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Abstract

Initiation of an adaptive cellular immune response depends on intimate interactions with antigen-
presenting cells and naive T lymphocytes. We have previously reported that activation of naive
Mycobacterium tuberculosis-specific CD4* T cells depends on dendritic cell (DC) transport of live
bacteria from the lungs to the mediastinal lymph node (MDLN). Since the migratory paths of DCs
are largely governed by the chemokine receptor CCR7, which is expressed on DCs upon maturation
by proinflammatory stimuli, we examined the quantitative contribution of CCR7-dependent DC
migration in the context of tuberculosis, and found that early trafficking of DCs from the lungs to
the MDLN depended on CCR7-mediated signaling, but alternative mechanism(s) are employed later
in infection. Impaired migration of DCs in CCR7~~ mice resulted in delayed dissemination of
bacteriato MDLN and spleen, and in delayed kinetics of activation of adoptively-transferred Ag85B-
specific CD4* T cells. Furthermore, in contrast to control mice, we found that naive Ag85B-specific
CDA4™* T cells are activated to proliferate in the lungs of CCR7~/~ mice and, when infected with higher
doses of bacteria, resistance to M. tuberculosis infection in CCR7~/~ mice is compromised compared
to wild type mice.
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Introduction

The protective response to M. tuberculosis relies on cell mediated immunity. Humans and

experimental animals infected with M. tuberculosis exhibit robust Ag-specific CD4* Th1 and
CD8* T lymphocyte responses to M. tuberculosis Ags (1-6), implying that the requisite steps
for priming and differentiation of T lymphocytes are functional in the setting of tuberculosis.

One characteristic of the adaptive immune response to tuberculosis is the long interval required
for its development compared with the response to immunization or to other infections. Using
live smallpox and yellow fever vaccines as models of acute viral infection in humans Miller
et al (7) have recently shown that antiviral T cell responses occur rapidly, peaking around 2
weeks after immunization. In contrast, development of adaptive immunity to tuberculosis in
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humans, assayed by tuberculin skin test reactivity, requires up to 5-6 weeks after infection
(8). In mouse models of infection, we and others have shown that the earliest M.
tuberculosis-specific CD4™ T cell response develops in the lung-draining mediastinal lymph
nodes (MDLN) between 10-12 days after aerosol infection and only after dissemination of live
M. tuberculosis to the MDLN has taken place (2,9-11). These studies imply that initiation of
an adaptive immune response to M. tuberculosis depends on transport of live bacteria from the
lungs to the mediastinal lymph node. In an effort to elucidate the mechanisms of dissemination
of the bacteria, we have recently reported evidence that dendritic cells (DCs) transport M.
tuberculosis from the lungs to the MDLN (12).

Migration of antigen presenting cells (APCs) and T cells, which converge in the T cell zones
of secondary lymphoid organs, is largely governed by the chemokine receptor CCR7 (13),
therefore, CCR7 has been suggested to play an important role in the initiation of adaptive
immune responses. CCR7 is expressed on B cells, naive T cells and on mature DCs (14-16)
and its two chemokine ligands, CCL19 and CCL21, are highly expressed by stromal cells in
the T cell-rich lymph node areas (17,18).

The requirement for CCR7 expression in mounting an immune response against distinct
pathogens and antigens varies (Reviewed in (19)). For example, although CCR7~/~ mice
develop normal antibody responses upon infection with vesicular stomatitis virus (VSV),
CCRY7 is crucial for virus neutralizing B cell responses after immunization with limiting
amounts of antigen (20). CCR7~/~ mice also develop protective immune responses to
lymphocytic choriomeningitis virus (LCMV) (21) and are relatively resistant to primary and
secondary infection with Listeria monocytogenes (22). Regarding infection with M.
tuberculosis, it was recently reported that mice lacking CCR7 are capable of controlling
pulmonary tuberculosis and that unique characteristics of lymphoid-organ functionality are
induced in the lungs of these mice during chronic pulmonary tuberculosis (23). The expression
of the homeostatic chemokine CXCL13 within these structures and the presence of follicular
DCs (FDCs) and HEVs suggested that M. tuberculosis induces lymphoid neo-organogenesis
in the lungs of CCR7~/~ mice (23). While that study established that CCR7-deficient mice can
generate an immune response to M. tuberculosis, it did not determine the mechanisms
underlying the initiation of the immune response. Since the adaptive immune response to M.
tuberculosis in immunocompetent mice is initiated in the mediastinal lymph node and not in
the lungs (9,10) and since CCRY is believed to coordinate migration of T cells and dendritic
cells during cellular immune responses (24), we investigated the mechanisms underlying
initiation of an antigen-specific CD4* T cell response in CCR7~/~ mice infected with M.
tuberculosis.

