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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 (— ¢ —) 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 7H11 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 7H11 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 lvmphocytes by cells from
Mi1b infected mice

T cells and B cells were removed from single cell suspensions of lungs and
Iymph 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 pg/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 I were
excised from p3FgCIITAS (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
CD11c- and CD11b-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 CD11¢/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 CD1 1¢™ Gr-1"#" 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 (X 10%): 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. 74 = 0.1: CD11b"DC, 2.5 = 0.1: CD11c”
CD11b%#" 80 + 0.2: CD11c~CD11b**, 18 = 0.3.

# of Cells/Subset (x10%)
N
o

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 mmltiplicity of infection of 10 or treated with 200 ng/ml
gamma-irradiated H37Rv for 18-24 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
wg/ml streptomycin sulfate, and 1X 2-ME). Cells were incubated with !
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 pug/ml
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DENDRITIC CELLS IN TUBERCULOSIS

D Mediastinal Lymph Node
80 9 -
T
1 e ww= mDC
g 6019 e CD111°DC
‘2 —y~ CD11b7€4 DC
G 409 CD11c"9CDI1bh
g R w—a= CD11c"6CD11d0
o
s 20 N o .
= i ) s
0 &—
14 21 28
Days Post Infection
E
tﬂ‘]
10
o
8 u'] 0.073
w'e .
R
o w0 15 wt
CD11b
F
& 25 = mDC
2 —e= CD11ble DC
% 20 —e CD11b73 DC
£, 5 - CD11c"e3CD11bhi
§ == CD11cNeICD1 o
i .
w
o}
]
*

Days Post Infection

Distribution of Mtb-GFP infected cells in the CD11¢/CD1 1b-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
CD11c 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 CD1lc* cells in the lungs expressed either CD3 or CD8a, and Mtb-GFP were not detected in any CD11¢*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. Supematants 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 pit/plt mice was performed by unpaired Students’ f 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. 14). To confirm that

Table 1. 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 = 041 9.09 = 2.09
21 16.2 = 1.82 4.09 = 0.97 7.86 = 2.71 276 = 1.32 12.86 = 3.62
28 15.63 = 2.95 27904 6.82 = 2.13 191 = 043 352057

 Results shown are mean + SD from analysis of five mice.
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Table I. Percentage of cells in each cell subset from the mediastinal lymph node that are GFP* over the

course of infection”

Myedloid DC CD11c*CD11b*™ CD11c"CDI11b™ CDHlc~CD11bEs CDl1ic~CDI11b™™
14 283 1.51 1.69 1.17 0.13
19 8.22 0.40 0.15 0.87 0.0095
21 6.78 3.25 497 1.73 0.07
23 3.44 0.21 0.029 1.15 0.03

2 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,o 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 CD11c, 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 CD11c” CD11b™#'Gr-
1™#» population. Examination by microscopy of flow-sorted GFP™
cells from this population confirmed that the GFP™ cells contained
Mitb, 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 lvmph node

We also used flow cytometry to characterize the cells in the me-
diastinal lymph node, which drains the lungs. After day 14 postiri-
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 CD11¢"*"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/6]J and pli/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 IIl. APC subsets in mediastinal lymph nodes of wild-type and pli/plt mice before and 14 days after M. tuberculosis

infection”

C57BL/6 plvplt
Uninfected Day 14 Uninfected Day 14
Percentage Percentage Percentage Percentage

Cell Subset (%) »104 (%) *10 (%) x10* (%) » 104
Total Cells 182 950 50 54.8
Total APC 791 14404 4.7 44.8 = 225 543 2.72 7.76 42=x21
Myeloid DC 0.83 1.5+ 0.1 0.54 4938 0.57 0.29 0.95 05+04
CD11b** DC 1.48 2.7%0.02 0.96 94 *56 0.61 0.31 1.36 0.7 04
CDI11b- DC 049 0.9 = 0.05 1.04 99+ 6.7 0.55 0.28 232 1.2+ 10
CD11c"CDI11b™e" 1.59 29 0.1 0.56 51=x29 1.56 0.78 0.75 04203
CD11c"CD11b™* 3.52 64+ 0.2 1.6 154 £ 85 2.15 1.08 2.38 1.3x07

< Data from uninfected pit 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 plr mice that lack the expression of CCL19 and
CClL21ser (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 pit mice recruited 95% fewer
CD11cM**CD11bM" 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 plr 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 charactenstics
of DCs.

CJIDEC205+ MM DEC205Neg
70

50

% of Infected Cells

Day21

FIGURE 5. Immunohistochemical localization of Mib 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-3-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-$-gal” cells were counted: on
sections from day 28, a total of 722 Mtb-B-gal* cells were counted.

Day28
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FIGURE 6. Expression of surface MHC class Il on Mtb-GFP-infected cells in the CD11c/CD11b-defined subsets of leukocytes in the lung and
mediastinal lymph node. A. MHC class Il 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 II MFI for the GFP* cells within each of the CD11c/CD1 1b-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 If 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. )

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

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

Secondary lymphoid tissues such as lymph nodes are the sites of
the priming of naive CD4™ T lymphocytes by MHC class Il-re-
stricted recognition of peptide Ag, usually on DCs. In the lungs,
Ag presentation is necessary for recognition of infected cells by
Mitb 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 celis. We found
that myeloid DCs from the lungs and the mediastinal lymph nodes

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

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 738732 91.6= 138 539=182 974278 833178 40.8x9.65 72.1=3.07
Alveolar Macrophage  35.5 = 8.94 92.8 = 0.96 74+ 648 941 +391 863203 6.68+256 735829
Recruited Macrophage 51.7 = 18.3 2737 289=*336 71+ 14.1 478551 361137 21.1=3388
Monocyte 179+ 125 139*231 829+233 388388 165=724 17.35x4.85 319x04
Neutrophil 783695 274256 987194 895*774 218x329 756=x3.63 152304

@ 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*348 654*164 544+209 83.1=1.08 324101 57.2=x138
Alveolar Macrophage 369424 889152 71.1*264 807104 875=x064 333x223 27.2zx3.17
Recruited Macrophage 41.2 = 5.82 45+ 466 28.1+448 624*93 46835 339x279 119=0.39
Monocyte 194 = 594 312206 138227 27.7+105 233x361 724252 3504
Neutrophil 76.1 599 337426 667*091 877506 11.7*141 731363 318x034

2 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 II 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
Mib-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 CD11cM**CD11b'*/~ DCs, which elicited twice
as much IFN-y 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-vy 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 Il 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 Il 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-v to assess T cell activation. mDC, myeloid DC. B. Cells in
each of the CD11¢/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-y. 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 I 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 Thil-polarized DO11.10 T cells, assayed as the production of I[FN-y
after 48 h. The results shown are representative of four independent
experiments.

