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Phenotypically distinct clinical isolates of Mycobacterium tuber-
culosis are capable of altering the balance that exists between the
pathogen and human host and ultimately the outcome of infection.
This study has identified two M. tuberculosis strains (i.e. HN885
and HN1554) among a bank of clinical isolates with a striking
defect in phagocytosis by primary human macrophages when com-
pared with strain Erdman, a commonly used laboratory strain for
studies of pathogenesis. Mass spectrometry in conjunction with
NMR studies unequivocally confirmed that both HN885 and HN1554
contain truncated and more branched forms of mannose-capped
lipoarabinomannan (ManLAM) with a marked reduction of their lin-
ear arabinan (corresponding mainly to the inner Araf-a(1—5)-Araf
unit) and mannan (with fewer 6-Manp residues and more substitu-
tions in the linear Manp-a(1—6)-Manp unit) domains. The trunca-
tion in the ManLAM molecules produced by strains HN885 and
HN1554 led to a significant reduction in their surface availability.
In addition, there was a marked reduction of higher order phos-
phatidyl-myo-inositol mannosides and the presence of dimycocer-
osates, triglycerides, and phenolic glycolipid in their cell envelope.
Less exposed ManLAM and reduced higher order phosphatidyl-
myo-inositol mannosides in strains HN885 and HN1554 resulted
in their low association with the macrophage mannose receptor.
Despite reduced phagocytosis, ingested bacilli replicated at a fast
rate following serum opsonization. Our results provide evidence
that the clinical spectrum of tuberculosis may be dictated not only
by the host but also by the amounts and ratios of surface exposed
mycobacterial adherence factors defined by strain genotype.
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Tuberculosis causes immense morbidity and mortality
worldwide (1). The causative bacterium, Mycobacterium tuber-
culosis, is phagocytosed by and grows within host macrophages.
Our recent studies (2, 3) have led to the conclusion that M.
tuberculosis is adapting to the human host by cloaking its cell
envelope molecules with terminal mannosylated (i.e. Man-
a(1—2)-Man) oligosaccharides that resemble the glycoforms
of mammalian mannoproteins (4). These molecules include the
abundant mannose-capped lipoarabinomannan (ManLAM),
lipomannan (LM), and phosphatidyl-myo-inositol mannosides
(PIMs), which play a central role in M. tuberculosis immuno-
pathogenesis (5). ManLAM and higher order PIMs (i.e. PIM,
and PIM,) have exposed Man-a(1—2)-Man nonreducing ter-
mini that engage the mannose receptor (MR) on human mac-
rophages during phagocytosis (3, 6, 7) and dictate the intracel-
lular fate of M. tuberculosis by regulating formation of the
unique vesicular compartment in which M. tuberculosis sur-
vives within the human host (2, 3).

To date, studies of M. tuberculosis phagocytosis have focused
largely on use of the common laboratory virulent strains Erd-
man and Hz R, and the attenuated strain H,,R,. Recently,
banks of clinical isolates have been characterized in an attempt
to link epidemiology and genetic analyses in order to better
understand the pathogenesis of the tuberculosis (8 —11). These
population studies classified M. tuberculosis into three distinct
genetic groups, designated principal genetic group 1, 2, and 3
(PGG-1, -2, and -3), based on allelic variation in genes encoding
gyrase and catalase-peroxidase (8), two genes involved in anti-
biotic resistance (12, 13), and the pattern of the insertion
sequence 1S6110 (8).

2 The abbreviations used are: ManLAM, mannose-capped lipoarabinoman-
nan; Ara, arabinose; DHB, 2,5-dihydroxybenzoic acid; dManLAM, deacyl-
ated ManLAM; GC, gas chromatography; HPAEC, high performance anion
exchange chromatography; HSQC, heteronuclear single quantum correla-
tion; LM, lipomannan; MDM, monocyte-derived macrophage; CR, comple-
ment receptor; MR, mannose receptor; PGG, principal genetic group; PGL,
phenolic glycolipid; PIMs, phosphatidyl-myo-inositol mannosides; TEM,
transmission electron microscopy; mAb, monoclonal antibody; Tricine,
N-[2-hydroxy-1,1-bis(hydroxymethyl)ethyllglycine; MALDI, matrix-as-
sisted laser desorption/ionization; TOF, time-of-flight; MS, mass
spectrometry.

JOURNAL OF BIOLOGICAL CHEMISTRY 31417


http://www.jbc.org/cgi/content/full/M806350200/DC1

M. tuberculosis Clinical Isolate Recognition by Macrophages

Studies using this bank of clinical isolates showed that differ-
ent M. tuberculosis clinical isolates within the PPGs vary in
their ability to cause disease in humans and are capable of
inducing different immunologic responses in the host. In par-
ticular, M. tuberculosis HN878 is associated with an unusually
high proportion of active cases of disease and a high frequency
of extrapulmonary disease (10). This has been attributed to
immune subversion (14). In contrast, the M. tuberculosis clini-
cal isolate CDC1551 caused a low number of cases of active
disease, followed by an unusually high rate of seroconversion,
and it has been found to induce a more rigorous immunologic
response (9, 11).

Here we randomly selected M. tuberculosis strains from the
bank of PGG-1, -2, and -3 M. tuberculosis isolates described
above to screen for alterations in bacterial association with pri-
mary human macrophages in order to better characterize
microbial determinants important in this process. We discov-
ered that two phylogenetically related PGG-1 strains are signif-
icantly reduced in macrophage association and phagocytosis
and demonstrate increased intracellular growth following
serum opsonization. These strains contain a truncated form of
ManLAM buried within their cell envelope and a reduction in
higher order PIMs; thus, they do not engage the MR during
phagocytosis. They also contain phenolic glycolipid (PGL), trig-
lycerides and dimycocerosates, all known virulence factors
(14-16). We propose a model for how distinct M. tuberculosis
strains differ fundamentally in their macrophage interaction, a
factor that may contribute to the increased representation of
specific M. tuberculosis clones globally that impact the spec-
trum of human infections and disease.

EXPERIMENTAL PROCEDURES

Chemical Reagents and Antibodies— All chemical reagents were
of the highest grade from Sigma unless otherwise specified. CS-35
and CS-40 murine monoclonal antibodies (mAbs) were kindly
provided by both the Tuberculosis Research Materials and Vac-
cine Testing contract (NOI-AI-75320) and Leprosy Research Sup-
port contract (NOI-AI-25469).