Material and Methods

Mice

P25TCR-Tg mice, whose CD4* T cells express a transgenic T-cell antigen receptor that
recognizes peptide 25 (aa 240-254) of M. tuberculosis Antigen 85B bound to I-AP were on a
C57BL/6 background, as previously described (25) and bred in the New York University
School of Medicine animal facilities. C57BL/6 CCR7*/* mice were purchased from The
Jackson Laboratory or were bred and housed in the New York University School of Medicine
(New York, NY) animal facilities. C57BL/6 CCR7 '~ mice were obtained from A. Erlebacher,
NYU School of Medicine. All mice were specific pathogen-free, and were used for experiments
at 8-12 weeks of age. All animal experiments were done in accordance with procedures
approved by the New York University School of Medicine Institutional Animal Care and Use
Committee.
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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 APC and anti-CD4 PerCp. Purified anti-KN7 was provided by Dr. Kiyoshi Takatsu
(University of Tokyo) and was labeled with Alexa Fluor 647 by using a mAb conjugation kit
from Molecular Probes.

P25TCR-Tg CD4* T cell isolation and labeling

P25TCR-Tg CD4™" T cells were isolated as described (9). Briefly, P25TCR-Tg mice were killed
according to approved laboratory animal procedures. Lymph nodes and spleen were aseptically
removed. CD4* T cells were magnetically isolated using a CD4* T Cell Isolation kit and an
AutoMACS (Miltenyi Biotech). CD4* T cell purity was routinely >90% as assessed by flow
cytometry. For in vivo proliferation assays, CD4* T cells were labeled with CFSE.

Adoptive transfer and infection

Mice routinely received 2.5-3 x 106 CFSE-labeled CD4* P25TCR-Tg T cells by tail vein
injection in 100 pl of sterile PBS (9). After 24 h, mice were infected with M.tuberculosis H37Rv
by the aerosol route using an Inhalation Exposure Unit (Glas-Col), as previously described
(12). To determine the infection dose, 4-5 mice were killed 1 day after infection and lungs
were harvested and homogenized in PBS/0.5% Tween-80 and plated on 7H11 agar plates.

Tissue processing and flow cytometry

At designated time points, 4 infected mice in each group were killed, and tissues were used to
prepare single-cell suspensions, as previously described (12). 5 x 10° cells were stained with
anti-CD4 and anti-KN7 or with anti-CD11b and anti-CD11c antibody mixtures at a density of
1.5 x 107 cells/ml in FACS buffer (PBS, 1% FCS, 0.1% sodium azide, and 1 mM EDTA) and
incubated at 4°C for 20-30 min. Cells were washed and fixed in 1% PFA overnight at 4°C.
Data were acquired on a FACSCalibur. The number of cells of a specific phenotype was
determined by taking the percentage of that cell type determined by flow cytometry multiplied
by the number of total cells. The percentage of proliferating cells was defined as the percentage
of all P25TCR-Tg CD4* T cells that had undergone at least one cycle of replication.

Determination of bacterial load

At every time point, each tissue from each mouse was assessed for bacterial load as previously
described (9).

Statistical analysis

Results

Comparison of the number of P25TCR-Tg T cells and the number of dendritic cells in lung
and MDLN and the number of bacteria in lungs, MDLN and spleen of CCR7*/* and
CCR7~~ mice was performed by unpaired Students’ t test, using Prism 4 for Macintosh
(version 4.0a) from GraphPad Software. Survival results are expressed as Kaplan-Meier
curves, and the values were determined using log-rank test. P values of <0.05 were considered
significant.

