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Macrophages exposed to Mycobacterium tuberculosis release chemokines
able to recruit selected leucocyte subpopulations: focus on yo cells
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SUMMARY

Granuloma is a typical feature of tuberculosis. We evaluated the chemotaxis of selected human
leucocyte subsets induced by macrophages incubated with Mycobacterium tuberculosis (MT)-
derived products in vitro. The release of monocyte chemotactic protein 1 (MCP-1) and interleukin-8
(IL-8) correlated with the specific induction of strong chemotaxis towards monocytes and
polymorphonuclear leucocytes (PMNs). yd and T helper type 1 (Thl) off lymphocytes were
chemoattracted, while T-resting, IL-2-activated and Th2 lymphocytes were unaffected. Activation
with mycobacterium-derived, phosphate-containing components, modulated the chemokine recep-
tor profile of Y8 T lymphocytes as well as their pattern of cyto-chemokine production, disclosing a
potential for their active participation in granuloma formation. In particular, CXCR3 and IP-10,
which we found to be released by MT-pulsed alveolar macrophages, seem to represent the receptor—
counter-receptor pair implicated in the chemotaxis of yd lymphocytes. Immunohistochemical
analysis and in sifu hybridization revealed the in vivo presence of IL-8, MCP-1 and IL-10 in lymph
node and lung tuberculous granulomas. Our results underscore the role of MT extracts in the
induction of macrophage-derived chemokines responsible for the orchestrated recruitment of
PMNs, monocytes, and Thl and yd T cells, as well as in the regulation of yd function.

INTRODUCTION

Mycobacterium tuberculosis (MT) is a facultative intracellular
pathogen of human mononuclear phagocytes,'” capable of
causing different clinical outcomes of tuberculosis. Accumulat-
ing evidence indicates that tuberculous granulomas are mainly
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comprised of T cells and cells of the monocytic lineage,>™ and
represent the typical MT lesion.

The histological appearance of established granulomatous
foci strongly suggests that a defined sequence of events, invol-
ving both natural and adaptive components of the immune
response, is responsible for their formation. In this respect,
inflammatory and chemotactic cytokines released by leucocytes
or stromal cells are likely to represent a predominant mechan-
ism whereby the recruitment of various leucocyte subsets is well
regulated to the site of MT infection; in addition, the expression
of particular sets of chemokine receptors provides leucocytes
with an exclusive combinatorial ‘address code’ for positioning
within the tissue in a multistep navigation mode.®’ It has indeed
been reported that MT-derived products can elicit strong and
specific release of a host of chemokines upon phagocytosis by
blood monocytes or by resident alveolar macrophages.®® In
agreement with these findings, selected chemokines have been
detected in large amounts in the bronchoalveolar lavage fluid of
patients with active pulmonary tuberculosis.'®'!

As a result of the complexity of the intervening events
required for granuloma formation, the process is susceptible
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to fail at multiple steps, thus generating unsuccessful clinical
outcomes: the more frequent of these being the syndrome
known as latent tuberculosis, characterized by MT persis-
tence,12 and the lethal, active tuberculosis, associated with a
‘spread’, disorganized histology."?

The relative contribution of T-cell subsets in the control of
infection has been dissected in a straightforward manner in
mice, using several knockout models.'"*'> Tn humans, T lym-
phocytes bearing the yd T-cell receptors (TCR) accumulate in
early mycobacterial lesions.'® Moreover, mycobacteria-acti-
vated o lymphocytes secrete type I cytokines [such as tumour
necrosis factor-o, interferon-y (IFN-y)] and kill MT-infected
macrophages in vitro, suggesting their potential role in vivo in
the immune response against the pathogen.'”'®

The protective capacity of each leucocyte population is
secondary to its migratory capability which allows it to reach
the inflammatory site.

We approached the present work to establish whether che-
mokines released from MT-pulsed macrophages selectively
govern the migration of specific leucocyte subpopulations, and
in turn regulate the expression of the correlated receptors.

We show that MT-pulsed macrophages are indeed able to
chemoattract polymorphonuclear cells (PMNs), monocytes, and
T helper type 1 (Thl) and yd T lymphocytes selectively; more-
over, upon exposure to MT components, including the isopen-
tenyl-pyrophosphate (IPP) antigen, yd T-lymphocytes modulate
their chemokine receptor profile and become efficient cytokine
producers. We therefore postulate that yd lymphocytes can
contribute to the containment of MT infection both through
their effector functions and through the recruitment of new
immunocompetent cells.

MATERIALS AND METHODS

Chemicals and antibodies

The MT whole cell lysate from the strain H37-R (WC), contain-
ing whole cell wall, and the MT lypoarabinomannan-free
culture filtrate proteins from the same strain (CF), were obtained
from the Department of Microbiology, Colorado State Univer-
sity, Fort Collins, CO. The Mycobacterium bovis His-Ag85C
Protein (BCG) was obtained from the AIDS Reagent Program
(Mckesson Bioservices Corporation, Rockville, MD). The yd T-
cell clones were stimulated with IPP (Sigma, St Louis, MO) at a
final concentration of 10 pM and with anti-CD3 monoclonal
antibody (mAb; 5 pg/ml) (OK-T3, Ortho Diagnostics, Raritan
NJ) followed by cross-linking with goat anti-mouse antiserum
(Zymed, San Francisco, CA). Both anti-interleukin-8 (IL-8) and
anti-monocyte chemotactic protein (MCP-1) rabbit sera were
kindly provided by P. Allavena (Mario Negri Institute, Milan,
Italy). Recombinant interferon y-inducible protein 10 (IP-10)
and 1-309 were from R & D Systems (Minneapolis, MN).