Growth Conditions of M. tuberculosis Strains—Randomly
selected M. tuberculosis clinical isolates (HN731, HN804,
HN885, HN1390, HN1538, and HN1554 from PGG-1; HN657,
HN703, and HN810 from PGG-2; and HN362 from PGG-3)
were recovered from patients in Houston, TX, and character-
ized as described (8, 17). M. tuberculosis Erdman (ATCC 35801,
within PGG-2) and H,,R, (ATCC 27294, within PGG-3) labo-
ratory strains were also studied. Working stocks of all M. tuber-
culosis strains were grown on 7H11 plates and used as single
suspensions, as described (18). Single cell suspensions were
confirmed by high power light microscopy, repeating colony-
forming unit (CFU) assays several times to correlate the
numbers of bacteria counted in the Petroff-Hausser cham-
ber with CFUs and performing tissue culture assays to
ensure that the different clinical isolates settled comparably
(similar buoyancies).

Isolation and Preparation of Human Macrophages—Mono-
cyte-derived macrophage (MDM) monolayers were prepared
from healthy tuberculin-negative human volunteers, as
described (19). Monolayers (2 X 10> MDMs) for microscopy
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and CFUs were obtained by adherence to acid-washed glass
coverslips or directly to plastic, respectively, in 24-well tissue
culture plates for 2 h at 37 °C.

Assay of M. tuberculosis Association with MDMs—M. tuber-
culosis association assays with human MDM monolayers were
performed as previously described (19). Briefly, MDM mono-
layers on coverslips in RPMI (BD Biosciences) containing 20
mM Hepes (RH) and 2.5% autologous human serum or RPMI
containing 20 mm Hepes and 1 mg/ml human serum albumin
(RHH) were incubated with M. tuberculosis single suspensions
(2 X 10° bacilli) for 2 h at 37 °C in 5% CO,. MDM monolayers
were washed to remove nonassociated bacilli, fixed in 10% for-
malin, and washed again, and then associated M. tuberculosis
bacilli were stained with auramine-rhodamine. The mean *
S.E. of cell-associated bacilli/MDM on triplicate coverslips was
determined by counting =300 consecutive MDMs per cover-
slip using phase-contrast and fluorescence microscopy (19).

In some cases, MDMs were preincubated with anti-MR anti-
body (AbD Serotec, Raleigh, NC) at 10 ug/ml for 20 min at
37 °C to block the activity of the MR, as previously described (2,
3). For association with CR3 (complement receptor 3), CHO
CR3 cells (1 X 10°; provided by Douglas Golenbock, University
of Massachusetts Medical School) were adhered to glass cover-
slips in 24-well tissue culture plates overnight at 37 °C and 5%
CO,. Washed monolayers were incubated with either M. tuber-
culosis strain Erdman or HN885 in either RH containing 2.5%
human serum or RHH at 37 °C for 2 h. Infected monolayers
were washed, fixed, and stained, and bacteria/cell was assessed
as described above.

Transmission Electron Microscopy (TEM) of Strains Erdman
and HN885 in Macrophages—M. tuberculosis bacilli (1 X 10°)
were added to MDM monolayers on glass coverslips and incu-
bated for 2 h at 37 °C. Without washing, monolayers were fixed
with 2.5% gluteraldehyde in 0.1 M sodium cacodylate buffer (pH
7.2) for 10 min, followed by 1 h in fresh fixative. Coverslip stain-
ing and TEM analysis of attachment and internalization of
strains HN885 and Erdman by the macrophage was performed
as previously described (19) using a Hitachi H-7000 transmis-
sion electron microscope. Five grids for each sample were ana-
lyzed by counting a total of 250-300 consecutive bacilli (~50
MDM cross-sections), and the ratio of intracellular versus
extracellular surface-attached M. tuberculosis was determined.

Whole Cell ELISA for ManLAM on the M. tuberculosis
Surface—Live M. tuberculosis single cell suspensions (5 X 10°)
were added to each well (triplicate wells) of a 96-well tissue
culture plate and dried. Wells were blocked using 1% bovine
serum albumin in phosphate-buffered saline with 0.05% Tween
20 for 2 h at room temperature, washed with phosphate-buft-
ered saline containing 0.05% Tween 20, and incubated in either
anti-LAM CS35 or CS40 mAb in 1% bovine serum albumin in
phosphate-buffered saline overnight at room temperature.
Then wells were washed and incubated with a secondary horse-
radish peroxidase-goat anti-mouse antibody (Bio-Rad) in 1%
bovine serum albumin in phosphate-buffered saline for 2 h at
room temperature. Plates were washed and developed using a
peroxidase substrate kit (Bio-Rad). Reactions were stopped
with 1% oxalic acid, and absorbance was measured at 405 nm.
Three independent experiments were performed.
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Total Lipid, ManLAM Purifications, Electrophoresis, West-
ern Blotting, and Size Fractionation—Extraction of total lipids
and ManLAM purifications were performed as previously
reported (20). Pure ManLAM fractions were analyzed by elec-
trophoresis using 10-20% gradient Tris/Tricine gels followed
by periodic acid-silver staining. Sample concentrations were
0.5 pg/ul sample buffer. Western blotting using anti-LAM
CS-35 and CS-40 mAbs (21, 22) was performed essentially as
described (23) using a chemiluminescence system (Amersham
Biosciences). Deacylation of ManLAMs and sizing chromatog-
raphy using a 1 X 120-cm Bio-Gel P-100 (Bio-Rad) column
were performed as previously described (24). Fractions were
dried, and carbohydrate content was determined following the
Dubois method (25).

Monosaccharide Composition and High Performance Anion
Exchange Chromatography (HPAEC) Analyses—Samples were
hydrolyzed with 2 Mm trifluoroacetic acid and converted to aldi-
tol acetates using scyllo-inositol as internal standard. Gas chro-
matography (GC) was performed as described (20). For HPAEC
analyses, mixtures of ManLAM/LM from each strain were
digested with endorabinanase and analyzed as previously
described (20).

Matrix-assisted Laser Desorption/Ionization Time-of-flight
(MALDI-TOF) MS Analyses—Analyses by MALDI-TOF MS
were carried out on a Bruker Daltonic Reflex III (Bruker Dal-
tonic) mass spectrometer. ManLAMs (0.5 ul of 10 pg/ul) were
mixed with 0.5 pl of matrix solution (2,5-dihydroxybenzoic
acid (DHB; 10 ug/pl) in a mixture of water/ethanol (1:1, v/v)
and 0.1% trifluoroacetic acid) and air-dried. MALDI-TOF spec-
tra were acquired in negative linear mode detection between
10,000 and 25,000 m2/z and using a 300-ns time delay with a grid
voltage of 80% of full accelerating voltage (25 kV) and guide
wire voltage of 0.15%. For PIMs, MALDI-MS analyses were
performed as previously described in positive mode (26).

NMR Spectrometry of ManLAMs—Two-dimensional "H-'*C
heteronuclear single quantum correlation (HSQC) NMR spec-
tra were obtained on a Bruker 600-MHz NMR spectrometer
using the supplied Bruker pulse sequences. ManLAM samples
were dissolved at 15 mg/ml in 100% D,O as analytically quan-
tified by GC analyses and lyophilized several times prior to
experiments. HSQC data were acquired with a 7-kHz window
for protons in F2 and a 15-kHz window for carbon in F1 with a
total cycle time of 1.65 s between transients, as previously
reported (20). Adiabatic decoupling was performed to carbon
during proton acquisition. The final resolution was 3.5
Hz/point in F2 and 15 Hz/point in F1.