Impaired migration of dendritic cells from the lungs to the MDLN in CCR7™~ mice

To determine the role of CCR7-dependent cell migration in the context of tuberculosis, we first
compared the trafficking of dendritic cells to the lungs and MDLN of CCR7*/* and CCR7/~
mice following aerosol infection with a low dose (~100 bacteria) of M. tuberculosis.
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As we and others (26,27) have previously reported, CD11cM9"CD11bM9" conventional
dendritic cells (cDC) were recruited to the lungs after infection with M. tuberculosis (Fig. 1A).
We found that there were more cDC in the lungs, and fewer cDC in the MDLN, of CCR7/~
compared with CCR7*/* mice; this pattern persisted in the lungs, with the exception of day 21
post infection. Consistent with a recent study that demonstrated a role for CCR7 in the
migration of latex bead-labeled lung DCs to the local draining lymph nodes in plt mice (28),
we found that trafficking of dendritic cells from the lungs to MDLN was impaired in
CCR7~~ mice (Fig. 1B). On day 14 post infection the number of CD11b*CD11c* cells in the
MDLN of CCR7~ mice was ~ 2.5-fold lower than the number of CD11b*CD11c" cells in
the MDLN of wild type mice: 1525 ¢cDC in CCR7~/~ MDLN vs 3744 ¢cDC in CCR7*/* MDLN
(mean cell numbers in a pool of 4 mice per group). Likewise, 21 days after infection
CCR77/~ mice had 4-fold fewer DCs in the MDLN than did CCR7*/* controls: 4639 cDC in
CCR77/~ MDLN (pool of 4 mice) vs 19612 + 9542 cDC in CCR7*/* MDLN (mean * SD of
four mice per group). However, by day 28 post infection, the number of CD11b*CD11c* cells
in MDLN of CCR7~/~ mice reached the same number as in infected CCR7*/* mice, indicating
that one or more CCR7 independent mechanisms exist for recruitment of DCs to the mediastinal
lymph node, but that the alternative mechanism(s) are only employed during a later phase of
infection.

Impaired migration of DCs results in delayed dissemination of M. tuberculosis to MDLN and
spleen in CCR7™~ mice

We have previously reported that DCs transport live M. tuberculosis from the lungs to the
mediastinal lymph node, and that transport of the bacteria during the first 14 days of infection
was defective in plt mice, which lack the CCR7 ligands CCL19 and two of the three CCL21
isoforms (12). To extend these observations, we assessed trafficking of M. tuberculosis from
the lungs to the MDLN and spleen of CCR7*/* and CCR7~/~ mice after aerosol infection (Fig.
2). We observed the expected increase in bacterial numbers in the lungs of CCR7*"* mice for
the first 21 days post-infection, followed by a plateau between day 21 and day 28; the same
pattern of bacterial growth was observed in lungs of CCR7~~ mice (Fig. 2A). In contrast, we
observed that trafficking of M. tuberculosis to the mediastinal lymph node and the spleen was
delayed in CCR7~/~ compared to CCR7*/* mice (Fig. 2B and 2C). While ~103 bacteria were
detected by day 14 in the MDLN of CCR7*/* mice, there were fewer than 10 (the lower limit
of detection) bacteria in the MDLN of CCR7~~ mice at that time point. Bacteria were
detectable in the MDLN of CCR7~/~ mice by day 21, but there were approximately 100-fold
fewer bacteria than in the MDLN of CCR7** mice on day 21. Despite the initial delay observed
in bacterial dissemination in CCR7~/~ mice, by day 28 of infection the bacterial loads in the
MDLN of both groups were indistinguishable (Fig. 2B). Delayed spread of M. tuberculosis
from the lungs to the MDLN in CCR7~/~ mice was also accompanied by delayed dissemination
to the spleen. On day 28 of infection, the bacterial load in spleen of CCR7~ mice was still
significantly lower than in spleen of CCR7*/* mice (Fig. 2C). These results support our
previous observation that early dissemination of M. tuberculosis from the lungs to the
mediastinal lymph node is due to transport by migrating DCs. They also indicate that
dissemination of M. tuberculosis to the spleen does not occur until after dissemination to the
mediastinal lymph node.