Cell isolation and cultures

Human peripheral blood lymphocytes (PBL) were isolated from
donors’ buffy coats from the San Raffaele Hospital (HSR)
Blood Bank, by separation on Ficoll-Hypaque (Nycomed
Pharma S., Oslo, Norway), followed by two steps of plastic
adherence to deplete monocytes. PBL were resuspended in
RPMI-1640 medium supplemented with 2 mM L-glutamine,

100 IU/ml penicillin, 100 pg/ml streptomycin (Biochrom, Ber-
lin, Germany), 10% heat-inactivated fetal calf serum (FCS;
PAA Labour, Linz, Austria) (complete medium, CM) and
immediately used (resting T cells). To obtain IL-2-activated
T cells, PBL were cultured for 15 days in CM supplemented
with recombinant IL-2 at 400 U/ml (Eurocetus, Amsterdam, the
Netherlands). Adherent CD14-positive monocytes (PBM) were
recovered and resuspended in CM at a final concentration of
5 x 10° cells/ml.

Th1 and Th2 lines were generated from cord blood leuco-
cytes as described.'® Briefly, human neonatal leucocytes were
isolated from freshly collected, heparinized, neonatal blood by
Ficoll-Hypaque density gradient centrifugation. Neonatal T-
cell preparations were >70% CD45Ra-positive and 50-60%
CD4-positive. Thl and Th2 cell lines were propagated in the
presence of phytohaemagglutinin (PHA) and either IL-12 and
neutralizing anti-IL-4 antibodies for Thl lines, or IL-4 and
neutralizing anti-IL-12 antibodies for Th2 lines, respectively.
Both were expanded in CM containing 100 U/ml of IL-2 and
used on day 10. The purity of the two Th cell lines was tested
through intracellular staining [and an enzyme-linked immuno-
sorbent assay (ELISA) on the supernatants] for the two che-
mokines IFN-y and IL-4: 88% of Th1 were IFN-y-positive and
80% of Th2 were IL-4-positive (not shown).

v6 T-cell clones were propagated from peripheral blood, as
described.”® Briefly, after PBM isolation, the aff T cells were
depleted by magnetic bead purification (Dynabeads, M450,
Dynal, Oslo, Norway), after incubation with anti-CD4 and
anti-CD8 mAbs. The resulting cell population contained more
than 95% 6 T cells, as assessed by staining with the pan-yd
TCR1381 mAb (T Cell Sciences, Cambridge, MA). yd T-cell
clones were obtained by limiting dilution and propagated by
cyclic restimulation (every 3—4 week) with irradiated allo-
geneic PBM and PHA (5 pg/ml), in RPMI-1640 supplemented
with 10% FCS, in the presence of recombinant IL-2 (50 U/ml).

Human alveolar macrophages (AM) were obtained from
non-pathological areas of lung from patients undergoing partial
pneumectomy in the Surgery Department of HSR. Briefly, the
lung was cut into small pieces and repeatedly perfused with
RPMI-1640: the cells thus obtained were seeded on plastic wells
(Costar, Cambridge, MA), those recovered after adherence
(CD68-positive cells) were resuspended at a final concentration
of 1 x 10%mlL

PMNs were obtained from venous blood of healthy donors,
anti-coagulated with citric acid and sodium citrate, as
described.?! Briefly, the cells were isolated by dextran (Sigma)
sedimentation followed by Ficoll-Hypaque gradient and hypo-
tonic lysis of erythrocytes; they displayed a CD15s (anti-Sialyl-
Le™) positive phenotype.

In vitro chemotaxis assay

The chemotactic ability of the different cell types was assayed
using a double-chamber system (Transwell Costar, Cambridge,
MA), as previously described.?” Briefly, 10° cells, labelled with
SICr (10 pCi/10° cells) were added to the semi-porous poly-
carbonate membrane bearing 3-pm pores (for PMNs and T
lymphocytes) or 5-pm pores (for monocytes), in triplicate, and
incubated at 37° for 3 hr in a 5% CO, humidified incubator.
Afterwards, migrated cells were recovered from the bottom
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chamber, lysed and the cell-associated radioactivity was deter-
mined in a gamma-counter (Packard Instruments, Downers
Grove, IL). Either PBM or AM (10°/well) were seeded in the
lower chamber, pulsed or not with MT extracts and incubated at
37°, 5% CO, overnight before the onset of chemotaxis assay.
When indicated, anti-MCP-1 or anti-IL8 antisera were added to
the lower chamber during the test. Percentage migration was
calculated by measuring the counts recovered from the lower
chamber and comparing them to the total input counts; results
represent the mean £ SD of three independent experiments.