Intracellular Growth of Strains Erdman and HN885 in
Macrophages—For measurements of intracellular growth in
macrophages, 12-day-old MDM monolayers were washed, and
M. tuberculosis bacilli were added to MDMs (multiplicity of
infection 1:1; duplicate wells) in either RH containing 2.5%
serum or RHH and incubated for 2 h at 37 °C in 5% CO,, (27).
Infected monolayers were washed and either repleted with RH
containing 1% human autologous serum and further incubated
for 24, 48, or 72 h or lysed (0 h time point) as described (27).
After the 0 time point, the supernatant (containing detached
infected MDMs) and monolayers were lysed separately and
then pooled. Lysed samples were diluted, and then duplicates of
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three dilutions for each group were plated on 7H11 agar plates
for 2— 6 weeks (colony counts were identical within this inter-
val). CFUs and doubling times were determined.

Statistical Analysis—Statistical analyses were performed
using GraphPad Prism version 4.0 (available on the World
Wide Web).

RESULTS

Association of M. tuberculosis Clinical Isolates with Primary
Human Macrophages—We generated single cell suspensions
(18), and using the same multiplicity of infection (10:1), we
evaluated the macrophage association patterns of randomly
selected strains from each of the three PGGs in the presence or
absence of fresh nonimmune autologous serum. Fig. 14 shows
a representative experiment for the association of HN885 and
HN1554 clinical isolates versus the Erdman strain in the pres-
ence (solid bars) or absence (open bars) of serum. Our results
showed that only strains HN885, HN1554, and, to a lesser
extent, HN1538 were significantly reduced in macrophage
association with or without serum relative to the control strain
Erdman (Fig. 1B). Regardless of the PGG, all clinical isolates
analyzed had a greater association (2-3-fold) with human
MDMs in the presence of serum relative to the no serum con-
dition (Fig. 1B), as previously shown for M. tuberculosis strains
Erdman, H; R, and H;,R, (19). To further analyze the result for
the HN885 and HN1554 strains, we determined that the
reduced association was observed regardless of the age of the
bacterial culture used (standard 9 days versus 3 weeks) and
the multiplicity of infection. Also, we determined that there was
no difference in the degree of bacterial clumping or the stability
of the bacterial phenotype (several serial passages on plates)
(data not shown). Under all conditions, the reduction in bacte-
rial association was greatest for strain HN885.

Receptor-mediated Phagocytosis for Strains Erdman, HN88S5,
and HN1554—A highly expressed pattern recognition receptor
on alveolar macrophages is the MR (28). We previously showed
that the MR directly participates in the phagocytosis of virulent
M. tuberculosis strains, defining a unique pathway for their
intracellular trafficking (2, 19). Thus, we tested if the low asso-
ciation with human macrophages observed for HN885 and
HN1554 was due to a deficiency in the recognition by the MR by
using an anti-MR mAb (2, 3). Results in Fig. 2A show a repre-
sentative experiment in the absence (open bars) or presence
(solid bars) of anti-MR mADb, and results in Fig. 2B show com-
bined data from three independent experiments. Whereas the
association of strains Erdman and H;,R, with macrophages was
significantly reduced when MDMs were pretreated with MR
mAb (40.3 = 8.4 and 47.8 = 7.2%, respectively), the association
of strains HN885 and HN1554 was minimally reduced in the
presence of MR mAb (13.3 = 8.2 and 5.1 * 3.7%, respectively).
Taken together, these data provide evidence that whereas
strains Erdman and H;,R, engage the macrophage MR to opti-
mize association with the macrophage (19), strains HN885 and
HN1554 do not. The results suggested that these clinical iso-
lates have an alteration(s) in their mannosylated cell wall mol-
ecules (i.e. reduction of ManLAM and higher order PIMs, both
known MR ligands) that impaired their recognition by the MR.
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also accompanied by a defect in
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Analysis of ManLAM on the Surface
of Strains HN885 and HNI5S54—
Since ManLAM is the major M.
tuberculosis cell envelope ligand for
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FIGURE 1. Association of M. tuberculosis clinical isolates with human macrophages. MDM monolayers
were incubated with Erdman (reference strain) or the indicated M. tuberculosis (M. tb) clinical isolates in the
presence (S) or absence (NS) of 2.5% serum for 2 h. Association was measured by phase-contrast and fluores-
cence microscopy. A, a representative association experiment for HN885 and HN1554 performed by triplicate
in the presence or absence of serum. B, data represent percentage association of each clinical isolate relative to
Erdman (y axis) for each condition (n is the number of independent experiments with the indicated isolate).
*,p < 0.05; **, p < 0.0005; ***, p < 0.0001; Student’s t test. The difference in bacterial association between the

serum and no serum condition is depicted as summed data on the right.

CR3 is also a major receptor involved in M. tuberculosis
phagocytosis by human macrophages in both the absence and
presence (via C3 deposition) of serum (18). Our results show
that there is no difference in the magnitude or nature of C3
fragment deposition on strains Erdman and HN885 or in the
association with CR3 (supplemental Fig. 1).