MHCII

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
Mib 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 pootly 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

503 mmbe 601 wrm
B
§40. 404
8
2
B0
5
as I
o4 l 04

1 2 3 4 54+ 1 2 3 4 5+

# of bacteria per cell

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 Il 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,
CCRS8, 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 CD11cM*™*CD11b"M#"
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
Mtb-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

DENDRITIC CELLS IN TUBERCULOSIS

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 I1, 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 Il 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,
Mtb inhibits class [I 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 Il 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
Mib 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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Introduction

The helper T cell is responsible for orchestrating an
appropriate immune response against a wide variety of

Summary

Using T-cell receptor (TCR) transgenic mice, we demonstrate that TCR
stimulation of naive CD4" T cells induces transient T-bet expression,
interleukin (IL)-12 receptor B2 up-regulation, and GATA-3 down-regula-
tion, which leads to T helper (Th)1 differentiation even when the cells are
stimulated with peptide-loaded 1-AP-transfected Chinese hamster ovary
cells in the absence of interferon-y (IFN-y) and IL-12. Sustained IFN-y
and IL-12 stimulation augments naive T-cell differentiation into Thl cells.
Intriguingly, a significant Thl response is observed even when T-bet™"
naive CD4" T cells are stimulated through TCR in the absence of IFN-y
or IL-12. Stimulation of naive CD4" T cells in the absence of IFN-y or
IL-12 with altered peptide ligand, whose avidity to the TCR is lower than
that of original peptide, fails to up-regulate transient T-bet expression,
sustains GATA-3 expression, and induces differentiation into Th2 cells.
These results support the notion that direct interaction between TCR and
peptide-loaded antigen-presenting cells, even in the absence of T-bet
expression and costimulatory signals, primarily determine the fate of
naive CD4* T cells to Th1 cells. '

Keywords: helper T cells (Th cells, ThO, Thl, Th2, Th3); MHC-peptide
interactions; T-cell receptor (TCR); transcription factors/gene regulation

pathogens. Naive CD4" T cells recognize antigenic pep-
tide in context of class II major histocompatibility com-
plex (MHC) molecules on antigen-presenting cells
(APCs), and subsequently differentiate into effector T

Abbreviations: TCR, T-cell receptor; IL, interleukin; Th, T helper; IFN, interferon; MHC, major histocompatibility complex;
APCs, antigen-presenting cells; TNF, tumour necrosis factor; STAT, signal transducer and activator of transcription; R, receptor;
P25 TCR-Tg mice, TCR transgenic mice that recognize Peptide-25; APL, altered peptide ligand; FITC, fluorescein isothiocyanate;
PE, phycoerythrin; L, ligand; WT, wild type; I-AP>-CHO, Chinese hamster ovary cells expressing I-A% FACS, fluorescence-
activated cell sorting; CFSE, 5-carboxyfluorescein diacetate succinimidyl ester; PCR, polymerase chain reaction.
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helper (Th) cells. CD4* Th cells are classified into two
subsets of Th cells, Thl and Th2.? Thl cells secrete
interferon-y (IFN-v), interleukin (IL)-2, tumour necrosis
factor-a (TNF-a), and TNF-B, and are responsible for
cell-mediated immunity and the eradication of intracellu-
lar pathogens. Thl cells are also involved in transplant
rejection, and protection from neoplasms.’ Th2 cells pro-
duce IL-4, IL-5 and IL-13, these cytokines are crucial for
optimal antibody production, and are essential for the
effective elimination of extracellular organisms, such as
helminths and nematodes.® Excessive production of Thl-
type cytokines has been associated with the tissue destruc-
tion found in various autoimmune diseases, whereas over
production of Th2-type cytokines have been implicated in
atopy and allergic asthma. Therefore, elucidation of the
mechanisms involved in the activation of naive CD4* T
cells and differentiation of the T cells into each Th subset
is of central importance in understanding immune regula-
tion. Our knowledge of Th cell biology has increased sub-
stantially over the past two decades® but the molecular
mechanisms regulating the initiation of either a Thl or
Th2 response remain incompletely understood.

The CD4" T-cell differentiation process is initiated when
the T-cell receptor (TCR) on a naive Th cell encounters its
cognate antigen, which is bound to MHC class II molecules
on APC. The stimulus delivered via the TCR, in conjunc-
tion with activation of costimulatory pathways, is essential
for the progression of Th cell differentiation. Upon TCR
engagement a number of factors influence the differenti-
ation process toward the Th1 or Th2 lineage, including the
type of APC, the concentration of antigen (duration and
strength of signal), the ligation of costimulatory molecules,
and the local cytokine environment.””” The most clearly
defined factors determining Th subset differentiation from
naive CD4" T cells are cytokines such as IL-4 and IL-12
present at the initiation of the immune response both dur-
ing and after the TCR ligation. Using mice deficient for sig-
nal transducer and activator of transcription (STAT), it has
been shown that activation of the IL-12 receptor (R)/
STAT4 signalling pathway is important for the differenti-
ation of naive CD4" T cells into Thl subset.®® In contrast,
the IL-4R/STATS signalling pathway plays a central role
in the differentiation of naive CD4™ T cells into Th2 sub-
set.'®!2 Determination of Th cell differentiation is also
regulated by changes in the chromatin structure surround-
ing the Th cytokine genes, ifn-y and il-4/il-13."®

The activation of naive CD4" T cells requires two separate
signals. The TCR/CD3 complex delivers the first signal after

its interaction with MHC peptide complex on APC. Several

studies claim that the potency of TCR signalling regulates
the differentiation of naive CD4" T cells into Th1 and Th2
subsets. Stimulation with high affinity peptides and high
antigen dose favours Thl differentiation and stimulation
with low affinity peptides and low antigen dose favours
Th2 differentiation.’®® However, it is still controversial

whether TCR signals play a critical role in the fate of Th cell
differentiation. The second signal is costimulatory, and acts
through several accessory molecules on the APC that inter-
act with their ligands on T cells such as CD28-CD80/CD86,
CD152 (cytolytic T lymphocyte-associated antigen-4)—
CD80/CD86, CD134 (0OX40)-CD252 (OX40 ligand),
CD278 (inducible costimulator)-CD275 (B7h), and CD11la
(leucocyte function-associated antigen-1 (LFA-1))-CD54
(intracellular adhesion molecule-1).!”~%

A critical stage in the differentiation process naive to
Thl CD4* T cells occurs with the induction of a tran-
scription factor, T-bet.>*?* T-bet is a ‘master regulator’ of
Th1 differentiation through the up-regulation of IFN-y
and suppression of Th2-associated cytokine expression. In
CD4* T cells, T-bet is rapidly and specifically induced in
developing Th1 cells but not Th2 cells. T-bet expression
appears to be controlled by both the TCR and the IFN-
YRISTAT] signal transduction pathways.**” A regulatory
circuit involving IFN-YR signalling maintains, via STAT]I,
a high-level T-bet expression in developing Thl cells. 2%’
Thus, T-bet mediates STAT1-dependent processes invol-
ved in Thl development. T-bet also induces IL-12R[2
expression””*® allowing IL-12/STAT4 signalling to opti-
mize IFN-y production, thereby completing the Thi
developmental commitment process. From these studies it
is still unclear whether TCR signals enable T-bet to spe-
cify commitment towards Thl, IL-12RB2 expression and
primary IFN-vy production, or whether TCR signals act to
stabilize pre-existing Th1/Th2 commitment decisions.