ELISA for chemokine measurement

Supernatants from 5 x 10° PBM or AM cultures, either pulsed
or not with MT extracts, were collected after overnight incuba-
tion. The quantification of IL-8, MCP-1, IP-10 and monokine
induced by interferon y (Mig) production was performed using a
sandwich ELISA as previously described.>* Briefly, for IP-10
and MCP-1, Maxi-Sorp™ ELISA plates (Nunc, Roskilde,
Denmark) were coated with anti-chemokine antibody, blocked
with a 2% bovine serum albumin solution, extensively washed,
and test samples (PBM or AM cultures supernatants) or purified
chemokines (standards) were added and incubated overnight.
After extensive washings, biotinylated anti-chemokine antibo-
dies were added, incubated for 3 hr at 37°, washed and incu-
bated with ExtrAvidin®-coupled alkaline phosphatase (Sigma)
for 30 min at room temperature. After washing, phosphatase
activity on p-nitrophenyl phosphate (Sigma) (1 mg/ml in
diethanolamine-HCI, pH 9-8) was allowed to occur for 1 hr
at 37°. The reaction was stopped after 1 hr, and absorbance at
405 nm was measured in an ELISA reader. For IL-8 detection,
the anti-IL-8 mAb WS-4 was used for coating, and a rabbit anti-
IL-8 was used as detecting antibody. An anti-rabbit immuno-
globulin G (IgG) coupled to alkaline phosphatase was used as
secondary antibody. Detection limit was 50 pmol. IFN-y, IL-4,
IL-8 and MCP-1 were measured in overnight yd T-cell culture
supernatants (1 x 10%ml) with ELISA kits from R & D Sys-
tems, according to the manufacturer’s instructions.

Reverse transcriptase—polymerase chain reaction (RT-PCR)
This semi-quantitative assay was performed as previously
described in detail** Briefly, 0-5 pg of total RNA extracted
from v3 T-cell clones (1 x 10° for each experimental condition)
was reverse-transcribed and the cDNA was amplified with spe-
cific primers (Primm s.r.1, Milan, Italy). Primer sequences for
IL-4, IFN-y, IL-8 and the housekeeping gene glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) have been reported.24
Primer sequences, amplification cycles and product size (base
pairs, bp) for CCR1 and CCR2b are the following: CCR1 —
forward, 5'-ACC ATG GAA ACT CCA AAC ACC ACA G,
reverse, 5'-GTC AGA ACC CAG CAG AGA GTT CAT G, 40
cycles, 1100 bp; CCR2b — forward, 5-AAC ATG CTG TCC
ACA TCT CGT TCT, reverse, 5'-CGT TTA TAA ACC AGC
CGA GAC TTC, 35 cycles, 1100 bp.

Surface expression of chemokine receptors

Flow cytometric analyses were performed with directly con-
jugated antibodies: anti-human CXCR3-fluorescein isothiocya-
nate (FITC), anti-human CCR3-phycoerythrin (PE), anti-
human CXCRI1-FITC and anti-human CXCR2-PE (R & D
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Systems), anti-human CCR4-PE, anti-human CCRS5-PE and
anti-human CXCR4-PE (Pharmingen Europe, Becton
Dickinson, Heidelberg, Germany). Samples were acquired with
a FACScan instrument (Becton Dickinson) and analysed using
LYSIS software.

Immunohistochemistry

Immunohistochemistry was performed using purified mAbs
against IL-8 (2A2 clone) and MCP-1 (3F11 clone), provided
by LeukoSite Inc. (Cambridge, MA), at the final concentration
of 10 pg/ml. The antibody used for the detection of IP-10 was
from PeproTech EC Ltd (London, UK). Cryostatic sections
derived from an axillary lymph node of a patient affected by
primary tuberculosis showed typical histological features of
caseating granulomas, characterized by central necrosis sur-
rounded by histiocytic epithelioid cells, Langhans-type giant
cells and lymphocytes. Sections were incubated overnight with
the above mentioned antibodies and an indirect two-step immu-
noperoxidase method (Vecstain ABC Kit from Vector Lab-
oratories, Burlingame, CA) was subsequently applied, with
diaminobenzidine as chromogen.