We next studied whether the low association with macro-
phages observed for HN885 also translated into a defect in mac-
rophage internalization (phagocytosis) of bacilli. Using TEM
(19), we found that only under nonopsonic conditions (data for
the opsonic condition is not shown) was there a significant dif-
ference (*, p < 0.05, n = 3) between Erdman and HN885 strains
in that 89.6 * 0.6% of strain Erdman was internalized after 2 h
of infection, whereas only 58.0 * 10.6% of strain HN885 was
internalized (Fig. 2C). This result indicated that the defect in
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Size and Molecular Composition
of ManLAMs from Strains HN885
and HNI1554—To examine for
structural alterations present in
ManLAMs from strains HN885 and
HN1554, these were extracted
and purified by size exclusion
chromatrography as we previously
described (20). By Tris/Tricine-PAGE, HN885 and HN1554
exhibited a greater electrophoretic mobility, indicative of a
smaller size (Fig. 3A). Western blot analysis confirmed this
result and also showed all ManLAM:s to react similarly to mAbs
CS-35 and CS-40 (which recognize the terminal branched Ara,
motif and the mannose-capped terminal arabinosyl epitopes of
ManLAM, respectively; data not shown). To provide a different
analytical perspective, Erdman, HN885, and HN1554 Man-
LAMs were deacylated by mild alkali treatment ({AManLAM),
and the size of their carbohydrate cores was determined on a
P-100 sizing column. The three preparations generated differ-
ent profiles (Fig. 3B). Erdman ManLAM eluted in earlier frac-
tions (fractions 32—41) than the ManLAMs from HN885 (frac-
tions 38 —47) and HN1554 strains (fractions 39 —48; data not
shown) indicating that the carbohydrate cores of HN885 and
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FIGURE 2. Macrophage association (A and B), phagocytosis (C), and the
exposure of ManLAM on the bacterial surface (D) for strains HN885 and
HN1554. A, a representative experiment performed in triplicate in which
MDM monolayers were preincubated with 10 ng/ml anti-MR mAb (solid bars)
or IgG1 isotype (open bars) before incubation with the M. tuberculosis strains.
** p < 0.005; Student’s t test. The results show that HN885 and HN1554 do
not use the MR to associate with human macrophages, and the overall MR-
dependent association of M. tuberculosis strains with MDMs is represented by
percentage inhibition in the presence of anti-MR mAb relative to the subtype
control mAb (B). ***, p < 0.0001; one-way analysis of variance Tukey post-test
clinical isolates versus M. tuberculosis control strains (Erdman/H;,R,), n = 6.
C, percentage of M. tuberculosis Erdman and HN885 attached versus internal-
ized (phagocytosed) by macrophages. MDM monolayers on glass coverslips
were incubated with Erdman or HN885 M. tuberculosis in the presence or
absence of 2.5% serum for 2 h, fixed, and prepared for TEM analysis. Data
represent mean = S.E. (¥, p < 0.05, n = 3 by triplicate) for the percentage of
bacteria that were intracellular versus extracellular. D, ManLAM detection on
the surface of M. tuberculosis strains. Whole bacterial ELISA using live M. tuber-
culosis and anti-LAM mAb CS-35 shows a significant reduction in the recog-
nition of surface ManLAM on strains HN885 and HN1554 (***, p < 0.001;
one-way analysis of variance, Tukey post-test, clinical isolates versus control
strains (Erdman/H;,R,), n = 3 by triplicate).

HN1554 ManLAMs were smaller. The size variation observed
for HN885 and HN1554 ManLAMs was further estimated by
MALDI-TOF MS. The negative MALDI-TOF MS spectrum of
Erdman ManLAM showed a broad unresolved peak centered at
m/z 18,500 (Fig. 3C), indicating a molecular mass of ~18.5 kDa,
the major molecular species observed for this lipoglycan (29).
Analysis of ManLAMs from HN885 and HN1554 (Fig. 3C)
revealed a smaller average molecular mass of ~16.5 and 15.0
kDa, respectively (Fig. 3C). ManLAM monosacharide compo-
sition analysis by GC showed an arabinose (Araf) to mannose
(Manp) ratio of 1.18 and 1.02 to 1 for strains HN885 and
HN1554, respectively, which is comparable with those of strain
Erdman and H,,R, ManLAMs (Table 1). However, when neu-
tral sugar composition was quantified based on 1 inositol/mol
of ManLAM, strain HN885 ManLAM vyielded 32 Arafand 27
Manp residues compared with 56 Arafand 49 Manp residues
for ManLAM from strain Erdman. Similar differences (fewer
Arafand Manp residues) were observed for the ManLAM from
strain HN1554, also consistent with its smaller size (Table 1).
Thus, the absolute neutral sugar composition is in support of an
overall smaller size for HN885 and HN1554 ManLAMs, con-
sistent with their greater migration by Tris/Tricine-PAGE,
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FIGURE 3. Size of ManLAMs from M. tuberculosis strains. A, 10-20% gradi-
ent Tris/Tricine gel followed by periodic acid-silver staining shows that Man-
LAMs from strains HN885 and HN1554 exhibit a greater electrophoretic
mobility than ManLAM from strain Erdman; the size difference can be approx-
imated by aligning the respective leading edges of the characteristic broad
electrophoretic bands. MW, molecular weight. B, sizing column chromatog-
raphy of deacylated ManLAMs. After deacylation, 1 mg of dManLAM was
loaded onto a P-100 sizing column, and 1-ml fractions were collected, dried,
and analyzed by carbohydrate content. Erd-dManLAM (solid line) eluted ear-
lier from the column than HN885-dManLAM (interrupted line), indicating that
its carbohydrate core is larger. C, negative MALDI mass spectrum of Erdman,
HN885, and HN1554 ManLAMs. ManLAM (0.5 ul of a 10 pg/ul solution) was
mixed with 0.5 ul of the matrix solution (10 ug/ul) of DHB in ethanol/water
(1:1, v/v) and analyzed by MALDI-TOF in the negative mode.

TABLE 1

ManLAM carbohydrate composition analysis of different
M. tuberculosis strains

Analyses of the alditol acetates derivatives were determined by GC/MS. Values
represent mean; # = 3 by duplicate.

Ara Man myo-Inositol Ara/Man ratio
M. tuberculosis Erdman 56 49 1 1.14
M. tuberculosis Hy,R, 56 55 1 1.02
M. tuberculosis HN885 32 27 1 1.18
M. tuberculosis HN1554 45 44 1 1.02

their P-100 column elution profiles, and their MALDI-TOF MS
spectra.

Erdman, HN885, and HN1554 ManLAM fatty acid compo-
sition was also determined by GC/MS after methanolysis and
trimethylsilylation (20). The ions at m/z 270 and 312, which
correspond to hexadecanoic acid (C,4,,) and A10-methylocta-
decanoic acid (C19 or tuberculostearic acid), respectively, were
found in all ManLAMs. In addition, both HN885 and HN1554
contained an octadecanoic acid (C,z, m/z 298) (data not
shown).

Enzymatic Digestion and Methylation Analysis of ManLAMs—
Enzymatic digestion of arabinan by Cellulomonas endoarabi-
nanase has been used as a means to analyze specifically the
nature of the nonreducing termini of ManLAM (30). Erdman,
HN885, and HN1554 ManLAMs were digested with endoara-
binanase, and the products were analyzed by Dionex-HPAEC.
The HPAEC profile of the digested ManLAM of strain Erdman
revealed three major characteristic oligosaccharide peaks (Ara,
(representative of the internal regions of the arabinan) and
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FIGURE 4. HPAEC profile of endoarabinanase-digested M. tuberculosis ManLAMs. A, representative HPAEC
profiles for Erdman, HN885, and HN1554 ManLAM:s. For direct comparison, the digestion products were dried
and injected directly without further purification. Ara, and Man,Ara, are linear oligosaccharides, whereas Arag
and Man,Arag are branched. B, quantification of the peak areas observed by HPAEC analysis. Values represent
mean = S.E. (n = 2) by duplicate. ***, p < 0.0001; Student’s t test, clinical isolates versus control strain Erdman.
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FIGURE 5. Linkage analysis of M. tuberculosis ManLAMs as determined by GC/MS. Samples were per-O-
methylated, hydrolyzed, reduced, and acetylated, and partially methylated alditol acetates were analyzed by
GC/MS as described under “Experimental Procedures.” A, the spectra of various linked Ara and Man derivatives
in the ManLAMs from Erdman, HN885, and HN1554 are shown. B, the bar graph shows calculated mol % of
specific linked sugars in the purified ManLAMs. Values represent mean = S.E. (n = 2) by duplicate.