Ag85B elicits a strong Th1 response in vitro in T cells
both from purified protein derivatives-positive asympto-
matic human subjects and Ag85B-primed cells of C57BL/6
(I-A®) mice. Peptide-25 (aa240-254 FQDAYNAAGGH
NAVF) of Ag85B is a major epitope recognized by Thi
cells. Active immunization of C57BL/6 mice with Peptide-
25 induces the differentiation of CD4™ TCR VB11" T cells
into Thl cells.?** To elucidate molecular mechanisms -of
Th1 differentiation and examine the role of TCR signalling
on T-bet expression, we analysed T-bet expression in naive
CD4" T cells of TCR transgenic mice (P25 TCR-Tg) that
recognize Peptide-25 in conjunction with I-A®. Here we
present evidence that indicates that direct interaction
between TCR and Peptide-25-loaded APC directly deter-
mines the differentiation of naive CD4™ T cells towards
the Th1 subset without T-bet expression, cytokine costim-
ulation or surface bound molecular costimulation.

Materials and methods

Mice

P25 TCR-Tg mice were generated as previously described.®
C57BL/6 mice were purchased from the Japan SLC Inc.
(Hamamatsu, Japan). RAG-2"" mice were purchased from
Jackson Laboratory (Bar Harbor, ME) and backcrossed five
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times with C57BL/6 mice. IFN-y”~ mice (C57BL/6 back-
ground) were kindly provided by Dr Y. Iwakura (Univer-
sity of Tokyo, Tokyo, Japan). T-bet™ mice* were kindly
provided by Dr L. H. Glimcher (Harvard School of Public
Health, Boston, MA), and were backcrossed with C57BL/6
mice more than six generations. IL-12/IL-187" mice®
(C57BL/6 background) were kindly provided by Dr K.
Nakanishi (Hyogo College of Medicine, Nishinomiya,
Japan). STAT1™~ mice (C57BL/6 Background) were kindly
provided by Dr R. D. Schreiber (Washington University
School of Medicine, St. Louis, MO). P25 TCR-Tg mice
were bred to RAG-27", IFN-Y_/', STAT1™" or T-bet”’~
mice. All mice were maintained under specific pathogen-
free conditions in our animal facility according to our
Institute’s guideline, and used at 8-15 weeks of age.

Reagents and antibodies

Peptide-25 (FQDAYNAAGGHNAVF), and altered peptide
ligand (APL) (G248A: FQDAYNAAAGHNAVF) were syn-
thesized by Funakoshi Co. Ltd. (Tokyo, Japan). Contam-
ination of lipopolysaccharide in peptide preparations was
undetectable (<0-05 EU/ml), assessed by Endosafe®-PTS
(Japanese Charles River Co. Ltd, Tokyo, Japan). Anti-
IFN-y—fluorescein isothiocyanate (FITC; XMG1.2), anti-
IL-4-allophycocyanin (11B11), anti-Vf11-phycoerythrin
(PE; RR3-15), anti-CD3e~-FITC (145-2Cl11), anti-CD4-
FITC or -PE(GK1.5), anti-CD25-FITC (7D4), anti-
CD28-FITC (37.51), anti-CD44-PE (IM7), anti-CD62
ligand (L)-FITC (MEL-14), anti-CD69-FITC (HI1.2F3)
and anti-LFA-1-FITC (2D7) were purchased from BD
Bioscience PharMingen (San Diego, CA). Purified anti-
CD3¢, anti-IFN-y (R4-6A2) and anti-IL-12 (C17.8) were
purchased from BD Bioscience PharMingen. IL-4 was
purchased from R & D Systems (Minneapolis, MN).

Preparation of naive CD4" T cells and APC

Splenic CD4™ T cells from P25 TCR-Tg or wild type (WT)
C57BL/6 mice were enriched by using BD™ IMag mouse
CD4 T lymphocyte enrichment system (BD Bioscience
PharMingen) according to the manufacturer’s instruc-
tions. CD44"" CD62L"#" CD4" T cells were purified from
splenic CD4* T cells by sorting with FACSAria (Becton
Dickinson, Mountain View, CA) after staining with anti-
CD44-PE and anti-CD62L-FITC and were used as naive
CD4™ T cells. The purity of naive cells was >99%.
Splenocytes from WT or IL-12/IL-187" mice were
labelled with a mixture of biotin anti-Thyl.2, biotin
anti-DX5 and streptavidin particle-DM (BD Bioscience
PharMingen) to deplete T cells and natural killer (NK)
cells. Cells were then recovered by magnetic separation.
Recovered cells were irradiated with a total of 3500 rad,
and used as APCs. Chinese hamster ovary cells expressing
I-AP (1-AP-CHO) (kindly provided by Dr Y. Fukui, Kyushu

Role of TCR signals in the Th1 and Th2 development

University, Fukuoka, Japan) were incubated with peptides
for 12 hr, extensively washed and incubated with 50 pg/ml
of mitomycin C for 15 min at 37° and used as APCs. |

In vitro culture of CD4" T cells

For cell culture throughout the present experiments, com-
plete medium consisting of RPMI-1640 with 8% fetal calf
serum (Sigma-Aldrich Co., St. Louis, MO), 50 pum
2-mercaptoethanol, 50 IU/ml of penicillin and 50 pg/ml
of streptomycin was used.

To examine Th differentiation in vitro, two-step cultures
were employed. For the first culture, purified naive CD4"
T cells (5 x 10° cells/ml) were activated for 6 days with
peptides in the presence of T cell- and NK cell-depleted
APC (2-5 x 10° cell/ml) or with peptide-loaded I-AP-CHO
cells (2:5x10° cells/ml) in a 48-well plate. IL-12
(10 ng/ml) and anti-IL-4 (10 pg/ml) were added to the
culture to create Thl-skewing conditions, IL-4 (5 ng/ml),
anti-IFN-y (10 pg/ml) and anti-IL-12 (10 pg/ml) were
added to create Th2-skewing conditions, or there was no
addition of exogenous cytokines or antibodies, hereafter
referred to as non-skewing conditions. In some experi-
ments, purified naive CD4" T cells were stimulated with
10 pg/ml of soluble anti-CD3 in the presence of T cell-
and NK-cell depleted APC. For the second culture, the
cells collected from the first culture were washed, and
the viable primed CD4" T cells were re-stimulated with
1 pg/well of plate-coated anti-CD3.

