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Chemokines (CK) are potent leukocyte activators and chemoattractants and aid in granuloma formation,
functions critical for the immune response to Mycobacterium tuberculosis. We hypothesized that infection of
alveolar macrophages (AM) with different strains of M. tuberculosis elicits distinct profiles of CK, which could
be altered by human immunodeficiency virus (HIV) infection. RANTES, macrophage inflammatory protein-1�
(MIP-1�), and MIP-1� were the major �-CK produced in response to M. tuberculosis infection. Virulent M.
tuberculosis (H37Rv) induced significantly less MIP-1� than did the avirulent strain (H37Ra), while MIP-1�
and RANTES production was comparable for both strains. MIP-1� and MIP-1� were induced by the mem-
brane, but not cytosolic, fraction of M. tuberculosis. M. tuberculosis-induced CK secretion was partly dependent
on tumor necrosis factor alpha (TNF-�). AM from HIV-infected individuals produced less TNF-� and MIP-1�
than did normal AM in response to either M. tuberculosis strain. We tested the functional significance of
decreased �-CK secretion by examining the ability of �-CK to suppress intracellular growth of M. tuberculosis.
MIP-1� and RANTES suppressed intracellular growth of M. tuberculosis two- to threefold, a novel finding.
Thus, �-CK contribute to the innate immune response to M. tuberculosis infection, and their diminution may
promote the intracellular survival of M. tuberculosis.

Alveolar macrophages (AM) constitute the initial defense
against mycobacteria inhaled into the lung. Resident AM
phagocytose and kill arriving mycobacteria, which may survive
and multiply intracellularly (10). Successful parasitization of
AM depends on the ability of Mycobacterium tuberculosis to
evade or manipulate the innate immune response. Persistent
infection is contained by recruitment and activation of circu-
lating leukocytes to the nidus of infection, providing fresh
phagocytes and T cells to lyse infected cells and secrete Th1
cytokines (10, 11). Infection of AM with M. tuberculosis in-
duces release of multiple factors, including the early inflam-
matory cytokines tumor necrosis factor alpha (TNF-�) and
interleukin-1� (IL-1�), which have autocrine activating effects
and promote the recruitment of circulating leukocytes (19, 22).

We hypothesized that M. tuberculosis infection of AM
evokes local production of specific chemokines (CK), potent
chemotactic and activating factors for leukocytes that are in-
fluenced by M. tuberculosis virulence and by human immuno-
deficiency virus (HIV) infection. The �-CK, including macro-
phage inflammatory protein-1� (MIP)-1�, MIP-1�, RANTES
(for regulated upon activation, normal T cell expressed and
secreted), and monocyte chemotactic protein-1 (MCP-1), pro-
mote chemotaxis and/or transendothelial migration of mono-
nuclear cells (29, 31). MIP-1�, MIP-1�, and RANTES induce
activation and proliferation of T cells (32) and of macrophages
(M�) (9, 20), and MIP-1� promotes Th1 cell differentiation
(15, 16). These �-CK, particularly RANTES, play significant

roles in granuloma formation (7). The �-CK IP-10 is a potent
T-cell chemoattractant (1, 29). The ability of CK to attract and
activate T cells and monocytes suggests that CK may have a
role in modulating immune responses to M. tuberculosis infec-
tion. Poor granuloma formation is a characteristic finding in M.
tuberculosis infection in advanced HIV type 1 disease (12, 24,
25) and suggests that �-CK production may be deficient. Vir-
ulence or host-associated differences in M. tuberculosis-in-
duced CK production may also contribute to failure to contain
the infection.

We compared the in vitro abilities of avirulent and virulent
M. tuberculosis to induce CK production in AM obtained from
healthy control and HIV-infected individuals. Although there
was wide variation in M. tuberculosis-induced CK production
within these two groups, we found a reduced ability of AM
from HIV-infected individuals to produce MIP-1� and, to a
lesser extent, RANTES in response to either avirulent
(H37Ra) or virulent (H37Rv) M. tuberculosis. We found that
M. tuberculosis-induced �-CK expression was partly regulated
by TNF-�, secretion of which was also attenuated in AM from
HIV-infected individuals.