In situ hybridization
A ¥S-labelled BCA-1 RNA probe was generated by in vitro
transcription (Boehringer Ltd, Mannheim, Germany). Tissue
paraffin sections were dewaxed and re-hydrated in graded
ethanol. Protein digestion was performed with 1 pg/ml protei-
nase K for 30 min at 37°, and blocked with 0-1 M glycine in
PBS for 5 min. Tissue slides were post-fixed in 4% parafor-
maldehyde and dehydrated in graded ethanol before a treatment
at room temperature with 0-1 M triethanolamine for 10 min.
After washes in H,O and dehydration in graded ethanol,
slides were air-dried and subsequently incubated with IL-8 or
MCP-1 mRNA probes. In situ hybridization was performed
overnight at 45° with sense and antisense probes (10° counts per
min/section) diluted in a hybridization solution [10% dextran
sulphate, 50% deionized formamide, 1 mM NaCl, 20 mM Tris—
HCI1 pH 7-5, 5 mM ethylenediamine tetraacetic acid (EDTA),
1x Denhardt solution, 100 mM dithiothreitol (DTT)]. After
hybridization sections were washed with 10 mM DTT, 50%
formamide, 1 mmM EDTA pH 8.0, 2x sodium saline citrate for
30 min at 54°, followed by two additional washes in 2x sodium
saline citrate, 10 nM DTT. Subsequently, slides were treated
with 100 000 U/ml Rnase T1 (Boehringer) and 1000 U/ml
Rnase A (Boehringer) for 30 min at 37°. After additional
washes, tissues were dehydrated and air-dried before slide
dipping in Kodak photoemulsion NTB-2, and exposed at 4°
in the dark for 4 weeks. Development and fixation were per-
formed according to Kodak protocol. The sections were coun-
terstained with Mayer’s haematoxylin.

RESULTS

Circulating monocytes and alveolar macrophages
pulsed with MT promote chemotaxis of neutrophils and
monocytes

To address the question of whether soluble factors released by
MT-pulsed peripheral blood macrophages induce migration of
different leucocyte subsets, we seeded freshly isolated PBM
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Figure 1. Peripheral blood monocytes (PBM) and alveolar macro-
phages (AM) pulsed with MT extracts specifically attract PMNs and
monocytes. PBM (a) and AM (b) were cultured overnight in the lower
chamber of a Transwell with or without MT extracts (e.g. BCG WC or
H37Rv WC or H37Rv CF); after that, >'Cr-labelled PMNs, monocytes
and resting and IL-2-activated T cells were seeded in the upper chamber.
After 3 hr migrated cells were recovered from the lower chamber, lysed,
and counted in a gamma-counter. Results are expressed as percentage of
cells out of the total cell input. Data are representative of three
independent experiments, each performed in triplicate.

from healthy donors in the lower chamber of a two-well
chamber system, and incubated them overnight with various
MT extracts. We utilized heat-inactivated whole cells (WC) or
LAM-free culture filtrate proteins (CF) from the H37Rv (viru-
lent) or H37Ra (avirulent) strains, and y-irradiated whole bacilli
from the attenuated M. bovis BCG (BCG WC). Selected
leucocyte subpopulations were allowed to migrate in a trans-
well, whose lower chamber contained PBM, MT-pulsed. Incu-
bation of adherent PBM with WC or LAM-free CF from both
H37Rv (Fig. 1a) and H37Ra (not shown) and, to a lesser extent,
with WC from BCG, resulted in the induction of a strong
chemotactic activity towards freshly isolated PMNs, but not
T cells and monocytes. Unstimulated PBM had negligible
chemotactic activity towards either leucocyte subpopulation
(Fig. 1a). As resting T lymphocytes have been previously
reported to respond poorly to chemotactic stimuli in vitro®
we performed transmigration assays using long-term IL-2-
activated, unselected T lymphocytes: they also had a negligible
ability to migrate in response to chemotactic factors released by
adherent PBM either spontaneously or upon induction (Fig. 1a).

A set of experiments identical to those described above was
then performed using alveolar macrophages (AM, >95%
CD68™"). As shown in Fig. 1(b), under these conditions, AM
spontaneously released factors that induced chemotaxis of
PMNs and monocytes, suggesting that these cells have been
exposed to stimulating factors in the lung microenvironment.
Interestingly, incubation of AM with the various MT extracts, as
well as with BCG WC, enhanced the release of a chemotactic
activity for PMNs and for monocytes, suggesting that unlike
PBM, AM are particularly efficient in producing leucocyte-
specific chemotactic factors, both spontaneously and upon
induction with mycobacterial extracts. Resting and IL-2-acti-
vated T cells were poorly attracted by the AM, as well as by
PBM-produced factors, either in unstimulated or stimulated
conditions.

In these experimental settings, the presence in the lower
chamber of each MT product did not disclose any chemoat-
tractive capacity (not shown).

Table 1. Chemokine production by peripheral blood monocytes
(PBM) or alveolar macrophages (AM) pulsed with various
mycobacterial extracts

Supernatant

sourcet IL-8 (pM) MCP-1(pm) IP-10(pm)
Medium NDI ND ND

PBM alone ND 572 +12 ND

PBM + WC 3050 £ 1030 445 £ 72 ND

PBM + CF 2498 £ 34-1 485 £+ 89-8 ND

PBM + BCG 272 £ 54 250 £ 85 ND

AM alone 1053 £ 24-5 568 + 20-4 20-8 £ 4
AM + WC 3589 + 868 734 £ 29.7 32.1 £09
AM + CF 1067 £+ 27 458 + 33:1 152 £ 09
AM + BCG 1089 + 34-8 482 £+ 242 2107 £ 0-6

*PBM or AM, obtained as described in the materials and methods section,
were seeded into round-bottom microwell plates and separately pulsed with
mycobacterial extracts (H37Rv WC, H37Rv CF or BCG WC) ON at 37 °.

tSupernatants from either pulsed or not pulsed PBM or AM were collected
and tested, by a sandwich ELISA assay, for their contents in interleukin-8 (IL-8),
and monocyte chemotactic protein (MCP-1). Three independent experiments
were performed for protein determination. Data are expressed as mean
chemokine concentrations (pM), (£SD) of triplicate wells.

iConcentrations not detectable.