Intracellular cytokine staining and fluorescence-activated
cell sorting (FACS) analysis

Cytokine-producing cells were identified by cytoplasmic
staining with anti-cytokine antibodies as previously des-
cribed. Briefly, the stimulated cells were stained for
VB11 or CD4, fixed, permeabilized and stained for IFN-y
and IL-4. The cells stained were gated on live VB11- or
CD4-positive cells and analysed on a FACSCalibur (Bec-
ton Dickinson). The percentages of IL-4- and IFN-y-
producing cells are presented in the upper left and the
lower right regions of Figs 1-3, 5, respectively.

To examine expression of cell surface molecules on
naive CD4" T cells, purified CD4" T cells were stained
with antibodies against CD3, CD4, CD25, CD28, CD69,
or LFA-1. The cells stained were gated on live cells and
analysed on a FACSCalibur.

Proliferation assay

Division cycle number of CD4" T cells was determined
according to procedures previously described.’” Purified
naive CD4" T cells from P25 TCR-Tg mice were suspended
in RPMI-1640 at 1 x 107 cells/ml and incubated with 5 pm
of 5-carboxyfluorescein diacetate succinimidyl ester (CFSE;
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Molecular Probes, Eugene, OR) at room temperature for
15 min. The labelled CD4* T cells were washed with cul-
ture medium and then cultured with peptide in the pres-
ence of T cell- and NK cell-depleted APC for various
periods of time. After the culture, the cells recovered were
stained for CD4 and V11, and then suspended in phos-
phate-buffered saline containing 2% fetal calf serum,
0-05% sodium azide and 2 pg/ml 7-amino-actinomycin D
(Sigma-Aldrich Co.) to exclude dead cells from the analy-
sis. Analyses of cell division cycle number among viable
cells were conducted using FACSCalibur.

Quantitative fluorogenic real-time polymerase chain
reaction (PCR)

For quantitative fluorogenic PCR experiments, real-time
LightCycler PCR system (Roche Diagnostics, Basel, Swit-
zerland) with FastStart Master Hybridization Probe (Roche
Diagnostics) was used. After extracting RNA from primary
or secondary stimulated cells with RNeasy (QIAGEN Inc.
Valencia, CA), cDNA was reverse transcribed with 0-5 ng
of Oligo(dT)12~18 and Superscript III (Invitrogen Co.,
Carlsbad, CA) following the instructions of the manufac-
turer. Primers and probes were hypoxanthine phosphori-
bosyl-transferase (HPRT) sense primer, 5'-GTT AAG CAG
TAC AGC CCC AA-3', HPRT antisense primer, 5'-TCA
AGG GCA TAT CCA ACA AC-3, HPRT probes, 5'-TCC
AAC AAA GTC TGG CCT GTA TCC AA-FITC-3, 5'-1C
Red640-ACT TCG AGA GGT CCT TTT CAC CAG CA-3';
1L-12RpB2 sense primer, 5'-GGC ATT TAC TCT CCT GTC-
3’, IL-12RB2 antisense primer, 5-GAG ATT ATC CGT
AGG TAG C-3' IL-12R 82 probes, 5'-CAA TGG TAT AGC
AGA ACC ATT CCA GAT C-FITC-3', 5-LC Red640-AGC
AAA CAG CAC TTG GGT AAA GAA GTA TC-3'; T-bet
sense primer, 5'-CCT CTT CTA TCC AAC CAG TAT C-3/,
T-bet antisense primer, 5'-CTC CGC TTC ATA ACT GTG
T-3', T-bet probes, 5-CAT ATC CTT GGG CTG GCC
TGG AAG-FITC-3', 5'-LC Red640-TCG GGG TAG AAA
CGG CTG GGA A-3'; GATA-3 sense primer, 5-GAA
GGC ATC CAG ACC CGA AAC-3', GATA-3 antisense
primer, 5-ACC CAT GGC GGT GAC CAT GC-3', GATA-
3 probes, 5'-AGC TGC TCT TGG GGA AGT CCT-FITC-
3/, 5'-LC Red640-CAG CGC GTC ATG CAC CTT T-3".

Results

Th1 differentiation of P25 TCR-Tg CD4" T cells can
be induced in an IFN-vy- and IL-12-independent
manner

P25 TCR-Tg mice, that expressed TCR-o5 and -B11 chains
on CD4" T cells in peripheral blood, the spleen, lymph
node and thymocytes, were generated. FACS analysis
revealed that over 98% of splenic CD4™ T cells from
RAG-27" P25 TCR-Tg mice expressed TCR Vpl11-chain.

T-bet and IFN-y mRNA expression was not detected, by
RT-PCR, in splenic CD4* cells of RAG-27~ P25 TCR-Tg
mice (data not shown), suggesting that CD4" T cells in P25
TCR-Tg mice are not preactivated.

RAG-27" P25 TCR-Tg naive CD4" splenic T cells were
stimulated in vitro for 6 days with Peptide-25 in the pres-
ence of APC. After 6 days in culture, the proliferated cells
were harvested and re-stimulated for another day with
plate-coated anti-CD3. After culturing, IFN-y- and IL-4-
producing cells were analysed by cytoplasmic staining.
Naive CD4™ T cells stimulated with Peptide-25 in the pres-
ence of APC became solely IFN-y-producing cells under
non-skewing conditions (Fig. 1a, left hand panel). When
RAG-27~ P25 TCR-Tg naive CD4* T cells were cultured
with Peptide-25 in the presence of APC, IL-4, anti-IFN-y
and anti-IL-12 (Th2-skewing conditions), a significant pro-
portion of the T cells became IL-4-producing cells (Fig. 1a,
right hand panel), while IFN-y-producing T cells were un-
detectable. These results indicate that Peptide-25 TCR-Tg
naive CD4™ T cells are not precommitted to differentiation
towards Thl before P25 stimulation and retain the poten-
tial to differentiate into both Thl and Th2 lineages.

In addition to the TCR signals IFN-vy and IL-12 play an
important role in Th1l development and differentiation.
Naive CD4™ T cells from RAG-2""~ P25 TCR-Tg mice were
stimulated with Peptide-25 and APC in the presence of
anti-IFN-y, anti-IL-12 or a combination of them for 6 days.
FACS analysis revealed that in cultures of CD4" T cells from
RAG-27~ P25 TCR-Tg mice (Fig. 1a), substantial numbers
of IFN-y-producing cells were observed even when stimula-
ted in the presence of anti-IFN-v and anti-IL-12.

To confirm bioactivities of anti-IFN-v and anti-IL-12, we
stimulated naive CD4" T cells from WT mice with anti-CD3
in the presence of splenic APC together with or without
anti-IFN-y and anti-IL-12. Addition of anti-IFN-v and anti-
IL-12 completely blocked anti-CD3-induced-Th1 differenti-
ation (Fig. 1b). We also confirmed, in separate experiments
by using bioassay and enzyme-linked immunosorbent assay,
that each of the anti-cytokine antibodies could completely
neutralize relevant cytokine activity specifically.