49.3% for HN885 and HN1554,
respectively), indicating a size
reduction in their arabinans. An
overall reduction in the amounts
of Man,Ara,, Man,Ara,, and Arag
fragments (especially Man,Ara)
was also observed when compared
with those of strain Erdman (Fig.
4B). Subsequent treatment of the
endoarabinanase-treated material
with «-mannosidase confirmed
the identity of the mannose-
capped Ara, and Ara, fragments
(data not shown).

Linkage analysis was also per-
formed to further examine differ-
ences in the arabinan and mannan
structures within the ManLAMs of
these strains. The permethylated
alditol acetate profiles of Erdman,
HN885, and HN1554 ManLAMs
were established by GC/MS (Fig.
5A). The bar graph in Fig. 5B
reflects the linkage compositional
analysis of all ManLAMs based on
areas under the curve for each sugar
type detected by GC/MS. Three
major conclusions were derived
from this experiment. First, the con-
tent of 5-Ara (5-aAra + 5-BAra) is
lower in both clinical isolate Man-
LAMs. This result corresponds
directly with the decrease in Ara,
observed for the Dionex-HPAEC
profiles, where Ara, is exclusively
defined as Araf-a(1—5)-Araf disac-
charide. The fact that the decrease
in 5-Ara by methylation analysis is
not as marked as the decrease
observed for Ara, by HPAEC analy-
sis can be explained by the fact that
both clinical isolate ManLAMs are
more branched in their arabinan
domain (i.e. contain more 3,5-Ara)
(Fig. 5B). Previous structural analy-
sis (31, 32) showed that for each 3,5-
Ara, there are two 5-3-Ara residues
(for mannose-capped branches
only). Because we cannot differenti-
ateamong a- and B-isomers by link-
age analysis, the slight increase of

Man,Ara, and Man,Ara, (both representative of the linear 5-B-Arain the clinical isolate ManLAMs masks the decrease of
and branched nonreducing termini of ManLAM-arabinan, 5-a-Araobserved by our HPAEC experiments. The presence of
respectively)) and a much smaller peak for the non-man- more 5-B-Ara in both clinical isolate ManLAMs could also be
nose-capped Arag (Fig. 44). However, HN885- and HN1554-  explained by both ManLAMs having greater values for the res-
digested ManLAM HPAEC profiles (Fig. 44) showed a sig- idues related to their mannose caps (i.e. £--Man and 2-Man).
nificant reduction in the relative abundance of the Methylation analysis does notallow us to exclude this possibil-
ManLAM-derived Ara, fragments (a decrease of 33.0 and ity, since £--Man and 2-Man can also be related to the mannan
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presented in Table 2. Shown are representations of the sugar linkages described for the mannan (B) and arabinan (C) domains of ManLAM. M. tb, M. tuberculosis.

domain of ManLAM. Second, the content of 6-Man was mark-
edly reduced in both clinical isolates, where 6-Man defines the
linear mannan core of ManLAM.

The third and most interesting conclusion is that all of the
differentially linked Arafand Manp residues were present in all
of the ManLAMs analyzed, and their relative ratios did not
change significantly, indicating that both HN885 and HN1554
ManLAMs have a reduction in their arabinan and mannan con-
tent, while retaining their basic structure as observed for
Erdman.

Structural Features of ManLAMs—To further uncover the
exact chemical composition of the clinical isolate ManLAMs,
the different NMR spin systems of Erdman, HN885, and
HN1554 ManLAMs were further characterized by one-dimen-
sional 'H and two-dimensional *H-"*C HSQC NMR (Fig. 64).
The assignment of the resonances in a one-dimensional 'H
NMR can be challenging, since the protons are in a strong over-
lapping region of the spectrum. However, as previously
reported (33), this approach allowed us to identify two intense
broad triplets centered between 82.5 and 62.65 ppm, which
were attributed to the methylene of the succinyl groups located
in the C-2 of the branched 3,5-Araf'in the ManLAM arabinan
(33) (data not shown). Upon deacylation, the resonances for
succinates and fatty acids (62.65— 0.5) were removed, indicating
their covalent ester bonds (20).

Resonances related to the overlapping anomeric region can
be better resolved by two-dimensional 'H-">C HSQC NMR
experiments. As highlighted in previous studies (31, 34), the
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carbohydrate backbone of ManLAM is composed of an
a(1—6)Manp backbone substituted at most of the O-2-posi-
tions by t-Manp units (Fig. 6B). Our methylation analysis
revealed that the mannan domain of the clinical isolate Man-
LAMs is composed of £-Manp, 6-Manp, and 2,6-Manp, corre-
sponding to the mannan core, and £-Manp and 2-Manp, corre-
sponding to the mannose caps. By comparing the 'H-'*C
HSQC NMR spectra from the HN885, HN1554, and Erdman
ManLAMs and in agreement with our previous work (20), the
spin systems of all mannose types could be determined (Table
2). Spectral data on different ManLAMs were acquired on sep-
arate days, and the chemical shift changed by 0.1-0.3 ppm.
Chemical shifts for Erdman ManLAM were taken as a generic
standard for analysis of the HN885 and HN1554 ManLAMs.
Both clinical isolate ManLAMs demonstrated an overall reduc-
tion in their spin systems related to their mannan domain.
However, when the 2,6-a-Manp/(2,6-a-Manp + 6-a-Manp)
ratio (29) was calculated from the H-1 signal integration values,
a degree of branching of 70, 80, and 87% for Erdman, HN885,
and HN1554, respectively, was obtained. These data are in
agreement with the difference in the degree of branching deter-
mined by our methylation analysis (i.e. 11 and 21% increase in
branching in the HN885 and HN1554 mannan cores, respec-
tively, when compared with Erdman). A marked difference
between both clinical isolates and Erdman was also observed
for the spin system corresponding to 6-a-Manp (56102.2, 65.00),
where HN885 and HN1554 showed a 2.6- and 1.4-fold
decrease, respectively, when compared with Erdman Man-
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TABLE 2

Anomeric resonances of ManLAMs from different M. tuberculosis strains

Signal volumes were determined from 'H-'>C HSQC NMR experiments consecutively performed using the same Bruker 600-MHz NMR spectrometer.

