of Mtb-infected and uninfected lung DCs occurs after an initial
wave of migration of infected lung DCs. The finding that DC mi-
gration from the lungs to the lymph node is temporally restricted
despite chronic infection implies that Mtb Ags that are only ex-
pressed during the later stages of infection may not be efficiently
presented to naive T lymphocytes.

Because myeloid DCs are the predominant population of cells
that contain Mtb in the mediastinal lymph node, we expected that
they would also exhibit the highest capacity for Ag presentation to
Mib-specific CD4 " T lymphocytes. Instead, the CD4™ T cell stim-
ulating capacity of myeloid DCs from the mediastinal lymph node
was exceeded by that of two alternative populations of lymph node
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DCs that expressed low or negligible levels of CD11b. Because
neither of these cell populations is infected at high frequency in
vivo and because neither is found in the lungs, our results suggest
that while myeloid DCs transport live Mtb from the lungs to the
lymph node, the priming of naive Mtb-specific CD4™ T lympho-
cytes may be accomplished by resident lymph node DCs as has
been reported during the early immune response to Leishmania
major after intradermal infection (34). Further studies will be nec-
essary to determine the precise mechanism(s) of the presentation
of Mtb Ags to naive CD4™ T lymphocytes, including the quanti-
tative roles of Ag produced by bacteria in the lungs or in the lymph
node and the quantitative contributions of Ags acquired by DCs
from apoptotic macrophages.

When we examined the Ag presentation capacity of DCs and
macrophages isolated from the lungs of infected mice, we found
that they were less able to stimulate Mtb Ag85B-specific CD4™ T
lymphocytes than were lymph node cells. Myeloid DCs from the
lungs stimulated Mtb-specific CD4" T cells to secrete approxi-
mately half the amount of IFN-y observed when DCs from the
lymph node were used despite comparable levels of expression of
surface MHC class II, CD80, CD86, and CD40. These results in-
dicate that the DCs found in the lungs are less efficacious APCs
than those in the lymph node. One possible explanation is that
Mtb-infected lung DCs undergo a defective maturation program
that limits their capacity to migrate to lymph nodes as well as to
present peptide Ags by the class II pathway. Indeed, Mtb has been
reported to inhibit the maturation of human peripheral blood-de-
rived DCs in vitro (35), but the results reported here are the first to
demonstrate that this phenomenon also occurs in vivo.

To seek evidence that Mtb inhibits MHC class I Ag presenta-
tion in cells that do not require treatment with IFN-vy for class II
expression, we constructed a macrophage cell line that constitu-
tively expresses CIITA, which drives high levels of surface class
II. Using those cells, we found that live, but not gamma-irradiated,
Mitb inhibits class IT Ag presentation to CD4™ T lymphocytes de-
spite abundant surface class II. This cell line should prove valuable
for studies of the cellular basis of the inhibition of class II Ag
presentation and for screening libraries of mutant Mtb to identify
bacterial mechanisms of inhibiting Ag presentation.

In addition to the poorer Ag-presenting capacity of DCs from
the lungs compared with that of DCs from the lymph node, re-
cruited lung macrophages exhibited even lower efficacy in stimu-
lating Mtb Ag85B-specific CD4™ T lymphocytes. This was ac-
companied by a lower surface expression of MHC class II and in
the presence of a lower frequency of expression of CD80 and
CD86 in recruited macrophages compared with that in lung DCs.
That this may have functional relevance is indicated by our finding
that recruited macrophages contain significantly more bacteria per
cell than do DCs in the lungs, although from these experiments it
is not possible to determine whether the greater number of bacteria
is the cause or the effect of poor Ag presentation and T cell
stimulation.

In summary, we have found that Mtb infects phagocytes with
diverse phenotypes in vivo and that myeloid DCs transport Mtb
from the lungs to the local lymph node during the early, but not
later, stages of infection. Moreover, we have found that DCs
and recruited macrophages in the lungs are poor stimulators of
Mtb Ag-specific CD4" T cells. Taken together, these results
imply that vaccines that induce cellular immune responses to
Mtb Ags may have limited efficacy if the responding memory
and effector T lymphocytes cannot effectively recognize in-
fected lung cells. In addition to ongoing vaccine development,
efforts to develop strategies for overcoming immune evasion by
Mtb need to be a high priority.
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