Stimulation of P25 TCR-Tg naive CD4™ T cells with
IL-12/IL-187"~ splenic APC and Peptide-25 induced
differentiation into IFN-y-producing cells. This was quanti-
tatively similar to the differentiation seen under conditions
of Peptide-25 stimulation in the presence of WT APC
(Fig. 1c). These results imply that IFN-y and IL-12 are not
essential for development of Th1 cells from naive CD4™ T
cells in response to Peptide-25.

Commitment of P25 TCR-Tg CD4" T cells to Thl
differentiation is determined within 3 days after
Peptide-25 and splenic APC stimulation

It has been shown that IFN-y and IL-12 play important
roles in sustained development and differentiation of
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Figure 1. Thl differentiation of P25 TCR-Tg naive CD4” T cells upon Peptide-25 stimulation is independent on IFN-y, IL-12 and IL-18.
(2) Naive CD4" T cells from RAG-27~ P25 TCR-Tg mice were stimulated in vitro with 10 ug/ml of Peptide-25 for 6 days in the presence of sple-
nic APC. On day 0, some groups of culture received anti-IFN-y, anti-IL-12, IL-4 or a combination of these, as depicted in (a). After the culture
the primed cells were re-stimulated and IFN-y- and IL-4-producing cells were assessed. Events shown are gated on live VPI1* cells. Results are
presented for one of three experiments performed, with similar results in each experiment. (b) Naive CD4" T cells from WT C57BL/6 were sti-
mulated in vitro with 10 pg/ml of soluble anti-CD3 in the presence of splenic APC. On day 0, a group of culture received anti-IFN-y and anti-
IL12. After the culture the primed cells were re-stimulated and IFN-y- and IL-4-producing cells were assessed. Events shown are gated on live
CD4" cells. Representative results of two separate experiments were displayed. (¢) P25 TCR-Tg naive CD4" T cells were stimulated in vitro with
10 pg/ml of Peptide-25 in the presence of splenic APC from WT or IL-12/IL-187~ mice. After the culture the primed cells were re-stimulated
and IFN-y- and IL-4-producing cells were assessed. Events shown are gated on live VP11~ cells. Representative results of two separate experi-
ments were displayed.
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Figure 2. Commitment to Thl differentiation of P25 TCR-Tg CD4" T cells occurs within 3 days after stimulation with Peptide-25. P25 TCR-Tg
naive CD4" T cells were separated into four groups. Each group was stimulated with 10 pg/ml of Peptide-25 in the presence of splenic APC.
11-4, anti-IFN-y and anti-IL-12 were added into each of three groups of culture on days 0, 1, and 3. After the culture the primed cells were
re-stimulated and IFN-y- and IL-4-producing cells were assessed. Events shown are gated on live VP11* cells. Representative results of three
separate experiments were displayed.
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Figure 3. Thl differentiation of P25 TCR-Tg naive CD4"* T cells can be induced in Peptide-25-loaded antigen-presenting cells lacking nominal
costimulatory molecules. (a) P25 TCR-Tg naive CD4” T cells were stimulated in vitro with 10 pg/ml or 0-1 pg/ml of Peptide-25 or 10 pg/m! of
APL in the presence of 1-AP-CHO or splenic APC. After the culture the primed cells were re-stimulated and 1FN-y- and IL-4-producing cells were
assessed. Events shown are gated on live VB11” cells. Representative results of three separate experiments were displayed. (b) Naive CD4™ T cells
from P25 TCR-Tg were stimulated in vitro with Peptide-25-loaded 1-AP-CHO in the presence or absence of anti-IFN-y. After the culture the
primed cells were re-stimulated and IFN-y- and IL-4-producing cells were assessed. Events shown are gated on live VB11* cells. Results are presen-
ted for one of three experiments performed, with similar results in each experiment. (c) Naive CD4* T cells from STAT1™~ P25 TCR-Tg mice were
stimulated in vitro with Peptide-25-loaded 1-AP-CHO. After the culture the primed cells were re-stimulated and IFN-y- and IL-4-producing cells
were assessed. Events shown are gated on live VB11* cells. Results are presented for one of three experiments performed, with similar results in
each experiment. (d) Najve CD4* T cells from P25 TCR-Tg mice were labeled with 5 M of CFSE and stimulated with 10 pg/ml or 0-1 pg/ml of
Peptide-25 or 10 pg/ml of APL in the presence of splenic APC. On the days indicated, CD4™ T cells were harvested, stained for CD4 and VP11,
and then analysed for dilution of CFSE intensity by FACSCalibur. Events shown are gated on live CD4"~ V117 cells.

Thl cells. To examine the roles of IFN-y and IL-12 in tured for 6 days in the presence of Peptide-25 and

the stabilization of Thl differentiation, we established APC. During the culture periods, three groups of
four groups of P25 TCR-Tg naive CD4™ T cells, cul- culture received a mixture of IL-4, anti-IFN-y and
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anti-1L-12 on day 0, 1, or 3, for converting non-skewing
to Th2-skewing conditions. After culturing with Peptide-
25 and APC, the proportions of IFN-y- and IL-4-
producing cells were quantified. Adding IL-4, anti-IFN-v,
and anti-IL-12 on day 0 or 1 caused the proportion of cells
producing IL-4 to be significantly increased, whereas the
proportion of cells producing IFN-y decreased (Fig. 2).
Addition of IL-4, anti-IFN-y and anti-IL-12 to the culture
on day 3 or thereafter was ineffective and predominant
proportions of IFN-y-producing cell were observed. These
results suggest that IFN-y and IL-12 are indispensable for
the full commitment of naive CD4" T cells to Th1 differen-
tiation, and for the stabilization of Thl-developing cells
within 3 days after onset of culture.

Peptide-25-stimulated CD4™ T cells of P25 TCR-Tg
mice are able to differentiate to Thl cells
independently of costimulatory molecules

The current dogma of Th cell differentiation is that
costimulation of naive CD4" T cells via membrane-bound
molecules on the APC plays an important role in deter-
mining Th differentiation into Thl or Th2 subset. To
examine the role of costimulatory molecules in Thl
development, P25 TCR-Tg naive CD4" T cells were sti-
mulated for 6 days in vitro with various concentrations of
Peptide-25 or APL in the presence of I-Ab-CHO, because
I-A®-CHO does not express detectable levels of CD54,
CD80, CD86, CD252 and CD275. APL has weaker avidity
“to P25 TCR than Peptide-25 (less than 1/30).%° As a con-
trol, splenic APC was also used. The majority of cyto-
kine-producing T cells were IFN-y-producing cells, when
10 pg/ml (6-0 pm) of Peptide-25 in the presence of 1-Ab-
CHO was used as the stimulant (Fig. 3a, upper panel).
The T cells stimulated with 0-1 pg/ml (0-06 pm) of Pep-
tide-25 or 10 pg/ml (6-0 pm) of APL in the presence of
1-AP-CHO differentiated into IL-4-producing cells. Essen-
tially similar results were obtained when P25 TCR-Tg
naive CD4" T cells were stimulated with Peptide-25 or
APL in the presence of splenic APC in place of I-A>-CHO
(Fig. 3a, lower panel). Considerable proportions of IFN-
v-producing cells were detected even when anti-IFN-y
was added during the culture of naive CD4™ T cells with
Peptide-25 in the presence of I-AP-CHO (Fig. 3b).
Furthermore, naive CD4" T cells from STATI”~ P25
TCR-Tg mice could differentiate into solely IFN-y-produ-
cing cells when they were cultured with Peptide-25-loaded
1-AP-CHO (Fig. 3c).