Residues 13C 'H ErdLAM volume” HN885LAM volume” HN1554LAM volume®
2,6-a-Map (core) 98.4 5.06 6.00 2.60 4.32
2-a-Manp (caps) 98.2 5.13 11.20 4.63 4.19
6-a-Manp 99.4 4.86 2.48 0.68 0.64
t-B-Araf + 5-B-Araf 100.6 5.10 10.50 4.52 4.61
t-a-Manp (core + caps) 102.2 5.00 16.80 7.03 8.77
MTX? 102.4 5.37 0.47 0.18 0.29
MSXe 102.7 5.42 0.60 0.46 0.51
2-Araf—3 105.4 5.21 2.95 1.18 1.20
2-Araf—5 105.6 5.14 10.50 4.52 4.61
5-a-Araf 106.7 5.22 0.45 0.39 0.13
5-a-Araf 107.2 5.15 8.97 3.52 3.75
3,5—a—Araf" 107.4 5.11 1.45 0.48 0.46
5-a-Araf 107.6 5.04 35.25 13.94 16.05
5-a-Araf 109.4 5.05 0.22 0.20 0.12

“ Signal volumes were normalized and integrated to a reference signal located at *C, 'H (§100.05, §5.22) common to all of the ManLAMs studied.

© 5-methyl-5-thio-a-xylofuranose.
¢ 5-deoxy-5-methyl-5-sulfoxy-a-xylofuranose.

@ There is a significant overlap in 3,5-a-Arafwith 5-a-Araf, and thus the integration of signal volumes of 3,5-a-Araf cannot be unambiguously assigned. This is one explanation

for a lower value of this peak in this table.

LAM. Thus, in comparison with Erdman ManLAM, both clin-
ical isolates had a shorter mannan core with a higher degree of
branching.

Although overlapping anomeric signals for t-a-Manp
(6C,102.2, 6H,5.00) were assigned to both the mannan core
and mannose caps, and these were less prominent in both clin-
ical isolates, the t-a-Manp/(t-a-Manp + 2-Manp) ratio indi-
cated no marked differences in their degree of mannose cap-
ping or the lengths of mannose caps (i.e. mono-, di-, or
trimannosides) when compared with Erdman ManLAM (i.e.
~60% for Erdman and HN885 and 68% for HN1554). This
result is also in agreement with our methylation analysis, where
a slight increase in the degree of mannose capping was only
observed for HN1554 ManLAM.

As observed previously for mycobacterial LAMs, some Ara
units with identical spin systems had multiple H-1 signals that
led to the assignment of one 3,5-a-Araf volume, four 5-a-Araf
volumes, two 2-a-Araf volumes, and a single ¢-B-Araf + 5-8-
Arafvolume for Erdman ManLAM, representing the different
positions that each Ara unit may have within the arabinan
domain (Fig. 6C). Consistent with our previous results (20), the
HSQC spectrum for Erdman ManLAM presented a series of
spin signals attributed to 5-a-Araf and 3,5-a-Araf In both
HN885 and HN1554 ManLAMs, these signals (especially the
spin volume for 5-a-Araf (Table 2)) were markedly reduced,
indicating a shorter linear (Araf-a(1—5)-Araf) backbone
chain in their arabinan domains. This observation correlates
with our methylation and HPAEC analyses, where both clin-
ical isolates had a marked decrease in their 5-Ara residue,
indicating a prominent size reduction in their linear arabi-
nan domain.

Two spin systems were also identified for 2-a-Araf, those
attached to the 3-position (2-a-Araf—3, 6105.4, 85.21) and
5-position (2-a-Araf—5, 6105.6, 85.14) of the 3,5-a-Araf
(6107.4, 65.11). As expected, the intensity of 2-a-Araf—5 signal
was stronger than that of 2-a-Araf—3 due to the lack of substi-
tution in the C-3-position, which results in the terminal linear
Ara, motif. Although both volumes were smaller in the clinical
isolate ManLAMs, the ratios 2-a-Araf—5/(3,5-Araf + 2-a-
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Araf—5) and 2-a-Araf—3/(3,5-Araf + 2-a-Araf—3) indicated
a slight increase in their branching patterns when compared
with Erdman arabinan.

The chemical shifts at C;8100.6 and H,85.10 corresponded
to the terminal B-Araf with overlapping 5-B-Araf, and their
volumes were also smaller in both clinical isolates when com-
pared with Erdman ManLAM. In the NMR spectra, the ano-
meric signals for ¢-B-Araf and 5-B-Araf had a perfect overlap;
however, the substitution on the 5-OH by the mannose caps
results in a significant shift at the C-5 of the B-Araf (20). From
the same 'H-">C HSQC NMR spectra, detailed analysis of the
hydroxymethylene region showed that all ManLAMs had 5-3-
Araf with a similar ratio for C-5 of 5-B-Araf/t-B-Araf, indicat-
ing a similar amount of ¢-B-Araf in all ManLAMs (data not
shown). Similar results were obtained by methylation analysis
with a ¢-Ara ratio of 0.92:1.00:1.13 for Erdman, HN885, and
HN1554 ManLAMs, respectively. The recently defined signal
corresponding to a 5-methyl-5-thio-a-xylofuranose residue
was observed in Erdman and H; R, ManLAMs only. However,
its corresponding oxidized counterpart, 5-deoxy-5-methyl-5-
sulfoxy-a-xylofuranose, was observed in all of the ManLAMs
studied (35).

Thus, the data derived from the "H-">*C HSQC NMR spectra,
together with the methylation and HPAEC analyses, provide
evidence that the ManLAMs from clinical isolates HN885 and
HN1554 have a decrease in their ManLAM length with a nota-
ble truncation of their linear arabinan (i.e. decrease of 5-a-Araf)
and mannan (i.e. decrease of 6-a-Manp) domains, with the lat-
ter highly substituted by -Manp and/or several shorter arabi-
nan chains. However, we can rule out the possibility of multiple
shorter arabinan chains, since our results do not support these
structures in all M. tuberculosis ManLAMs studied (i.e. high
values for 2-a-Araf and 3,5-a-Araf relative to the decrease of
5-a-Araf observed).

Total PIM Content in the Cell Envelope of Strains Erdman,
HN885, and HN1554—In addition to ManLAM, we recently
showed that higher order PIMs on the cell surface of virulent M.
tuberculosis strains also associate with the MR during phago-
cytosis and contribute to the mycobacterial phagosome matu-
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HN1554 clinical isolates have a
decrease in terminal a2-Manp of
their PIMs when compared with
strain Erdman.