IL-8 and MCP-1 released by MT-pulsed PBM and AM
selectively drive the directional migration of PMNs
and monocytes

To verify the possibility that the described differences in
chemotaxis could be accounted for by the differential chemo-
kine content present in the lower chamber, we focused on IL-8,
MCP-1, IP-10 and Mig, which have been reported to be widely
expressed at sites of inflammation. Indeed, high levels of IL-8
and MCP-1 were detectable in supernatants from MT-induced
PBM, but not from unstimulated cells (Table 1). Conversely,
unstimulated, as well as MT-induced AM cultures, released high
amounts of both chemokines (Table 1), in good agreement with
the results of the functional assays reported in Fig. 1. However,
unstimulated, as well as MT-induced, AM cultures released
moderate amounts of IP-10, while Mig could never be detected
under these experimental conditions (not shown).

IL-8 and MCP-1 released by MT-pulsed PBM and
AM are involved in the specific, directional
migration of PMNs and monocytes

We adressed the question of whether the elevated amounts of
IL-8 and MCP-1 released in the conditioned medium were
specifically involved in attracting their prototypic leucocyte
targets, i.e. PMNs and monocytes, respectively. To verify this,
we performed our transmigration assays using either PBM
(Fig. 2a) or AM (Fig. 2b) pulsed with H37 Rv WC, which
resulted in the most potent stimulus among the mycobacterial
extracts tested, in the presence of neutralizing anti-IL-8 and
anti-MCP-1 antisera. The neutralizing anti-IL-8 antiserum lar-
gely abrogated the migration of PMNs induced by MT-condi-
tioned supernatants (Fig. 2a,b), but did not affect migration of
monocytes. Conversely, monocyte chemotaxis was markedly,
although not completely, reduced by anti-MCP-1 antiserum,
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Figure 2. Either IL-8 or MCP-1 are responsible for the PMNs and
monocyte chemoattraction induced by PBM and AM pulsed with
H37Rv WC. PBM or AM were cultured overnight without or with
the MT extract in the lower chamber of a Transwell system, afterwards
PMNSs and monocytes were allowed to migrate in the upper chamber
(a,b). Where indicated, anti-IL-8 or anti-MCP-1 antisera where added
overnighttothelowerchamber. The assay isdetailedinthelegend toFig. 1.

whereas chemotaxis of PMN was substantially unaffected,
suggesting that MCP-1 is not primarily involved in the induction
of their migration (Fig. 2a,b).

MT-pulsed AM induced chemotaxis of y6 T cells

Since typical mycobacterial granulomatous lesions are circum-
scribed by a T cells ‘valluum’ and in our hands unselected T
lymphocytes did not display any chemotactic potential, we
attempted to determine the migratory capability of selected
T-lymphocyte subsets and in particular polarized Th cells and
vd cells. Again, we performed our assays utilizing either PBM
or AM H37Rv WC-pulsed. Unstimulated PBM (Fig. 3a) and
AM (Fig. 3b) released chemotactic factors that selectively
enhanced Thl chemotaxis; their efficacy was moderately
increased upon incubation with H37Rv WC. In none of these
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Figure 3. Thl and yd T lymphocytes chemoattraction is not mediated
by IL-8 and MCP-1. Th1 and y3 T lymphocytes were allowed to migrate
in a transwell, whose lower chamber contained PBM (a) or AM (b), both
unstimulated or stimulated with H37-Rv-WC. In inhibition experiments,
PBM (c) or AM (d) were pulsed overnight with H37Rv WC, and the
migration was evaluated in the presence or in the absence of neutralizing
antisera against either IL-8 or MCP-1 in the lower chamber. The
percentage of migration/inhibition was calculated as detailed in the
legend to Fig. 1.
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experimental conditions did Th2-polarized T cells express a
significant migratory pattern (Fig. 3a,b). In comparison to Th1
T cells, yo lymphocytes did not display a substantial chemo-
tactic pattern towards unstimulated PBM or AM, which instead
was inducible by incubation of AM only with H37-Rv WC.
Neutralizing anti-IL-8 and anti-MCP-1 antisera did not affect
migration of either Th1 or v T cells (Fig. 3c,d), thus indicating
the non-involvement of these chemokines.