Activation of M. tuberculosis Ag85B—specific CD4* T cells is delayed in MDLN of CCR77/~
compared to wild type mice

We have previously reported that initiation of the adaptive immune response to M.

tuberculosis antigen 85B requires transport of live bacteria from the lungs to the local draining
lymph node (9). Since we found that trafficking of M. tuberculosis from the lung to MDLN is
delayed in CCR7/~ compared to CCR7*/* mice, we characterized the kinetics of activation of
M. tuberculosis Ag85B-specific CD4* T cells during M. tuberculosis infection. We adoptively
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transferred CFSE-labeled P25TCR-Tg CD4* T cells into CCR7*/* and CCR7~/~ mice, then
infected them with a low dose of M. tuberculosis (~100 cfu/mouse). When examined 9 days
after infection, fewer than 15% of the P25TCR-Tg CD4* T cells in the MDLN of CCR7*/*
and CCR7~/~ mice were CFSEYIM, By day 15, proliferation of Ag85B-specific CD4* T cells
was detectable in the mediastinal lymph node of CCR7*/* mice; more than 70% of the P25TCR-
Tg CD4* population had undergone up to 5 cycles of replication. In contrast, in the MDLN of
CCR77~ mice, fewer than 40% of the P25TCR-Tg CD4* T population exhibited dilution of
CFSE, and none had divided beyond one to two cycles of proliferation. The majority of the
P25TCR-Tg CD4* T cells in the MDLN in CCR7~/~ mice remained CFSEN9" on day 20-post
infection, while by day 35 of infection more than 90% of the P25TCR-Tg CD4* T cells had
proliferated in mediastinal lymph node of both wild type and CCR7 7/~ mice (Fig. 3A). This
delay in activation was also reflected in the number of P25TCR-Tg CD4* T cells in the
mediastinal lymph node: the number of P25TCR-Tg CD4* T cells reached a peak in the lymph
nodes of CCR7*/* mice on day 20, while the peak in the lymph nodes of CCR7~/~ mice occurred
on day 24 (Fig. 3B), followed by a decrease of the P25TCR-Tg CD4* T cell numbers by day
35 in both groups of mice.

To assess the possibility that the differences in the kinetics of antigen-specific CD4* T cell
proliferation that we observed could be due to differences in trafficking of (CCR7+/*) P25TCR-
Tg CD4* T cells in CCR7** and CCR7/~ recipients, we transferred 2x106 naive P25TCR-
Tg CD4* T cells into uninfected CCR7*/* and CCR7~/~ mice and 4 hours later determined the
frequency of donor T cells in different organs. As shown in Figure 3C, P25TCR-Tg CD4* T
cells populate the lungs, spleen, and mediastinal lymph node at similar frequencies in both
groups of mice. Similar numbers of donor cells were also recovered from lungs, spleen, and
mediastinal lymph node of CCR7** or CCR7~/~ mice by 24 hours after P25TCR-Tg CD4* T
cell transfer (not shown).

These results indicate that the delayed activation of P25TCR-Tg CD4* T cells in CCR7 7/~
mice is not due to deficient homing of donor T cells to the MDLN, but rather due to defective
antigen presentation secondary to delayed trafficking of DCs and delivery of M. tuberculosis
from the lungs to the mediastinal lymph node.

Ectopic proliferation of adoptively-transferred M. tuberculosis Ag85B-specific CD4* T cells
in lungs of CCR7™~ mice