In addition to PIMs, strains
HN885 and HN1554 also contained
abundant pthiocerol dimycoceros-
ates, triglycerides (supplemental
Fig. 4A) and PGL (supplemental Fig.
4, B and C) in their cell envelope, all
known M. tuberculosis virulence
factors (14—16). These were not
observed in the laboratory strain
Erdman. Thus, we speculate that the
presence of pthiocerol dimycocer-
osates, triglycerides, and PGL in
these clinical isolates, in addition
to their truncated form of Man-
LAM and their general decrease in
higher order PIMs, may serve to
further mask the already low con-
tent of surface-exposed terminal
a(1—2)-Man, explaining the poor
recognition of these clinical iso-
lates by the human macrophage

-z 891 (PI)
—1mi/z 2124 (Ac,PIM)

Erdman HNB85 HN1554

FIGURE 7. Total PIM analysis of M. tuberculosis strains by MALDI-TOF. A, the MALDI-TOF mass spectra
of the total PIM extract from strains Erdman, HN885, and HN1554. Cell lysates (500 ug normalized by
protein content) from each strain were extracted with chloroform/methanol (2:1, v/v) for 12 h, followed by
chloroform/methanol (1:2, v/v) for an additional 12 h. Extracts were dried down and precipitated in cold
acetone for 12 h. PIMs were mixed with DHB matrix in chloroform/methanol/water (10:10:3, v/v/v) and
analyzed by MALDI-TOF in the positive mode. Major differences in lower and higher order PIM content
were observed among the M. tuberculosis strains, where strains HN885 and HN1554 contain significantly
fewer higher order PIMs than strain Erdman. a.i., arbitrary intensity. B, quantification of PIMs by MALDI-TOF MS.
Samples were co-crystallized with DHB matrix on the probe using solvent evaporation, desorbed and ionized by a
nitrogen laser pulse (337 nm), and then accelerated under 25 kV with time-delayed extraction before entering the
time-of-flight mass spectrometer. The number of laser pulses was received as 3 X 60 or 180 laser pulses for a
final MALDI-MS spectrum. Samples with and without the standard (a(1—4)-mannobiose, M, 342.30) were
mixed with the matrix (1:1, v/v). For the individual PIMs identified, summation of all ion responses occurred
(IM + Na]™ plus [M + K]* plus [M + Na-H + K] ™). Values represent mean of a representative experiment by

MR.

Intracellular Growth of Strains
Erdman and HN885—There is
increasing evidence that the use of a
specific receptor(s) on the surface of
the human macrophage by M.
tuberculosis can dictate the out-
come of M. tuberculosis infection
(37). Here we show that HN885 and
Erdman differ in their use of the MR

triplicate (n = 3).

ration arrest (3). Thus, we analyzed the total PIM composition
on the cell envelope of HN885 and HN1554 to determine if
their reduction might be another reason for low association
with the MR. Total PIMs were extracted and analyzed by
MALDI-TOF MS (Fig. 7) and two-dimensional TLC (supple-
mental Fig. 3). Results show that all strains contained all of the
predicted PIMs, and there were no differences in their acylation
patterns. Fig. 7A shows the total PIM MALDI-TOF MS spectra
for Erdman, HN885, and HN1554 strains. Three major signals
were determined. #/z 891.7 can be assigned as [M + K]* for
phosphatidyl-myo-inositol with palmitic (C,4,,) and tubercu-
lostearic acids on the C-1- and C-2-positions of the glycerol.
The signal /z 1476.0 can be assigned as [M + Na-H + K] for
Ac,PIM, (alower order PIM) with an additional C, 4, either on
the C-6-position of the a(1—2)-linked mannose or on the C-3
of the myo-inositol (36). The signal at m/z 2124.5 correspond-
ing to [M + Na-H + K] of Ac,PIM, a higher order PIM that
engages the MR and contributes to the limited phagosome-
lysosome fusion (3), was also observed. Our results by MS
(Fig. 7B), corroborated by densitometry on the two-dimen-
sional TLC (supplemental Fig. 3), indicate that HN885 and
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during phagocytosis. Therefore, to

determine whether this difference
would lead to differences in their intracellular growth in mac-
rophages, MDMs were incubated with each strain, CFU assays
were performed, and doubling times in macrophages were cal-
culated. Results show that for nonopsonized bacilli (no serum),
the doubling time for strain HN885 was the same as for Erdman
(Table 3). In contrast, following serum opsonization, the dou-
bling time for strain HN885 was reduced when compared with
Erdman (Table 3). Thus, although reduced in phagocytosis, and
therefore less internalized for a given multiplicity of infection
(Fig. 2, A-C), those strain HN885 bacilli that do enter macro-
phages divide more rapidly than the M. tuberculosis Erdman
strain, a finding that is most evident after serum opsonization.

DISCUSSION

Continued efforts to define the molecular events in the early
interaction between M. tuberculosis and the human macro-
phage are necessary to further understand the immunopatho-
genesis of tuberculosis and disease outcome. This study has
identified two M. tuberculosis strains (i.e. HN885 and HN1554)
among a bank of M. tuberculosis clinical isolates (8, 17) with a
striking defect in phagocytosis by primary human macrophages
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TABLE 3

Doubling time for M. tuberculosis strains Erdman and HN885 in
macrophages

MDM monolayers were incubated with strain Erdman or HN885 for 2 h in the
absence (NS) or presence (S) of 2.5% serum. CFU were measured 2— 6 weeks after
plating, and the doubling times were calculated. Results represent mean * S.E. for
n=2.

Strain Condition 24 h 48 h 72h
Erdman NS 10.8 = 3.8 25,5+ 129 247 =78
HN885 NS 12.8 £5.8 23.4 * 12.5a 20.6 * 6.4a
Erdman S 24.6 = 15.9 46.1 * 31.1 29.3 +10.8
HNB885 S 16.2 * 8.6a 20.7 + 8.2a 24.8 + 9.6a

“ Shorter time indicates faster replication within human macrophages.

when compared with strain Erdman, a commonly used labora-
tory strain for studies of pathogenesis. The defect in phagocy-
tosis was found to result from significant alterations in the man-
nosylated cell envelope components of these strains that impact
recognition by the macrophage MR and intracellular bacterial
survival.

ManLAM is a predominant lipoglycan of the M. tuberculosis
cell envelope that has been found to play a central role in the
virulence and immunopathogenesis of tuberculosis (38). Man-
LAM and higher order PIMs (i.e. PIM; and PIMy), mediate
phagocytosis of bacilli by human macrophages via the MR,
resulting in limited phagosome-lysosome fusion events for this
bacterium (2, 3). The cell biological effects of ManLAM are
numerous and are the focus of research in a number of labora-
tories (reviewed in Ref. 37). In many cases, these biological
effects are linked to the nature and extent of the mannose cap-
ping as well as to other substitutions in the arabinan chains. To
date, ManLAM structures have been determined from only a
limited number of M. tuberculosis strains. Here we provide the
first report of two clinical isolates of M. tuberculosis that do not
expose ManLAM on their surface. This is not due to a differ-
ence in their total ManLAM content when compared with the
Erdman and Hj,R, strains but rather to a difference in the
structure and location of the ManLAMs from these isolates.