Chemokine and chemokine receptor expression are
modulated in y6 T-cell clones in response to
mycobacterial antigens

vd T lymphocytes bearing the VyY9V32 TCR are able to kill
mycobacteria-infected macrophages through a granule-depen-
dent mechanism'” and to release type I cytokines in response to
mycobacterial antigens.?® In particular, it has been shown that
they specifically recognize mycobacterial non-peptidic phos-
phate compounds, including IPP."~%° In addition, v5 cells have
been described as playing a regulatory role in the immune
response to pathogens through the secretion of chemokines.*®
Thus, we investigated the production of IL-8 and MCP-1 by vd
T-cell clones in response to IPP, as well as to CD3 stimulation,
which has been previously described.”* We could demonstrate
by RT-PCR a selective expression of IL-8 (Fig. 4a), but not
MCP-1 (not shown), upon treatment with either stimulus; both
IL-4 and IFN-y were also induced, underlining a ThO profile in
IPP-activated y3 T cells (Fig. 4a). These data were confirmed by
measuring the secreted proteins in culture supernatants from
four y8 T-cell clones. While unstimulated cells yielded unde-
tectable levels of cytokines, the mean value (£SD) from IPP-
stimulated cell cultures was 1390 (£245-3) pg/ml for IFN-y,
93-7 (£29-8) pg/ml for IL-4 and 92-6 (£40-6) pg/ml for IL-8.
MCP-1 was undetectable also in IPP-stimulated conditions.
Having documented chemotaxis of yd T-cell clones towards
MT-pulsed AM supernatants (Fig. 3b), we investigated the
profile of chemokine receptors combining RT-PCR and cyto-
fluorimetric analyses. Constitutive expression of CCR1 and
CCR2b was down-modulated upon IPP stimulation (Fig. 4a),
in agreement with data obtained by others through ribonuclease
protection assays.”! Flow cytometric analyses of & T-cell
clones revealed negligible expression of CCRS5 and CXCR4,
which are receptors for macrophage inflammatory protein 1o
(MIP-1a), macrophage inflammatory protein 1 (MIP-1p), and
regulated on activation normal T-cell expressed and secreted
(RANTES) and for stromal cell-derived factor 1 (SDF-1),
respectively;*? and modest surface labelling of the IL-8 recep-
tors CXCR1 and CXCR2 (Fig. 4b). CXCR3, receptor of the
IFN-y-inducible ligands IP-10, Mig and interferon-inducible T-
cell o chemoattractant (ITAC),>* was instead expressed at high
levels. Constitutive CXCR3 expression was stable throughout
the culture period: in fact, when y6 T-cell clones were analysed
at different time points (2-3 weeks) after restimulation, com-
parable levels of the receptor were detected (not shown); on the
other hand, CXCR3 expression was down-modulated by IPP
stimulation (Fig. 4b). Together, these findings indicate that IPP
shapes the pattern of chemokine receptors on circulating yd
cells, thus modulating their potential to enter the sites of
inflammation.
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Figure 4. Modulation of cytokine and chemokine receptor expression
by IPP in yd T-cell clones. (a) The data of RT-PCR analyses performed
with RNA extracted after 6 hr of cell culture. Message RNA from each
sample was reverse-transcribed in duplicate and the cDNA was ampli-
fied with the specific primers. (b) Flow cytometric analyses of: CXCR4
versus CCR5; CXCRI1 and CXCR2; CCR3 versus CXCR3 chemokine
receptors on unstimulated Y3 T clones; to assess the modulation of
CXCR3, cells were either unstimulated or stimulated with IPP (50 pm)
for 24 hr. Data shown in (a) and (b) are representative of experiments
performed with two different y8 T-cell clones. Is. Ctrl. represents the
fluorescence obtained with irrelevant isotype controls.

Comparative analysis of chemokine receptor expression by
Thl and Th2 lymphocytes, used in our experimental settings,
showed that, in agreement with previous reports,>> the latter had
a lower level of CXCR3 expression (mean fluorescence inten-
sity was 19-5 versus 36:6 in Thl cells), but higher level of
CCR4, the chemokine receptor for thymus and activation
regulated chemokine (TARC)*** (mean fluorescence intensity
was 12 versus 3-7 in Thl cells).

v T lymphocytes specifically migrate in response to IP-10

To assess whether the expression of CXCR3 chemokine recep-
tor was instrumental to the active chemotaxis of yd T lympho-
cytes, we evaluated their chemotactic response toward a

onone
B-309 5 ng/ml
82]-309 50 ng/mi
8|P-10 5 ng/mi
21P-10 50 ng/ml

y6 T cells

Migrated cells (%0f input)

Figure 5. yd T cell migration in response to recombinant chemokines.
vd T lymphocytes were allowed to migrate in a transwell, whose lower
chamber contained either I-309 or IP-10 (5 and 50 ng/ml). Results are
expressed as percentage of cells out of the total cell input. Data are
representative of two independent experiments, each performed in
triplicate using two different yd T-cell clones.

gradient of IP-10, one of its natural ligands, which we found
to be present in the supernatants of AM (Table 1). IP-10
strongly chemoattracted yd T-cell clones in a dose-dependent
manner, while 1-309, chemoattractant for Th2 type lympho-
cytes,>* did not (Fig. 5).