There remains a possibility that our observation might
be simply explained with the difference in proliferative
rate between Thl and Th2 cells. The cell recovery after
culturing P25 TCR-Tg naive CD4" T cells stimulated with
low dose Peptide-25 (0-1 pg/ml) that induced Th2 differ-
entiation was approximately 65% of that stimulated with
high dose Peptide-25 (10 pg/ml) that induced Thi differ-
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entiation. On the other hand, the cell recovery after sti-
mulation of P25 TCR-Tg naive CD4" T cells with APL
(10 pg/ml) that induced Th2 differentiation was similar
to that stimulation with high dose Peptide-25 (10 pg/ml).
Furthermore, we examined the division cycle number of
P25 TCR-Tg naive CD4™ T cells on days 14 after the sti-
mulation with 10 pg/ml or 0-1 ug/ml of Peptide-25 or
10 pg/ml of APL using the fluorescent dye CFSE. In all
stimulation, the cells started to divide by 48 hr and
stopped dividing by 96 hr after the stimulation (Fig. 3d).
High-dose Peptide-25 and APL stimulation induced six to
eight cell divisions. On the other hand, low-dose Peptide-
25 induced five to seven cell divisions. These results sug-
gest that the phenomenon described above might not be
simply explained by the difference in proliferative rate
between Th1 and Th2 cells.

Taken together, these results indicate that P25 TCR-Tg
naive CD4™ T cells do differentiate into Th1 cells in the
absence of costimulatory molecules.

TCR stimulation induces T-bet up-regulation and
GATA-3 down-regulation in an IFN-y-independent
manner

The expression of Thl specific transcription factors is
thought to induce chromatin remodelling of Thl-specific
cytokine genes. P25 TCR-Tg naive CD4™ T cells were sti-
mulated in vitro with Peptide-25-loaded I-AP-CHO for
various periods of time. The expression of T-bet, GATA-3
and IL-12RB2 was analysed periodically by quantitative
real-time PCR. Three hr after stimulation (early phase),
T-bet expression was elevated up to 70-110-fold over un-
stimulated cells, by 9 hr after stimulation the expression
level of T-bet sharply dropped. Moreover, anti-IFN-y
presence did not affect T-bet expression. The second-
phase (late-phase} of T-bet expression began after 12 hr
of stimulation and peaked (50-fold higher expression over
control levels) at 15 hr after the stimulation (Fig. 4a).
Addition of IL-12 in the culture slightly enhanced T-bet
expression, in both early and late-phases. The late-phase
T-bet expression was decreased to almost the same levels
as naive CD4" T cells when anti-IFN-y was added. In
contrast, GATA-3 expression was rapidly decreased after
the Peptide-25 stimulation in all conditions tested. Sim-
ilar analysis was carried out using naive CD4" T cells
from IFN-y”~ P25 TCR-Tg mice. Results revealed that
early phase T-bet expression in IFN-y”’~ P25 TCR-Tg
naive CD4” T cells was enhanced to an extent similar to
that seen in WT P25 TCR-Tg naive CD4" T cells,
although no late-phase T-bet expression was seen in IFN-
v7~ P25 TCR-Tg naive CD4" T cells. GATA-3 expression
was down-regulated in IFN-y”~ P25 TCR-Tg naive CD4*
T cells upon stimulation similarly to that seen in WT P25
TCR-Tg naive CD4" T cells, although a slightly slower
and milder down-regulation was seen. The IL-12Rf2
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Figure 4. Kinetics of induction of T-bet, GATA-3 and IL-12Rf2
transcripts in Peptide-25-loaded 1-AP-CHO-activated T cells. Naive
CD4" T cells were stimulated for indicated periods of time (hr) with
Peptide-25- or APL-loaded 1-AP-CHO. Cells were collected at the
indicated time points and RNA was extracted. Quantitative real-time
PCR was performed for assessing the mRNA expression of T-bet,
GATA-3 or IL-12RB2. Each sample was normalized to HPRT. Data
shown are ratios of test mRNA copies to mRNA copies of unstimu-
lated cells. The values represent the mean and SD. When error bars
are not visible they are smaller than the symbol width. Results are
presented for one of three experiments performed, with similar
results in each experiment. (a) P25 TCR-Tg naive CD4" T cells were
stimulated with Peptide-25-loaded 1-A>-CHO alone or in the pres-
ence of anti-IFN-y (3 pg/ml) or rIL-12 (10 ng/ml). (b) Naive CD4"
T cells either from WT P25 TCR-Tg mice or IFN-y”~ P25 TCR-Tg
mice were stimulated with Peptide-25-loaded I-Ab-CHO. (c) P25
TCR-Tg naive CD4" T cells were stimulated with Peptide-25-loaded
1-AP-CHO or APL-loaded 1-A>-CHO. As a control, cells were incu-
bated without any stimulus.

expression gradually increased for 48 hr after stimulation
regardless of IFN-y (Fig. 4b). Up-regulation of T-bet
" expression was also observed when naive CD4" T cells
from STAT17~ P25 TCR-Tg mice were stimulated in vitro
with Peptide-25-loaded I-A®-CHO in the presence of
anti-IFN-y (data not shown). These results indicate that

IFN-y/STAT1 is dispensable to induce the T-bet expres-
sion although IFN-y/STATI1 is indispensable to maintain
the expression.

We also analysed expression of T-bet and GATA-3 in
P25 TCR-Tg naive CD4” T cells in response to APL-
loaded 1-AP-CHO. Surprisingly, neither enhancement of
T-bet expression nor down-regulation of GATA-3 was
observed (Fig. 4c).

Taken together, these results suggest that the interac-
tion between Peptide-25/1-A® and TCR directly regulates
the expression of T-bet, GATA-3, and IL-12RP2, thereby
determining the fate of naive CD4" T cells for differenti-
ation into Th1 subset.