When purified ManLAMs were subjected to rigorous bio-
chemical analysis, our results demonstrated that strains HN885
and HN1554 contain an overall shorter and in several respects
simpler ManLAM (Fig. 84). Specifically, our sugar analysis and
HPAEC, methylation, and NMR analyses showed that Man-
LAM molecules from HN885 and HN1554 have a marked
reduction in Araf residues, which corresponds mainly to the
inner Araf-a(1—5)-Araf (known as Ara,) unit of the arabinan
domain. Our results also indicate that both HN885 and HN155
arabinans are composed of a limited number of short arabinose
chains (i.e. 1-2 chains per ManLAM molecule). In addition, the
mannan domain of their respective ManLAMs is altered, with
fewer 6-Manp residues, indicating a shorter but more substi-
tuted linear Manp-a(1—6)-Manp unit (Fig. 84). The structur-
ally truncated ManLAM molecule produced by HN885 and
HN1554 probably reduces its surface availability.

To date, truncated ManLAMs have only been observed in M.
tuberculosis ethambutol-resistant strains under laboratory
conditions (20, 39); in contrast, the M. tuberculosis strains
reported here are all ethambutol-susceptible (data not shown).
We also found that there was a marked reduction of higher
order PIMs. Less exposed ManLAM and reduced higher order
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FIGURE 8. A proposed model for HN885 and HN1554 ManLAM structures
(A) and a proposed model for routes of entry and consequences for M.
tuberculosis HN885 and HN1554 strains in human macrophages (B). Rep-
resentation of HN885 and HN1554 ManLAMs (A), where x and y represent the
number of branches and number of 6-a-Manp residues present in the man-
nan core, respectively. Erdman ManLAM has a longer (18-20 6-a-Manp resi-
dues) mannan domain when compared with HN885 and HN 1554 (with 10-12
and 8-106-a-Manp residues, respectively). In addition, zrepresents the num-
ber of 5-a-Araf residues that form the linear arabinan domain of ManLAM.
Based on our results, this value was estimated to be about 42-44 for Erd-
ManLAM, whereas in the case of HN885 and HN1554, it is estimated to be
16-18 and 28-30, respectively, indicating that both clinical isolates have a
shorter linear arabinan domain in their respective ManLAMs. B, proposed
model for entry and subsequent consequences for HN885 and HN1554
strains in human macrophages. M. tuberculosis strains HN885 and HN1554
have reduced surface exposure of ManLAM and do not use the MR pathway
during phagocytosis. These strains contain pthiocerol dimycocerosates, trig-
lycerides, and PGL and demonstrate limited phagocytosis primarily via the
C3-CR3 pathway and rapid intracellular growth. In contrast, M. tuberculosis
Erdman and H;,R, strains heavily coat their surface with mannose residues,
including a more complex ManLAM, and increased amounts of higher order
PIMs, which promote phagocytosis by the MR pathway in concert with CRs.
These highly mannosylated strains subvert the host immune response; how-
ever, they are more host-adapted, and infection is associated with less tissue
damage and slower intracellular growth.

PIMs translated to a low association of these clinical isolates
with the MR and reduced phagocytosis by human macrophages
as seen in our TEM studies.

Itis also possible that the ManLAM:s from strains HN885 and
HN1554 have a less favorable spatial conformation for engaging
the MR; however, we reason that their ManLAMs have the
same spatial flexibility in their carbohydrate domains, as indi-
cated by their Araf/Manp ratio values, which are similar to the
Erdman and H,,R, strains (Table 1). In addition, we found that
strains HN885 and HN1554 have abundant dimycocerosates,
triglycerides, and, to a lesser extent, PGL, in their cell envelopes.
We speculate that the presence of these molecules further
masks the exposure of ManLAM and the higher-order PIMs.
Overall, our data indicate that low binding to the MR is a direct
consequence of a significant reduction in a(1—2) mannosy-
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lated surface-exposed components in the cell envelope of these
clinical isolates.

Strains HN885 and HN1554 displayed normal C3 opsoniza-
tion and interaction with host cell CR3 (supplemental Fig. 1).
However, these results do not exclude the possibility that the
binding to other CRs (e.g. CR1 and CR4 (40)) may be altered.
Our results are consistent with the idea that CRs cooperate with
the MR for optimal phagocytosis by macrophages. Akin to
other models of lectin/integrin interactions, the MR may be
particularly important in enhancing the initial adhesion of bac-
teria to macrophages prior to efficient internalization mediated
by itself and/or the CRs. Finally, although the MR and CRs are
the main phagocytic receptors described for M. tuberculosis on
primary human macrophages, other receptors for M. tubercu-
losis phagocytosis have been described (reviewed in Ref. 37),
which may be altered in their interaction with these clinical
isolates and were not the focus of the current study.

Our data show that despite the decrease in macrophage
phagocytosis of HN885 (Fig. 2C) and consequently the number
of intracellular bacteria, the intracellular growth rate
(expressed as doubling time; Table 3) for those HN885 bacilli
that do enter macrophages is similar to Erdman in the absence
of serum and faster (shorter doubling time) than Erdman in the
presence of serum. This suggests that the mechanisms for intra-
cellular survival and growth of HN885 (and potentially for
other clinical isolates) following phagocytosis are fundamen-
tally different from the ones described for Erdman and H;,R,
(reviewed in Ref. 37) and worthy of further study.

Our results lead us to propose a new model for the phagocy-
tosis of M. tuberculosis strains by human macrophages (Fig.
8B). M. tuberculosis strains that have less surface mannosyla-
tion do not use the MR during phagocytosis. Such strains are
reduced in phagocytosis, relying primarily on C3 opsonization
and the CR pathway for entry (a more primitive entry pathway).
However, these strains demonstrate rapid in vitro intracellular
growth. Conversely, M. tuberculosis strains that are heavily sur-
face-mannosylated have become more host-adapted in part by
increasing surface mannosylation with mannans that resemble
the glycoforms of eukaryotic mannoproteins that are normally
recycled by the homeostatic MR (4). In support of this concept,
M. tuberculosis was recently found to contain a mammalian
mannosyltransferase homologue (41), thus establishing that
the process of mannosylation is conserved at least to some
extent between M. tuberculosis and eukaryotic organisms. This
concept of M. tuberculosis pathways mimicking aspects of
human biosynthetic pathways is further supported by recent
studies revealing other typical eukaryotic amino sugar substi-
tutions on components of the M. tuberculosis cell envelope (42,
43).

Thus, more host-adapted M. tuberculosis strains expose a
large and heavily mannosylated ManLAM and greater amounts
of higher order PIMs that bind to the MR. Such strains are
optimized in phagocytosis by cooperatively engaging the MR
and CRs. Use of the mannolipoglycan/MR pathway provides a
safe portal for M. tuberculosis within the macrophage by regu-
lating the trafficking of bacteria and cytokine response. These
strains grow more slowly in the macrophage and cause less
tissue damage during infection. We speculate that such host-
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adapted strains would be highly successful in establishing an
infection in humans but would more likely lead to the latent
state rather than to an active disease state following infection.
Further studies using banks of M. tuberculosis clinical isolates
to define macrophage interactions are necessary to enhance our
understanding of the molecular mechanisms of phagocytosis
and M. tuberculosis intracellular adaptation to the human host.
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