Since we observed defective trafficking of DCs from the lungs to the mediastinal lymph node
in CCR7/~ mice after M. tuberculosis infection, we considered the possibility that mature DCs
retained in the lungs might be capable of activating Ag85B-specific CD4" T cells in the lungs
of CCR7~/~ mice. Consistent with our previous observations (9) there was no detectable
proliferation of Ag85B-specific CD4™ T cells in lungs of infected wild type mice (Fig. 4). By
day 9 of infection, few P25TCR-Tg CD4™ cells were present the lungs of either CCR7*/* or
CCR77/~ mice (Fig. 4A). On days 15 and 20 of infection, when between 70 and 90% of
P25TCR-Tg CD4" cells had proliferated in mediastinal lymph nodes of wild type mice, over
90% of the P25TCR-Tg CD4* T cells in the lungs of wild type mice were CFSE'®Y, with no
P25TCR-Tg CD4" cells of CFSE intermediate intensity. The absence of cells with intermediate
levels of CFSE indicates that the P25TCR-Tg CD4* CFSE!®W population found in lungs of
wild type mice had migrated there after proliferating in the MDLN. In contrast, in CCR7 7/~
mice, we found that some of the Ag85B-specific P25TCR-Tg CD4" proliferated in the lungs,
in addition to their proliferation in the mediastinal lymph node. By day 20 of infection, more
than 90% of the P25TCR-Tg CD4* in lungs of CCR7/~ mice had undergone 1-5 rounds of
cell division, and this included subpopulations with incremental dilution of CFSE, indicating
that they were proliferating in the lungs (Fig. 4A). P25TCR-Tg CD4™" T cells with intermediate
levels of CFSE were also detected in lungs of CCR7~/~ mice on day 24 and 35 of infection
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(Fig. 4A). Ectopic proliferation of the adoptively-transferred P25TCR-Tg CD4* T cells in the
lungs contributed to a markedly higher accumulation of these cells in the lungs of CCR7/~
mice: by day 24 post infection, the number of P25TCR-Tg CD4* T cells was 12-fold higher
in the lungs of CCR7~/~ mice than in the lungs of wild-type mice (Fig. 4B). This excess is
likely to be due to local proliferation in the lungs, since the number of P25TCR-Tg cells in the
mediastinal lymph nodes of CCR7~/~ mice did not exceed that in lymph nodes of CCR7*/*
mice (Fig. 3B).

Survival of M. tuberculosis infected CCR7"mice

Finally, to determine the impact of CCR7 deficiency in the outcome of tuberculosis we infected
CCR7** and CCR7~/~ mice with a low dose (~100 cfu) or a high dose (~600 cfu) of M.
tuberculosis and monitored survival of the mice. After week 24 of infection CCR7 7/~ mice
infected with a low inoculum succumbed gradually to infection and were found to be somewhat
more susceptible than CCR7*/* mice, however, by week 40 of infection the survival curve of
CCR77~ and wild type mice receiving a 100 cfu was not significantly different (Fig. 5A).
Nevertheless, while CCR7*/* mice were resistant to a higher infection dose (~600 cfu) and
none had died by week 20 post-infection (when they were killed), all CCR7~/~ mice succumbed
to infection between weeks 5 and 14 (Fig. 5 A). 28 days after a high dose infection (~600 cfu),
the bacterial burden was significantly higher in CCR7~/~ lungs than in CCR7*/* lungs (Fig.
5B), consistent with the higher susceptibility to a higher inoculum infection shown by the
CCR7-deficient mice. Therefore, the resistance to M. tuberculosis infection in CCR7/~ mice
is compromised compared to wild type mice, and the difference in susceptibility is more
apparent with a higher inoculum of bacteria.

Discussion

In the studies reported here, we examined the quantitative contribution of CCR7-dependent
DC migration in the context of tuberculosis. We found that trafficking of DCs from the lungs
to the mediastinal lymph node was significantly delayed in CCR7~~ mice compared with
controls after aerosol infection with M. tuberculosis, a finding that is in accord with a prominent
role for CCR7-dependent DC trafficking in initiation of adaptive immune responses. We also
found that trafficking of live M. tuberculosis from the lungs to the MDLN was delayed in
CCR7-deficient mice compared with controls, in agreement with our previously-published
evidence that DCs transport M. tuberculosis from the lungs to the MDLN for initiation of
adaptive immune responses (9). Moreover, we found that dissemination of M. tuberculosis
from the lungs to the spleen was also delayed in CCR7-deficient mice compared with controls,
and that dissemination to the spleen was preceded by dissemination to the MDLN. This
suggests that dissemination of M. tuberculosis from the lungs to the spleen does not occur
through direct entry of the bacteria into the bloodstream in the lungs, but depends on one or
more DC-dependent processes. We also found that, while trafficking of DCs and of M.
tuberculosis from the lungs to the mediastinal lymph node clearly depended on CCR7-mediated
signaling during the first 3 weeks of infection, at a later time point (28 days), there were
equivalent numbers of both DCs and of M. tuberculosis in the mediastinal lymph node of
CCR7-deficient and control mice, which provides clear evidence for one or more CCR7-
independent mechanisms of DC and bacterial trafficking during infection with M.
tuberculosis. In addition, we found that M. tuberculosis antigen 85B-specific naive CD4* T
cells underwent initial activation and proliferation in the lungs of CCR7-deficient, but not
CCR7-sufficient mice, indicating that the organized cellular aggregates resembling secondary
lymphoid organs previously reported in the lungs of M. tuberculosis infected CCR7 7~ mice
may be potential sites for activation of naive CD4* T cells (23). CCR7/~ mice on a BALB/c
background have been reported to be capable of controlling low-dose (100-200 cfu) infection
with M. tuberculosis for up to 120 days (23). In the present report, we monitored survival
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beyond 200 days and found that CCR7~/~ mice infected with a low dose (~100 cfu) of M.
tuberculosis succumbed earlier than CCR7*/* mice, although the difference was not
statistically significant. However, CCR7-deficient mice infected with a higher inoculum (~600
cfu) of M. tuberculosis succumbed significantly earlier than CCR7-sufficient control mice, and
this susceptibility to a high dose infection was associated with poorer control of M.
tuberculosis in CCR7~/~ mice (Figure 5). These results indicate that, while alternative
mechanisms of DC trafficking and naive CD4* T cell activation exist in the context of
tuberculosis, optimal protective immunity depends on CCR7-dependent cell trafficking.