Th1 differentiation can be induced in
T-bet-dependent and T-bet-independent manners

We next examined the role of T-bet transcription factor
in Thl differentiation of naive CD4* T cells from P25
TCR-Tg mice by priming with Peptide-25. Expression of
T-cell activation markers on naive CD4* T cells from
T-bet”~ P25 TCR-Tg mice was comparable to these of
WT P25 TCR-Tg mice (Fig. 5a). To confirm the func-
tional deficiency of T-bet in T-bet™™ P25 TCR-Tg mice,
we examined the IFN-y production in primary response
of naive CD4" T cells from T-bet”~ P25 TCR-Tg mice to
anti-CD3 and anti-CD28 according to procedures previ-
ously described by Szabo et al>* Consistent with Szabo’s.
report>?, T-bet”” P25 TCR-Tg naive CD4" T cells did not
produce IFN-y, although WT P25 TCR-Tg T cells pro-
duced large amounts of IFN-y (data not shown). These
results indicate that T-bet™~ P25 TCR-Tg naive CD4* T
cells is functionally T-bet deficient.

We compared the differentiation of naive CD4" T cells
from T-bet”™ P25 TCR-Tg mice and naive CD4" T cells
from WT P25 TCR-Tg mice in response to Peptide-25.

_ Naive CD4" T cells from T-bet”~ P25 TCR-Tg mice or

WT P25 TCR-Tg mice were stimulated in vitro for 6 days
with Peptide-25 in the presence of splenic APC. After
6 days in culture, the proliferated cells were harvested and
re-stimulated for another day with plate-coated anti-CD3.
After culturing, IFN-y- and IL-4-producing cells were
analysed by cytoplasmic staining. Intriguingly, naive
CD4"* T cells from T-bet”™ P25 TCR-Tg mice differenti-
ated into Thl cells upon Peptide-25 stimulation (Fig. 5b).
Naive CD4* T cells from WT P25 TCR-Tg mice, when
identically stimulated, showed far higher induction of
IFN-y production. When compared between WT and
T-bet null background, the lack of T-bet protein clearly
reduced proportions of IFN-y-producing Th cells from
46-5% to 14-6%, indicating that about two-third of Thl
differentiation is contributed to T-bet and one-third of
the response is T-bet independent. A significant propor-
tion became IL-4-producing T cells when naive CD4" T
cells from T-bet”™ P25 TCR-Tg mice were stimulated
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Figure 5. Induction of GATA-3 transcripts is down-regulated in Peptide-25-loaded 1-AP-CHO-stimulated T-bet™ P25 TCR-Tg naive T cells.
(2) Naive CD4* T cells from P25 TCR-Tg or T-bet”~ P25 TCR-Tg mice were stained for CD3, CD4, CD28, LFA-1, CD25 and CD69. Events
shown were gated on live cells. (b} Naive CD4* T cells from P25 TCR-Tg or T-bet”~ P25 TCR-Tg mice were stimulated in vitro with 10 pg/ml
of Peptide-25 in the presence of splenic APC under non-skewing conditions. After the culture the primed cells were re-stimulated and IFN-y-
and 1L-4-producing cells were assessed. Events shown are gated on live VP11™ cells. Representative results of four separate experiments were
displayed. (c) Naive CD4"* T cells from T-bet”~ P25 TCR-Tg mice were labelled with CFSE and stimulated with 10 pg/ml of Peptide-25 or
10 pg/mi of APL in the presence of splenic APC. On the days indicated, CD4" T cells were harvested, stained for CD4 and Vf11, and analysed
for dilution of CFSE intensity by FACSCalibur. Events shown are gated on live CD4 + VB11* cells. (d) Naive CD4"* T cells from T-bet”~ P25
TCR-Tg mice were stimulated with Peptide-25-loaded 1-AP-CHO. On day 0, some groups of culture received anti-IFN-y, anti-IL-12 or a combi-
nation of these, as depicted in (d). After the culture the primed cells were re-stimulated and IFN-y- and IL-4-producing cells were assessed.
Events shown are gated on live VB11™ cells. Results are presented for one of three experiments performed, with similar results in each experi-
ment. (e) Naive CD4* T cells from P25 TCR-Tg or T-bet”~ P25 TCR-Tg mice were stimulated for indicated periods of time (hr) with Peptide-
25-loaded 1-AP-CHO. Cells were collected at the indicated time points and RNA was extracted. Quantitative real-time PCR was performed for
assessing the mRNA expression of GATA-3 and HPRT. Each sample was normalized to HPRT. Data shown are ratios of test mRNA copies to
mRNA copies of unstimulated cells. The values represent the mean and SD. Representative results of three separate experiments were displayed.

with Peptide-25. APL stimulation predominantly induced Upon Peptide-25-loaded I-A®-CHO-stimulation, GATA-3
IL-4-producing T cells (Fig. 5b). As for proliferative expression in CD4™ T cells of WT P25 TCR-Tg mice and
response, Peptide-25 and APL induced six to eight cell T-bet”™ P25 TCR-Tg mice was then compared. Results

divisions of the T cells similarly (Fig. 5c). revealed that Peptide-25-loaded I-AP-CHO dependent
To examine whether IFN-v and 1L-12 affect Th1 differ- GATA-3 expression in T-bet™™ P25 TCR-Tg CD4" T cells
entiation in T-bet™™ T cells, we added neutralization anti- was comparable to that seen in WT P25 TCR-Tg CD4"

bodies of IFN-y and IL-12 to the culture of CD4" T cells T cells (Fig. Se).
from T-bet”™ P25 TCR-Tg mice. Results revealed that
addition of anti-IFN-v and anti-IL-12 did not alter pro-

portions of IFN-y- and IL-4-producing cells significantly Dlscqssmn

(Fig. 5d). We infer from these results that there may be The differentiation of naive CD4™ T cells to either Thl or
T-bet-dependent and T-bet-independent pathways for Th2 cells is a critical aspect of any immune response, with
Thl commitment and its differentiation. broad implications in host defence against disease patho-

genesis. Many factors influence polarization of CD4™ T
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cells to Thl or Th2, including those collectively termed
‘strength of stimulation’, such as peptide dose and dur-
ation of TCR engagement. T-cell activation requires sig-
nals emanating from the TCR complex along with those
generated through costimulatory molecules, various cyto-
kines and transcription factors, these are all key determi-
nants of the differentiation into Thl or Th2 cells,
however, exactly what is the key primal signal is unclear.

The strength of interaction mediated through the TCR
and MHC/peptide complex directly affect lineage com-
mitment of Th cells.'®***° Stimulation with high affinity
peptides and high antigen dose favours Thi differenti-
ation and stimulation with low affinity peptides and low
antigen dose favours Th2 differentiation.'*"'® The use of
APL has provided convincing evidence that the strength
of the signal transmitted via the TCR influences lineage
commitment.'*'¢ Stimulation of P25 TCR-Tg naive CD4*
T cells with high dose Peptide-25 (10 pg/ml (6-0 pm))
preferentially induces Th1 development. In contrast, when
T cells were stimulated with low dose Peptide-25 (0-1 pg/
ml (0-06 uM)), a dominant Th2 response was observed
(Fig. 3). Our observations are consistent with the pub-
lished data.'>*®

It is well known that costimulation is indispensable in
Thl and Th2 differentiation.*’ Our results showed that
Thl and Th2 differentiations could be induced when P25
TCR-Tg naive CD4™ T cells were stimulated with Peptide-
25-loaded and APL-loaded 1-AP-CHO, respectively
(Fig. 3). As Chinese hamster ovary cells do not express
detectable levels of CD54, CD80, CD86, CD252 and
CD275, we are in favour of the hypothesis that preferential
induction of Thl and Th2 development upon Peptide-25
and APL stimulation, respectively, may be independent of
these well-known costimulating signals from APC.