In situ detection of transcribed IL-8 and MCP-1 mRNA in
granulomatous lesions from patients with active
tuberculosis

Since our in vitro data demonstrated the production of IL-8 and
MCP-1 by PBM and especially by AM challenged with tuber-
cular antigens, we searched for the production of these chemo-
kines in vivo. We selected a patient suffering from active,
uncontrolled tuberculosis and performed in situ hybridization
on paraffin sections of lymph node (Fig. 6a—d) and lung
(Fig. 6e-h) presenting granulomatous lesions, using specific
probes for IL-8 and MCP-1 transcripts. The presence of a strong
specific signal for both chemokine-encoding transcripts in the
areas of the granulomatous lesions was evident (Fig. 6). This
indicated that these chemokine genes are actively transcribed by
inflammatory cells in lesions characterized by the presence of
mycobacteria.

Immunohistochemical analysis demonstrates the presence
of IL-8, MCP-1 and IP-10 in MT-positive granulomatous
lesions in affected lungs and lymph nodes

To obtain evidence for the active release of the aforementioned
chemokines within lesions in the course of progressive tuber-
culosis infection, we performed histological analysis and immu-
nohistochemistry in granulomas detected in the lungs and in the
axillary lymph nodes from a patient with active tuberculosis. IL-
8, MCP-1 and IP-10 were detected in cryosections from the lung
and the draining lymph node. A prominent, spread staining for
IL-8 was consistently found inside the areas of the lesion
(Fig. 7a,b), while, very little staining for IL-8 was detected
in the so-called lymphocytic valluum, suggesting that MT
infection, rather than a general inflammatory response, was
actively sustaining the production of this chemokine by the
macrophage-derived epithelioid cells. Notably, PMNs could
only occasionally be observed in the tuberculous lesion, in
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Figure 6. In situ expression of mRNA for IL-8 and MCP-1 in lymph nodes and lung from a patient with active tuberculosis. In situ
hybridization with specific RNA probes for IL-8 and MCP-1 was performed on paraffin sections from lymph nodes (a—d) or lung (e-h)
of a patient affected by active tuberculosis. Both lymph node and lung give a positive signal for IL-8 (a, c, e, g) and for MCP-1 (b, d, f,
h), respectively. (Original magnifications: 200x for a,b,e,f and 400x for c,d,g,h).

spite of the high amount of IL-8 produced locally. We observed appeared weaker than IL-8 (Fig. 7e,f): it localized within the
a specular localization for IP-10, which was mainly confined in areas corresponding to the alveolar macrophages in the lung
the areas of the alveolar epithelium in the lung (Fig. 7c) and in (Fig. 7e) and in the areas surrounding the necrosis in the lymph
close proximity to the infiltrating elements in the necrotic areas node (Fig. 7f). These findings provide evidence for the presence
of the lymph node (Fig. 7d). Staining with anti-MCP-1 antibody and the specificity of the investigated chemokines.
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Figure 7. Immunohistochemical expression of IL-8, MCP-1 and IP-10 in tuberculosis granulomatous lesions of affected lung and
lymph nodes. (a, b) immunoreactivity for IL-8 is evident in the stroma and in the epithelioid elements, both in the lung (a) and in the
lymph node (b), while surrounding lymphocytes are essentially free from label. Positive cells are stained in dark (original magnification
100x%). (¢, d) Immunohistochemistry for IP-10 displays a main localization in the alveolar macrophages in the lung (c) as well in
macrophages-like elements in the lymph node (d) (original magnification 100x). (e, f) In comparison with IL-8, immunohistochem-
istry for MCP-1 displays a similar but weaker staining on analogous structures (original magnification 200x).

DISCUSSION

In this work we show that y6 T lymphocytes respond to
chemoattractants released by macrophages-pulsed with MT
components, which in turn regulate cytokine production and
chemokine receptor expression by v T cells themselves. Thus,
vd lymphocytes have the potential to reach the sites of MT-
driven inflammation and to contribute to granuloma formation.
The latter represents the final, favourable outcome at the site of
MT infection,* originated from a well-ordered temporal and
spatial sequence of events. If this subtle, ordered sequence of
events is altered, the histological outcome is not represented by
the well-organized granuloma, but by a diffuse, disseminated
shape.13

Our findings indicate that the prototypic chemokines IL-8
and MCP-1 are efficiently and persistently produced and
released in response to MT infection both in vitro and in vivo,
and are involved in the recruitment of the predominant innate
immunity effector cells found in MT lesions, namely monocytes
and granulocytes. However, PMNs are only rarely seen in MT
granulomas™ and our in vitro studies do not support the idea that
IL-8 exerts strong chemotactic activity towards leucocyte sub-
populations other than PMNs. We propose that PMNs are
indeed continuously attracted to areas of MT infection, but
their rapid death after extravasation and contact with MT-
derived material prevent their detection in such areas. Along
this line of thoughts, necrotic or apoptotic death of PMNs is
likely to contribute massively to the extensive tissue damage
which is typical of the progressive outcomes of tuberculosis.
Alternatively, despite the high levels of IL-8, the specular
presence of PMNs is less documented possibly because of

down-modulation of CXCR1- and CXCR2-specific IL-8 recep-
tors in the course of pulmonary TB infection.*®

In our assay PMNSs were attracted comparably by MT-pulsed
PBM and AM. Monocytes were instead more potently attracted
by MT-pulsed AM than MT-pulsed PBM. These differences
could be only partially explained by a different content of MCP-
1 in either supernatant, because the neutralizing anti-MCP-1
antiserum determined a comparable inhibition of monocyte
chemotaxis. The redundant role of MCP-1 production in clear-
ing MT infection has been underlined by analysing mice
carrying a targeted deletion of the MCP-1 gene.®” Moreover,
it has been reported that osteopontin, released by AM during
MT infection in vivo, is a powerful chemoattractant for mono-
cytes.” This raises the possibility that macrophages undergoing
differentiation in the lung microenvironment selectively acquire
the ability to produce alternative chemotactic substances which
contribute to the peculiar features of granulomas induced by MT
infection in the lung.