Certain of our findings in mice infected with M. tuberculosis differ from those in other
experimental systems in which CCR7~/~ DC failed to migrate to lymph nodes. For example,
CCR77/~ DC fail to leave dermal tissue and migrate to draining lymph nodes in response to
in vivo mobilization stimuli such as contact sensitization by fluorescein isothiocyanate (FITC)
skin painting (24) and DC differentiated from the bone marrow of CCR7~~mice do not migrate
to the draining lymph nodes following subcutaneous injection or intra-tracheal instillation
(14,29,30). However, these were short term studies, which corresponds to the defective
CCR77/~ DC trafficking from lung to the MDLN that we observe at the earliest time points
after M. tuberculosis infection (Figure 1A). At later time points, CCR7-independent
mechanisms clearly account for the DC recruitment to MDLN in CCR7~/~ mice during M.
tuberculosis infection. Recent findings provide evidence of a role for CCL5 and CCR5 in
inducing DC maturation and allowing subsequent CCR7 dependent homing of lung DCs to
lymph nodes during viral infection (31), suggesting that migration of lung DCs might be
controlled by a multi-step chemokine-driven mechanism. However, the relevance of this
mechanism in tuberculosis is questionable. While it has been suggested that CCR5 may play
a role in the migration of DCs to and from the MDLN after the acute phase of M.
tuberculosis infection (32), the results of that same study provide evidence that CCR5 is not
required for the initiation of the Thl immune response to M. tuberculosis (32). At least one
other mechanism that contributes to DC trafficking from the lungs to the MDLN has been
described (28). Jakubzick et al have shown that migration of DC carrying fluorescent particles
from the lungs to the MDLN was substantially but not fully impaired in CCR8 KO mice,
revealing that both CCR7 and CCR8 may mediate lung DC migration (28). We cannot exclude
the possibility that a subset of DCs in the MDLN is acquired by mechanisms other than
migration from the lungs. Nakano and colleagues found that after viral infection or
immunization, inflammatory monocytes were recruited into lymph nodes directly from the
blood to become inflammatory DCs that potently stimulated Ty1 responses (33). While blood-
derived inflammatory DCs could contribute to DC accumulation in MDLN of CCR7 '~ mice
infected with M. tuberculosis, recruitment from the blood would not account for the concurrent
appearance of bacteria in the MDLN, since the lungs are the predominant site of bacterial
replication (they contain 100-fold more bacteria than the MDLN (12)), and since few, if any,
bacteria are detected in the blood.