Pursuing the functional significance of diminished M. tuber-
culosis-induced �-CK secretion, we hypothesized that �-CK,
rather than acting solely as leukocyte chemoattractants, par-
ticipate in regulating the M� response to M. tuberculosis. Re-
cently, MIP-1�, MIP-1�, and RANTES were reported to in-
crease phagocytosis and killing of another intracellular
organism, Trypanosoma cruzi (35). We found that MIP-1� and
RANTES suppress growth of M. tuberculosis within M�. This
is the first report that �-CK inhibit intracellular growth of M.
tuberculosis. Therefore, an attenuated �-CK response to M.
tuberculosis, as we found in AM from HIV-infected individuals,
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could affect this aspect of the innate immune response to M.
tuberculosis.

MATERIALS AND METHODS

Subjects. Institutional Review Board approval was obtained for performance
of these studies. Healthy control volunteers were recruited from the medical
center community, while HIV-infected individuals without concomitant illnesses
were recruited from the Immunodeficiency Clinic of Boston Medical Center.
Several of the HIV-infected individuals and one of the normal volunteers were
smokers. HIV-infected individuals had CD4 cell counts that ranged from 100 to
400 cells/dl.

Preparation of mycobacterial stocks. Titers of stocks were determined by
serial dilution, culture on 7H10 plates, and colony counting at 4 weeks. The
stocks were tested by Limulus amebocyte lysate QCL-1000 assay (BioWhittaker,
Walkersville, Md.) to ascertain that the stock was free of endotoxin, courtesy of
Matthew Fenton (Boston University).

Preparation and infection of human M�. Bronchoalveolar lavage (BAL) was
performed according to a protocol recommended by the American Thoracic
Society (3). Recovered BAL fluid was filtered through a sterile single layer of
gauze, centrifuged for 10 min at 500 � g, and washed twice with RPMI (Medi-
atech, Reston, Va.). Cells were resuspended in RPMI with 10% fetal calf serum
(Sigma, St. Louis, Mo.) and cefotaxime (50 �g/ml) (Calbiochem, La Jolla, Calif.)
to a concentration of 200,000 to 400,000 cells/ml and incubated at 37°C in
polystyrene dishes. After 18 to 24 h, medium and nonadherent cells were aspi-
rated, and fresh medium was added to the same concentration of cells to mini-
mize the artifact of adhesion-induced CK expression (17). H37Ra or H37Rv was
added to plates at M. tuberculosis-to-cell ratios of approximately 20:1. In certain
experiments, neutralizing antibodies to TNF-�, gamma interferon (IFN-�), or
IL-1� were added at 2 �g/ml. Supernatants were harvested after 48 h, frozen, and
later assayed by enzyme-linked immunosorbent assay (ELISA) for CK. In other
experiments, nonviable membrane or cytosolic fractions of H37Rv or of li-
poarabinomannan (TB Research Materials and Vaccine Testing Contract, Col-
orado State University, Fort Collins) were added instead of intact M. tuberculosis.
Membrane and cytosolic fractions were free of cell wall components.

Assessment of M. tuberculosis intracellular growth. AM were isolated and
incubated overnight as described above. H37Rv was added at a multiplicity of
infection of 10:1, or 106 organisms per 105 AM. After 4 h of continuous rocking
at 37°C, cells were washed, and either control or neutralizing antibody to MIP-
1�, MIP-1�, or RANTES at 10 �g/ml was added. After 6 days of incubation at
37°C, M� were lysed with 0.25% sodium dodecyl sulfate for 10 min at 37°C, and
then 50 �l of 20% bovine serum albumin was added. Two dilutions of lysates
(1:10 and 1:100) were prepared in sterile saline solution with 0.85% Tween 80
and inoculated onto 7H11 agar plates. Mycobacterial growth was assessed by
counting the number of CFU present at 3 weeks.

ELISAs for CK. Antigenic TNF-�, MIP-1�, MIP-1�, RANTES, MCP-1, and
IP-10 in AM supernatants were quantitated by using a modification of a double-
ligand ELISA method, as previously described (8). In neutralizing-antibody
experiments and in M. tuberculosis fraction studies, ELISA kits from R & D
(Minneapolis, Minn.) were utilized. Cytokine data were expressed as the means
of duplicate readings in nanograms per milliliter per million cells.

Statistics. The Statview 4.51 software package (Abacus Concepts Inc., Berke-
ley, Calif.) was used for statistical calculations. The Mann-Whitney U test was
used to compare data from unpaired groups, while the Wilcoxon signed rank test
was used to compare data from paired groups. Student’s t test was used if the
experimental numbers did not allow nonparametric testing. The Spearman rank
correlation test was used to analyze associations between cytokines.