In this report, we used plate-coated anti-CD3 stimula-
tion in second culture to evaluate the differentiation of
naive CD4" T cells. It has been reported that plate-coa-
ted anti-CD3 induced the activation-induced cell death
(AICD) in activated CD4* T cells* and Thl cells
appears to be more susceptible to AICD than Th2
cells.*> Therefore, we compared the ability of AICD
induction between plate-coated anti-CD3 and another
mitogenic stimulation such as phorbol 12-myristate
13-acetate (PMA)/ionomycin. Purified naive CD4"
T cells from WT C57BL/6 mice were stimulated with
soluble anti-CD3 in the presence of splenic APC under
either Thl- or Th2-skewing conditions for 6 days. After
the culture the viable cells were restimulated with plate-
coated anti-CD3 for 24 hr or 10 ng/ml of PMA and
1 pM of ionomycin for 4 hr. The AICD was assayed by
FACS using 7AAD. We did not observe a significant dif-
ference in the ability of AICD induction between plate-
coated anti-CD3 and PMA/ionomycin stimulations. The
cells positively stained with 7AAD were 26-3% and
18:2% in Thl ¢ells restimulated with plate-coated

anti-CD3 and PMA/ionomycin, respectively, and 25-1%
and 19-8% in Th2 cells restimulated with anti-CD3 and
PMA/ionomycin, respectively.

A complex network of gene transcription events is
likely to be involved in establishing an environment that
promotes Thl development. It has been reported that
naive CD4* T cells express little T-bet or IL-12RB2 and
are unresponsive to IL-12, and T-bet appears to initiate
Thi lineage development from naive CD4™ T cells both
by activating Thl genetic programmes and by repressing
the opposing Th2 programmes.” It has been hypothes-
ized that upon activation, TCR-derived signals alone may
induce T-bet, but this alone is not sufficient to permit its
optimal expression?®. Interestingly, T-bet expression is
markedly elevated, peaking 3 h after Peptide-25-loaded
I-A® CHO stimulation of IFN-y”~ P25 TCR-Tg T cells
(Fig. 4b) and STAT17~ P25 TCR-Tg T cells as well (data
not shown). Furthermore, naive CD4" T cells from
STAT1™~ P25 TCR-Tg mice were capable of differenti-
ating into IFN-y-producing cells upon stimulation with
Peptide-25-loaded 1-AP-CHO (Fig. 3b). IL-12RB2 expres-
sion detected at 24 hr after stimulation is also observed in
IFN-y”~ P25 TCR-Tg T cells. These results indicate that
those T-bet and IL-12RP2 expressions are IFN-y/STATI
and costimulatory signal independent. The sustained
T-bet and IL-12RB2 expression observed 15 h and 48 hr,
respectively, after the peptide stimulation are IFN-vy/
STAT1 dependent (Fig. 4b). Exposure of T cells after
TCR activation to IFN-y may be important for the sus-
tained T-bet induction and may be relate to full Thl dif-
ferentiation. So the interaction between Peptide-25/I-A°
and P25 TCR may directly induce T-bet and IL-12Rf2
that may lead to Th1 differentiation. Significant propor-
tions of Peptide-25-stimulated T cells from T-bet™~ P25
TCR-Tg mice become IFN-v-producing cells (Fig. 5),
although large proportions of the T cells become IL-4-
producing cells. Proportions of IFN-y-producing cells in
Peptide-25-stimulated T-bet”™ P25 TCR-Tg T cells are
not altered even in the presence of anti-IFN-y and anti-
IL-12 antibodies. Therefore, IFN-y and IL-12 are dispen-
sable for T-bet-independent Thl differentiation.

GATA-3 is a Th2-specific transcription factor, which is
thought to be induced by STAT6 and regulate chromatin
remodelling of the Th2 cytokine locus. It has been repor-
ted that retroviral ectopic expression of T-bet does not
suppress either GATA-3 or Th2 cytokine expression in
committed Th2 cells.”” GATA-3 expression was rapidly
decreased soon after the P25 TCR stimulation by Peptide-
25, under the conditions tested. Activated CD4™ T cells
from P25 TCR-Tg mice produced IFN-y, but not IL-4,
within 24 hr of stimulation with Peptide-25-loaded 1-A-
CHO, determined by enzyme-linked immunospot assay
(data not shown). These results suggest that the acute
down-regulation of GATA-3 expression after stimula-
tion with Peptide-25-loaded 1-A-CHO may be induced
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Figure 6. The pathway of Thl development illustrates how external
TCR signals play a role differently from IFN-y and IL-12, and how
these pathways are intrinsically ordered. (Left-hand panel) Antigen
receptor ligation enables T-bet to specify the Thl fate, including
T-bet auto-induction, IL-12Rp2 induction, and primary remodelling
of the ifn-y locus. (Right-hand panel) The actions of T-bet then
enable IFN-y and probably IL-12 to signal for survival and growth
of Thl cells, and interact for secondary enhancement of IFN-y gene
expression. :

primarily as a result of TCR signals, but this may not be
caused by direct inhibition through T-bet.

The results of this study have been integrated to suggest
a mechanism of Thl differentiation (Fig. 6). Immediately
after TCR stimulation by Peptide—ZS/I-Ab, P25 TCR-Tg
naive CD4" T cells express T-bet mRNA independently of
IFN-v signalling while GATA-3 expression is suppressed.
This acute induction of T-bet may induce chromatin
remodelling of the ifn-y locus. As a result, the activated
CD4" T cells transcribe IFN-y, but not IL-4, this enhan-
ces T-bet expression further through STATI1 activation,
leading to IL-12RB2 up-regulation and the termination of
IL-4 signal transduction. IL-12 produced by activated
APC maintains T-bet and IFN-y expression through
STAT4 activation. Transcription factors other than T-bet
may orchestrate, with T-bet, the commitment of naive Th
cells towards Th1 development.

In summary, we have presented that P25 TCR-Tg naive
CD4" T cells stimulated with Peptide-25/1-A® polarize to
Thi differentiation preferentially in the absence of IFN-y
and IL-12, Furthermore, Th1 development of naive CD4"*
T cells from T-bet™ P25 TCR-Tg mice is inducible. We
propose that direct interaction of the specific antigenic
peptide MHC class 11 complex and TCR may primarily
influence the determination of naive CD4" T cell fate in
development towards the Th1 subset. The regulatory effect
seems to occur independently of costimulation and Thl
inducible cytokine, IFN-y and 1L-12, and controls the fate
of naive CD4™ T cells for differentiation into Th1 subsets.
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