Our finding that CCR7~/~ mice can generate antigen-specific immune responses to M.
tuberculosis and survive low-dose infection was not expected, given the central role in adaptive
immune responses that has been assigned to CCR7 (19). However, in certain other contexts,
the requirement for CCR7 in protective immune responses has not been absolute. In keeping
with our results, it has been shown that CCR7 '~ mice generate a delayed but complete
cytotoxic T lymphocyte response to infection with lypmhocytic choriomeningitis virus
(LCMV) (21), indicating that CCR7-dependent cell migration and structural differentiation of
the lymphoid T cell zone is not essential for the generation and maintenance of antiviral CTL
responses. Moreover, CCR7~/~ mice are relatively resistant to primary and secondary infection
with Listeria monocytogenes (22); in this model the priming of naive but not memory MHC
class la-restricted CD8* cells requires CCR7, whereas naive MHC class Ib-restricted CD8* T
cells or MHC class ll-restricted CD4 T cells were found to be less dependent on the presence
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of this chemokine receptor, indicating that different T cell subtypes and maturation stages have
discrete requirements for CCR7 (22). A differential requirement of CCR7-mediated active Ag
transport for CD4* and CD8" T cell expansion has also been described during influenza
infection: CCR7-mediated migration of dendritic cells was more crucial for CD8" T cell than
CDA4* T cell responses (34). While no influenza-specific CD8" T cell response could be
detected in CCR7-deficient mice, a small influenza-specific CD4* T cell population was
detectable in the MDLN, suggesting the existence of a CCR7-independent mechanism for Ag
transport to the MDLN that accounts for the expansion of influenza specific CD4* T cells.

An additional finding from our present studies was the ectopic proliferation of Ag85B-specific
CD4* T cells observed in lungs of CCR7~/~ mice following infection with M. tuberculosis
(Figure 4). The defective DC trafficking from the lung to the MDLN observed in CCR7 7/~
mice (Figure 1B) led us to speculate that DC retained in the lungs of CCR7~/~ mice might be
capable of activating Ag85B-specific CD4* T cells in that tissue. Although it is known that
the activation of naive T cells during localized infection takes place in the local draining lymph
nodes, the development of neolymphoid structures in the lungs of M. tuberculosis-infected
CCR77/~ mice have been described (23). Our finding that the lungs of CCR7~/~ mice can serve
as alternative priming sites for T cells agrees with previous reports demonstrating that
CCR77'~ mice spontaneously develop organized tertiary lymphoid structures at mucosal sites
such as the lung, stomach and colon (35,36). Kocks et al have shown that CCR7 '~ mice
develop highly organized bronchus-associated lymphoid tissue (BALT) independently of the
presence of inflammatory stimuli such as pathogen-associated molecular patterns (36). While
our studies indicate that adoptive-transferred Ag85B-specific CD4* T cells can be activated
to proliferate in the lungs of M. tuberculosis-infected CCR7~/~ mice, they do not reveal the
precise location in the lungs (ie, BALT, or the neolymphoid structures resembling granulomas).
Ectopic proliferation of adoptively-transferred P25TCR-Tg CD4* T cells in the lungs
contributed at least in part to a 12-fold larger number of these cells in the lungs of CCR7 7/~
compared with CCR7** mice; it is very likely that proliferation in the lungs contributed to this
excess, since no differences were observed in the peak number of P25TCR-Tg CD4* T cells
in the mediastinal lymph nodes of CCR7~ vs CCR7*/* mice. However, there is no apparent
relationship between the ectopic proliferation of Ag85B-specific CD4* T cells observed in
lungs of CCR7~/~ mice and their ability to control M. tuberculosis replication. 28 days after
infection the bacterial burden is similar in the lungs of CCR7~/~ and CCR7*/* mice infected
with low doses of M. tuberculosis (Figure 2A); moreover, when infected with a higher dose of
M. tuberculosis, CCR7~/~ mice have higher lung bacterial burdens than CCR7*/* mice (Figure
5B) and succumb to infection (Figure 5A), despite ectopic proliferation of Ag85B-specific
CD4* T cells in the lungs. In addition to our finding that M. tuberculosis antigen-specific
CD4* T cells undergo proliferation in the lungs, at least one alternative mechanism may also
have contributed to the excessive accumulation of these cells in the lungs. Mori et al. have
shown that in plt mice, which lack 2 of the 3 ligands for CCR7, have defects in the migration
of naive T cells and mature DC into the T cell zone of lymphoid organs, the responses to contact
sensitization and subcutaneous immunization are delayed, but ultimately enhanced compared
to those seen in wild type mice. These findings were interpreted as evidence that the activation
of T cells within the thymus dependent areas of secondary lymphoid organs is required for the
contraction phase of an immune response (37). Moreover, augmented T cell-mediated immune
responses to contact antigens exceeding those seen in wild type mice, have been shown to
develop in CCR7~/~ mice; this was attributed to defective trafficking of regulatory T cells to
the local draining lymph nodes (38) (Reviewed in (39)). Whether defective regulatory T cell
trafficking contributes to the markedly higher expansion of Ag85B-specific CD4* T cells in
the lungs of M. tuberculosis-infected mice will require additional study. The findings reported
here provide evidence for roles of CCR7-dependent and CCR7-independent cell trafficking in
the immune response to M. tuberculosis in mice. It will be of considerable interest to identify
the CCR7-independent mechanisms that contribute to initiation of adaptive immune responses
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to M. tuberculosis, and to determine the extent to which they contribute to the variable outcomes
of tuberculosis in humans.