RESULTS

H37Rv induces significantly less MIP-1� than does H37Ra.
Secretion of MIP-1� from normal AM, shown in Fig. 1, was
significantly induced by both H37Ra (61 � 24; P 	 0.012) (all
values shown refer to mean CK concentration, in nanograms
per milliliter per million cells, � standard error of the mean)
and H37Rv (19.9 � 11.4; P 	 0.012) compared to uninfected
AM (0.02 � 0.01). However, induction of MIP-1� by H37Rv
was significantly lower than that by H37Ra (a threefold differ-
ence) (P 	 0.036). AM from HIV-infected individuals also
produced significant amounts of MIP-1� when infected with

H37Ra (219 � 91; P 	 0.0117) and H37Rv (34 � 11; P 	
0.0277) compared to control AM (0.06 � 0.02; P 	 0.02). AM
from the HIV-infected group tended to produce less MIP-1�
in response to H37Rv than in response to H37Ra (P 	 0.075)
(a sixfold difference), but did not achieve statistical signifi-
cance.

M. tuberculosis-induced MIP-1� secretion is reduced in AM
from HIV-infected individuals. Infection of normal AM with
H37Ra induced significant quantities of MIP-1� (855 � 471;
P 	 0.012), as did infection with H37Rv (618 � 337; P 	
0.012), compared to uninfected AM (1.5 � 0.8) (Fig. 2). There
was no significant difference in MIP-1� induction between
H37Ra and H37Rv (P 	 0.89). Similarly, AM from HIV-
infected individuals also produced significant amounts of
MIP-1� when infected with H37Ra (3.5 � 1.2; P 	 0.012) or
H37Rv (4.0 � 1.5; P 	 0.028) compared to uninfected AM (0.2
� 0.1). However, AM from normal individuals produced sig-
nificantly more MIP-1� than did AM from HIV-infected indi-
viduals in response to infection with H37Ra (855 � 471 versus
3.5 � 1.2; P 	 0.002) or H37Rv (618 � 337 versus 4.0 � 1.5;
P 	 0.01) (more than 200- and 100-fold differences, respec-
tively). MIP-1� secretion tended to be more pronounced than
that of MIP-1� in normal AM, without a direct correlation
between the two CK.

Infection of AM with M. tuberculosis induces production of
RANTES. Secretion of RANTES in response to M. tuberculosis
in both groups largely paralleled that of MIP-1�. H37Ra in-
duced significant increases in RANTES secretion (4.0 � 1.5;
P 	 0.028), as did H37Rv (4.4 � 1.7; P 	 0.028), compared to
uninfected AM (0.04 � 0.03) (Fig. 3). AM from HIV-infected
individuals also produced statistically significant amounts of
RANTES when infected with H37Ra (1.0 � 0.4; P 	 0.018) or
with H37Rv (0.4 � 0.2; P 	 0.043) compared to uninfected
AM (0.02 � 0.01). Although AM from normal individuals
appeared to produce 4- to 10-fold more RANTES than did
those from HIV-infected individuals in response to infection
with H37Ra (P 	 0.052) or H37Rv (P 	 0.055), these differ-
ences did not achieve statistical significance. The level of M.
tuberculosis-induced RANTES was substantially less than
those of MIP-1� and MIP-1�. However, RANTES is bioactive
at a concentration 1 log unit lower than the other �-CK (29,
32). There was no direct correlation between secretion of
RANTES and other cytokines.

In vitro M. tuberculosis infection of AM induces production
of other CK. Statistically significant increases in MCP-1 were
induced by infection of AM from control individuals with both
H37Ra (3.1 � 1.9; P 	 0.0117) and H37Rv (1.3 � 0.7; P 	
0.0117), compared to uninfected control AM (0.16 � 0.07).
Significant increases in MCP-1 secretion were also found with
AM from HIV-infected individuals infected with H37Ra (0.65
� 0.18; P 	 0.0115), but not those infected with H37Rv (0.43
� 0.16; P 	 0.17), compared to uninfected HIV AM (0.21 �
0.08) (Fig. 4). However, the quantity of MCP-1 detected after
48 h of infection was less than what is generally believed to
biologically active (21, 33).