Notably, MT-pulsed PBM most effectively attracted PMNs
and Th1 cells in chemotactic assays, whereas monocytes and the
other T-lymphocyte subsets were only marginally induced to
migrate under these conditions. Polymorphonuclear leucocyte
chemotaxis was mediated by the abundant production of IL-8 by
MT-pulsed monocytes, as demonstrated by the almost complete
inhibition obtained with the neutralizing anti-IL-8 antiserum.

Of interest, yd T lymphocytes displayed substantial chemo-
taxis towards AM- but not PBM-derived conditioned medium
that contained detectable amounts of IP-10, one of the ligands
for CXCR3.%? The latter was constitutively expressed at high
levels on the surface of Vy9V&2 cell clones derived from
peripheral y& T lymphocytes, outlining the novel finding that
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IP-10/CXCR3 paired interaction may effectively contribute to
the yd migratory pattern. Expression of CXCR3 has also
recently been reported on freshly isolated v thymocytes, which
mediated their migration to all three ligands, i.e. IP-10, I-Tac
and Mig-1.*® In our experimental conditions Mig was never
detected (not shown), suggesting that the interaction between
IP-10 and CXCR3 may effectively contribute to migration of yd
cells. Our present finding of a selective response of yd cells
toward recombinant IP-10 indeed demonstrates that CXCR3 is
functional and further supports the role of IP-10/CXCR3 inter-
action in chemotaxis induced by MT-pulsed AM. This notion is
supported by the novel finding that IP-10 is expressed in the
tuberculosis-affected lung and the lymph node. This interaction
is likely to be functional also for migration of Th1 cells, because
they have been reported to preferentially express the CXCR3
receptor [ref. 32 and our present data]. The RT-PCR analyses,
which demonstrated constitutive expression of CCRI1 and
CCR2bD by 79 cells, are consistent with a previous description
of ¥8 T lymphocytes migrating to CC chemokines.*® However,
inhibition experiments with anti-MCP-1 antiserum (not shown)
ruled out the possibility that this chemokine, one of the ligands
of CCR1 and CCR2, was involved in our experimental system in
the migration of yd and Th1 lymphocytes, which have also been
reported to express functional receptors for MCP-1.*> More-
over, albeit y0 cell clones expressed moderate levels of the IL-8
receptors CXCR1 and CXCR?2, the addition of anti-IL-8 mAb
failed to inhibit their migration, supporting the hypothesis that
IP-10 may be driving yd chemotaxis. The down-modulation of
CCR1, CCR2b and CXCR3 by stimulation with the mycobac-
terial antigen IPP suggests that yo T lymphocytes might be
recruited at the site of granuloma formation to home and secrete,
upon TCR engagement, a number of soluble factors, including
ThO/Th1 cytokines and chemokines, such as RANTES, MIP-1a
and MIP-1p.2*3! Of note, our data indicate that peripheral blood
vd T lymphocytes contribute selectively upon IPP stimulation to
amplify the production of IL-8, butnot MCP-1. Indeed, amplifica-
tion of IL-8 expression may be increased by the interaction
between the activation marker CD30, present on Yo <:ells,24 and
CD30L, constitutively expressed by PMNs.

Together, our work recapitulates the potential cellular
players involved in the early phases of granuloma formation,
by coupling functional in vitro chemotactic assays to the
spectrum of cyto-chemokines secreted by PBM and AM chal-
lenged with various mycobacterial preparations.

Focusing on yd lymphocytes, we show here that these cells
have the requisites to be recruited to the site of granuloma
formation where they may be prompt to exhibit regulatory
functions in response to specific recognition of mycobacterial
antigens via secretion of selected cyto-chemokines, including
IL-8 and IP-10. Of note, however, Y6 knockout mice display a
more pyogenic form of granulomatous lesions,'* suggesting that
vd T cells may effectively contribute with a complex regulatory
role to the formation of a successful granuloma. Indeed, 5 cells
also produce IFN-vy, which in turn promotes the production of
MCP-1, which is active on monocytes and other mononuclear
cells, and inhibits that of CXC chemokines with an early-late-
region motif, active on neutrophils.**

We propose that y8 T lymphocytes are efficient players in the
protective rather than in the effector phase and support the

© 2003 Blackwell Publishing Ltd, Immunology, 108, 365-374

hypothesis that they could exert a role in containing the
dysregulated entry of PMNs, thus limiting their effect on tissue
degradation, as well as on the recruitment of effector cells.
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