Abbreviations used in this paper

MDLN mediastinal lymph node
DCs dendritic cells

cDCs conventional dendritic cells
Tg transgenic
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FIGURE 1.

Impaired trafficking of dendritic cells from lungs to MDLN in CCR7~ mice.
CD11b*CD11c™" dendritic cells were quantitated in lungs and mediastinal lymph nodes of
CCR7** and CCR7~'~ mice at days 14, 21 and 28 after aerosol infection with a low dose of
M. tuberculosis. Unpaired Student’s t test was performed, * P = 0.035, ***P = 0.0005. In an
additional independent experiment, we found similar results, and we found that the number of
lung and MDLN DCs did not differ between CCR7 7~ and CCR7** at day 35 post infection.
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FIGURE 2.

Trafficking of M. tuberculosis from the lungs to the MDLN and spleen is delayed in
CCR7~~ mice compared with controls. CCR7*/* and CCR7~~ mice were sacrificed at the
indicated time points after aerosol infection with a low dose of M. tuberculosis and colony-
forming units were determined in homogenates of lungs, mediastinal lymph node, and spleen.
Data are represented as mean + SD of four mice per group and per time point. * P< 0.05, **
P<0.005, *** P<0.001 by unpaired Student’s t test.
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FIGURE 3.

Proliferation of M. tuberculosis Ag85B-specific CD4™ T cells is delayed in MLN of
CCR7~~ compared to wild type mice. (A) CFSE dilution profile of cells in the mediastinal
lymph node of CCR7** and CCR7~/~ mice over the course of infection with M.
tuberculosis. Plots are representative of four mice per group at each time point. In uninfected
CCR77~ (but not CCR7*/*) mice, a small fraction of adoptively-transferred P25TCR-Tg
CD4™* T cells exhibited fluoresence half as intense as that of undivided cells; the cause of this
is unknown. (B) Total number of P25TCR-Tg CD4* T cells was calculated within the CD4*
population in mediastinal lymph node of CCR7** and CCR7~/~ mice. Data are represented as
mean + SD of four mice per group and per time point. ** P < 0.005 by unpaired Student’s t
test. (C) 2x108 CFSE-labeled P25TCR-Tg CD4* T cells were transferred either into naive
CCR7** or CCR77" recipients; 4 hours later, mice were euthanized and CFSE* P25TCR-Tg
CD4* T cells were isolated from different organs (mean + SD; n = 4 mice per group).
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FIGURE 4.

M. tuberculosis Ag85B-specific CD4* T cells proliferate in lungs of CCR7~/~ mice. (A) CFSE
dilution profile of P25TCR-Tg CD4* T cells in the lungs of CCR7*/* and CCR7/~ mice over
the course of infection with M. tuberculosis. Plots are representative of four mice per group at
each time point. (B) Total number of P25TCR-Tg CD4* T cells was calculated within the
CD4* population in lung of CCR7*/* and CCR7~/~ mice. Data are represented as mean + SD
of four mice per group and per time point. * P = 0.016 by unpaired Student’s t test.
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FIGURE 5.

Survival of M. tuberculosis-infected CCR7 7/~ mice. (A) CCR7*/* and CCR7/~ mice were
aerosol infected with a low dose (~100 cfu) or a high dose (~600 cfu) of M. tuberculosis and
survival was monitored. n = 6-8 mice per group. (B) CCR7*/* and CCR7~/~ mice were
sacrificed 28 days after aerosol infection with a high dose of M. tuberculosis (~600cfu) and
colony-forming units were determined in lung homogenates. * P = 0.033 by unpaired Student’s
t test.
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