AM from normal control individuals produced IP-10 signifi-
cantly in response to H37Ra (13.6 � 6.2; P 	 0.028) and to
H37Rv (102 � 71; P 	 0.028) compared to uninfected AM (0.6
� 0.2) (Fig. 5). AM from normal individuals produced signifi-
cantly more IP-10 than did AM from HIV-infected individuals
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in response to H37Ra (13.6 � 6.2 versus 0.7 � 0.2, respec-
tively; P 	 0.0039) or H37Rv (102 � 71 versus 0.8 � 0.3,
respectively; P 	 0.045). In AM from HIV-infected individu-
als, H37Ra and H37Rv failed to produce IP-10 in quantities
distinguishable from those in uninfected AM (0.4 � 0.2; P 

0.05).

Mycobacterial membrane fraction induces MIP-1� and
MIP-1� production by AM. We sought to determine what
component of M. tuberculosis induced MIP-1� and MIP-1�
production by stimulating normal AM with soluble nonviable
membrane or cytosolic extracts of H37Rv. We found that
membrane extracts induced secretion of both of these �-CK,
while cytosolic extracts did not (Fig. 6). In two experiments, we
found that lipoarabinomannan, a component of the cell wall, in

concentrations of up to 1,000 ng/ml, did not significantly in-
duce these CK (data not shown). Thus, soluble mycobacterial
components associated with the bacterial membrane were suf-
ficient to induce CK production.

Production of �-CK is partly dependent on M. tuberculosis-
induced TNF-�. We sought to determine if M. tuberculosis-
related CK production was regulated by other M.
tuberculosis-induced cytokines, such as TNF-�, IFN-�, and
IL-1�, which are known inducers of �-CK (6, 27). Neutral-
izing antibodies to TNF-� added to H37Ra-infected AM cul-
tures significantly reduced, but did not completely block,
MIP-1� and MIP-1� (P 	 0.046) secretion compared to con-
trol antibody-treated, H37Ra-infected AM (Table 1). In a lim-
ited number of experiments we found that M. tuberculosis-

FIG. 1. Less induction of MIP-1� by H37Rv than by H37Ra. AM from normal (n 	 8) and HIV-infected (n 	 8) individuals were infected with
M. tuberculosis for 72 h at 37°C, and the resulting supernatants were assayed by ELISA for MIP-1�. Both H37Ra and H37Rv induced significant
quantities of MIP-1� compared to uninfected control AM. H37Rv induced significantly less MIP-1� production than did H37Ra in normal AM.
Single asterisks indicate a significant difference compared to uninfected AM; double asterisks indicate a significant difference compared to
H37Ra-infected AM from HIV-positive individuals.
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induced MIP-1� and MIP-1� secretion was not dependent on
either IFN-� or IL-1�, while, as expected, IP-10 was IFN-�
dependent (data not shown). Reduction of IP-10 in the pres-
ence of neutralizing antibody to IFN-� demonstrated that the
quantity of neutralizing antibody added to cultures was suffi-
cient. The partial blockade of MIP-1� and MIP-1� secretion
by anti-TNF-� suggested that other mechanisms might be op-
erative in promoting secretion of these �-CK. Thus, TNF-� has
a significant, but not the only, role in promoting secretion of
MIP-1� and MIP-1� in response to M. tuberculosis infection.

TNF-� production in response to M. tuberculosis infection.
AM from HIV-infected individuals produced significantly less
TNF-� than did control AM in response to H37Ra (7.1 � 53
versus 140 � 63; P 	 0.419) (Table 2). There was no significant

difference in the ability of H37Ra to induce TNF-� compared
to H37Rv. MIP-1�, but not MIP-1�, production correlated
with TNF-� secretion when control and HIV values were con-
sidered together (r 	 0.643; P 	 0.0198).

The �-CK MIP-1� and RANTES suppress intracellular
growth of M. tuberculosis. Growth of H37Rv within AM was
significantly augmented by neutralizing antibodies to either
MIP-1� (mean CFU � standard error of the mean, 626 �
140; P 	 0.0207) or RANTES (729 � 172; P 	 0.0029)
compared to M. tuberculosis-infected AM treated with con-
trol antibody (323 � 58) (Fig. 7). Neutralizing antibody
to MIP-1� did not significantly increase intracellular growth
of H37Rv cells (414 � 98; P 	 0.593) relative to control
antibody.

FIG. 2. AM from HIV-positive individuals produce less MIP-1� than control AM in response to M. tuberculosis. Supernatants of AM from
normal (n 	 8) and HIV-infected (n 	 8) individuals were infected with M. tuberculosis as described for Fig. 1 and assayed by ELISA for MIP-1�.
Induction of MIP-1� in normal AM was comparable for both H37Ra and H37Rv. AM from the HIV group produced significantly less MIP-1�
than did normal AM in response to both H37Ra and H37Rv. Asterisks indicate a significant difference compared to uninfected (Un) AM. Number
signs indicate a significant difference compared to the corresponding condition for AM from HIV-infected individuals.
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DISCUSSION

We examined specific differences in CK induction by AM
from control and HIV-infected individuals challenged with
avirulent and virulent M. tuberculosis strains. Although there
was wide variation in �-CK production by AM from both
groups, MIP-1�, MIP-1�, and RANTES were the predominant
�-CK induced by infection with M. tuberculosis. We found that
virulent M. tuberculosis induced significantly less MIP-1� than
did avirulent M. tuberculosis in normal AM. However, AM
from HIV-infected individuals produced significantly less
MIP-1� and RANTES than did AM from controls. Induction
of MIP-1� and MIP-1� was related to the membrane, not
cytosolic, fraction of M. tuberculosis. Secretion of M. tubercu-
losis-induced MIP-1� and MIP-1� was significantly inhibited,

but clearly not abolished, by neutralizing antibody to TNF-�.
Our data also demonstrated that MIP-1� and RANTES inhib-
ited the intracellular growth of M. tuberculosis, a novel finding.

We found that biologically significant quantities of both �-
and �-CK were induced by M. tuberculosis infection of human
AM. Specifically, IP-10 was induced among the former, while
MIP-1�, MIP-1�, and RANTES were induced among the
�-CK. Although M. tuberculosis-induced MCP-1 secretion did
reach statistically significant levels, the quantities produced
were biologically of far less significance than those of the other
�-CK secreted (21, 33). Others have reported that in vitro M.
tuberculosis infection of monocytoid and other cells is accom-
panied by secretion of both �- and �-CK. Murine M� infected
in vitro with M. tuberculosis display rapid induction of mRNAs

FIG. 3. Infection of AM with M. tuberculosis induces production of RANTES. RANTES in supernatants from AM infected as described for
Fig. 1 was assayed by ELISA. Although both H37Ra and H37Rv induced significant quantities of RANTES in AM from normal subjects (n 	 6)
and from HIV-infected individuals (n 	 8), AM from the latter group produced significantly less RANTES than did normal AM. Asterisks indicate
a significant difference compared to uninfected (Un) AM, and number signs indicate a P value of 0.055 (not statistically significant).
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for IP-10, MIP-1�, MIP-2, and MCP-1 (28). M. tuberculosis
infection of AM induces production of mRNAs and proteins
for MCP-1, MIP-1�, RANTES, MCP-1, and IL-8 (30). BAL
and pleural fluid from individuals with M. tuberculosis infection
have increased levels of RANTES and MCP-1 compared to
those from healthy individuals (10, 18). The low level of M.
tuberculosis-induced MCP-1 secretion found in our study un-
derscores recent findings in mouse models of granuloma for-
mation, indicating that MIP-1� and RANTES are important in
fostering a Th1-type response, while MCP-1 is more prominent
in promoting Th2 responses (7, 15, 16).

We found strain- and host-related differences in M. tubercu-
losis induction of �-CK. The virulent M. tuberculosis strain

H37Rv induced significantly less MIP-1� production than did
the avirulent M. tuberculosis strain H37Ra. In contrast, the
secretion of MIP-1� and RANTES was not significantly dif-
ferent for AM infected by H37Ra or H37Rv. AM from HIV-
infected subjects showed a reduced ability to produce IP-10,
MIP-1�, and, in most instances, RANTES compared to normal
AM. M. tuberculosis-induced MIP-1� secretion by AM from
HIV-infected individuals did not differ from that of the control
group. MIP-1� production was more than 100-fold (P 	 0.01)
and 200-fold (P 	 0.02) greater in AM from normal subjects
than in those from HIV-infected individuals in response to
H37Rv and H37Ra, respectively. Our study is the first to dem-
onstrate the differential ability of M. tuberculosis strains to

FIG. 4. Infection of AM with M. tuberculosis induces production of MCP-1. MCP-1 in supernatants from AM infected as described for Fig. 1
was assayed by ELISA. Statistically significant increases in MCP-1 were seen with H37Ra and H37Rv in control AM. Only H37Ra induced
statistically significant increases in MCP-1 in AM from HIV-infected individuals. Asterisks indicate a significant difference compared to uninfected
(Un) AM.
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elicit specific profiles of CK secretion and the reduced ability
of AM from HIV-infected individuals to produce specific CK.

M. tuberculosis-induced CK secretion appears to be regu-
lated by a complex interplay of host and infecting-organism
determinants. We determined that �-CK were elicited in re-
sponse to soluble M. tuberculosis membrane antigens rather
than by the cytosolic fraction. The mycobacterial cell wall com-
ponent lipoarabinomannan (4), which has been reported to
induce secretion of IL-8 in monocytes (28), did not elicit CK
secretion in AM. Since lipoarabinomannan binds the M� man-
nose receptor (10) and CD14 (26), engagement of other spe-
cific cell surface adhesion molecules for M. tuberculosis may

lead to �-CK secretion. We have recently found that engage-
ment of AM Toll receptors 2 and 4, which both bind M.
tuberculosis (23), by a heat-stable soluble mycobacterial cell
wall component can elicit the secretion of �-CK (14). Since
mycobacterial components alone can elicit secretion of these
�-CK, live M. tuberculosis is not necessary for this effect. Thus,
M. tuberculosis elicits secretion of �-CK through engagement
of surface (membrane or cell wall) components rather than as
a result of AM exposure to cytosolic components through
killing of M. tuberculosis.

We found that the regulation of M. tuberculosis-induced
�-CK secretion was significantly, but not exclusively, depen-

FIG. 5. Infection of control AM with M. tuberculosis induces production of IP-10. IP-10 in supernatants from AM infected as described for Fig.
1 was assayed by ELISA. Infection with either H37Ra or H37Rv induced significant quantities of IP-10 in control AM compared to uninfected AM
but not compared to AM from HIV-infected individuals. Asterisks indicate a significant difference compared to uninfected (Un) AM, and number
signs indicate a significant difference between control AM and AM from HIV-infected individuals.
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dent on TNF-�, which is itself induced by M. tuberculosis (19).
Several cytokines, including IFN-�, IL-1�, and TNF-�, can
induce production of �-CK in a variety of cells (5, 6). We found
that the addition of neutralizing antibody to TNF-� signifi-
cantly reduced H37Ra-induced MIP-1� and MIP-1� secretion.
AM from HIV-infected individuals produced significantly less
TNF-� than controls in this in vitro system. Others have re-
ported significantly attenuated TNF-� mRNA in AM infected

with HIV following lipopolysaccharide stimulation (34). We
found a statistical correlation between M. tuberculosis-induced
TNF-� and MIP-1� production. It is possible that attenuated
TNF-� production may be partly responsible for the reduced
�-CK secretion observed in AM from HIV-infected individu-
als.

There are clearly additional mechanisms beyond TNF-� in
determining M. tuberculosis-induced �-CK secretion. Secretion
of MIP-1� and MIP-1� was not completely blocked by anti-
body to TNF-�, which may reflect incomplete neutralization,
induction by other cytokines, direct induction of these �-CK by
M. tuberculosis, or release of preformed �-CK. Neutralizing
antibodies to IL-1� and IFN-� failed to block secretion of
MIP-1� and MIP-1�, although anti-IFN-� did block IP-10, as
expected. We have recently found that AM do contain intra-
cellular stores of preformed �-CK, which may be released in
response to infection with M. tuberculosis (unpublished data).
Thus, M. tuberculosis induces �-CK secretion through TNF-�-
dependent and -independent mechanisms.

We subsequently examined the functional impact of �-CK
production in influencing the intracellular survival of M. tuber-
culosis. We found that neutralization of MIP-� and RANTES
significantly augmented intracellular growth of H37Rv within
AM. Although the effect observed was moderate in this in vitro
system, the magnitude of the response may reflect incomplete

FIG. 6. The mycobacterial membrane fraction induces AM production of MIP-1� and MIP-1�. AM from normal individuals were treated with
either soluble membrane (black bars) or cytosolic (stippled bars) fractions of H37Rv for 72 h at 37°C. Supernatants were assayed by ELISA for
MIP-1� (a) and MIP-1� (b) (n 	 5). Both of these �-CK were induced by the membrane fraction but not by the cytosolic fraction, especially at
higher doses. Error bars indicate standard errors of the means. Ag, antigen.

TABLE 1. TNF-� helps regulate M. tuberculosis-induced
MIP-1� and MIP-1�a

�-CK Expt

Concn (pg/ml) with:

H37Ra �
control antibody

H37Ra �
anti-TNF-�

MIP-1� 1 70 15
2 1,941 397
3 3,606 1,494
4 13,726 1,758
5 4,580 3,670
6 61,775 4,190

Mean 14,283 1,921
SEM 9,692 692

MIP-1� 1 3,191 4,157
2 25,554 16,920
3 14,389 6,503
4 25,654 6,899
5 8,364 6,141
6 18,611 9,811

Mean 15,960 8,405
SEM 3,725 1,858

a AM were infected with H37Ra in the presence of either 2 mg of control
antibody or 2 �g of neutralizing anti-TNF-� per ml, and after 72 h supernatants
were assayed by ELISA for MIP-1� or MIP-1�. Neutralization of TNF-� signif-
icantly reduced M. tuberculosis-induced production of both of these �-CK, in
both cases there is a significant difference compared to isotype control antibody-
treated cells.

TABLE 2. Attenuated TNF-� production in response to
M. tuberculosis infection by AM from HIV-infected individualsa

AM
TNF-�, mean � SEM (ng/ml/million cells)

Uninfected H37Ra infected H37Rv infected

Control 0.1 � 0.05 140 � 63 117 � 53
HIV positive 0.1 � 0.04 7.1 � 5.7b 0.8 � 0.4

a AM were infected as described for Fig. 1, and supernatants were assayed by
ELISA for TNF-�.

b Significantly different from control value.
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neutralization despite the high concentration of neutralizing
antibody used, variations in CK receptor expression on AM, or
simply that the effect of any single �-CK is modest. Our report
is the first description of �-CK suppression of intracellular M.
tuberculosis growth. These findings are particularly significant
since we also found that AM from HIV-infected individuals
produced significantly less MIP-1� and RANTES in response
to M. tuberculosis than control AM. We speculate that the
relative ability to produce these �-CK may constitute a host
susceptibility factor or could play a role in the defective gran-
uloma formation seen in HIV-infected individuals (12, 24, 25).

There are several potential mechanisms by which �-CK may
influence the intracellular growth of M. tuberculosis. MIP-1�,
MIP-1�, and RANTES activate M�, causing tyrosine phos-
phorylation of multiple proteins within minutes (20). MIP-1�
induces M� production of TNF-�, IL-1�, and IL-6, while
MIP-1� can modulate MIP-1�-induced TNF-� production (9).
Recent reports indicate that MIP-1�, MIP-1�, and particularly
RANTES can increase phagocytosis and killing of T. cruzi
trypomastigotes (20) through enhanced nitric oxide production
(35). Thus, we speculate that M. tuberculosis-induced �-CK
could, in an autocrine manner, potentially activate and regu-
late several M� responses to M. tuberculosis.

M. tuberculosis intracellular growth inhibition is clearly not
an exclusive property of �-CK, since other cytokines have been
clearly shown to have similar effects. TNF-�, IFN-�, and IL-6
have been reported to inhibit growth of M. tuberculosis either

within human M� or in murine systems (2, 13). Thus, MIP-1�
and RANTES join a group of cytokines that may work in
concert to inhibit intracellular growth of M. tuberculosis. Fur-
thermore, these interrelated cytokines constitute only part of
the innate immune response to M. tuberculosis.

We have identified strain- and host-specific differences in
the induction of �-CK by M. tuberculosis. Relative deficiencies
in the production of one or more CK may have impact on both
innate and acquired immune responses to M. tuberculosis in-
fection. Virulent M. tuberculosis induced significantly less
MIP-1� than did avirulent M. tuberculosis. AM from HIV-
infected individuals produced 100- to 200-fold less MIP-1� and
less RANTES than did normal AM. We found that MIP-1�
and RANTES were capable of inhibiting intracellular growth
of M. tuberculosis. While it has been presumed that �-CK
secretion serve only to recruit mononuclear cells to the site of
infection, these �-CK have roles in T-cell activation and Th1
cell differentiation (7, 9, 15, 16, 20, 32). Thus, we speculate that
despite potential redundancies offered by other CK and cyto-
kines, deficiencies in the ability to produce �-CK might lead to
defects in the acquired immune response, as well as in AM
intracellular killing of M. tuberculosis.
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