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The innate immune response plays an important but unknown role in host defense against Mycobacterium tuberculosis. To de-
fine the function of innate immunity during tuberculosis, we evaluated M. tuberculosis replication dynamics during murine in-
fection. Our data show that the early pulmonary innate immune response limits M. tuberculosis replication in a MyD88-depen-
dent manner. Strikingly, we found that little M. tuberculosis cell death occurs during the first 2 weeks of infection. In contrast,
M. tuberculosis cells deficient in the surface lipid phthiocerol dimycocerosate (PDIM) exhibited significant death rates, and con-
sequently, total bacterial numbers were reduced. Host restriction of PDIM-deficient M. tuberculosis was not alleviated by the
absence of interferon gamma (IFN-�), inducible nitric oxide synthase (iNOS), or the phagocyte oxidase subunit p47. Taken to-
gether, these data indicate that PDIM protects M. tuberculosis from an early innate host response that is independent of IFN-�,
reactive nitrogen intermediates, and reactive oxygen species. By employing a pathogen replication tracking tool to evaluate M.
tuberculosis replication and death during infection, we identify both host and pathogen factors affecting the outcome of
infection.

Phagocyte innate antimicrobial mechanisms are crucial in host
defense against intracellular pathogens. For Mycobacterium

tuberculosis and many other pathogens, interferon gamma (IFN-
�)-mediated activation of infected macrophages is central in con-
trolling bacterial growth. Indeed, IFN-� is required to induce the
majority of known macrophage effector functions, including the
generation of reactive nitrogen and oxygen intermediates, phago-
some-lysosome fusion, and autophagy (1). In the case of M. tuber-
culosis, antigen-specific CD4� T cells are the primary in vivo
source of IFN-�, but this adaptive immune response does not
begin to develop until after 2 weeks postinfection (p.i.) (2).
Whether innate immunity contributes to M. tuberculosis control
prior to the arrival of antigen-specific T cells in the lung remains
an outstanding question in the field.

Recent work bearing on this question revealed that innate re-
sponses dependent on the central signaling molecule MyD88 are
critical in defense against M. tuberculosis, as MyD88�/� mice were
highly susceptible despite normal adaptive immune responses (3).
Moreover, human studies indicate that genetic variation in the
innate immune response influences human susceptibility to tu-
berculosis (4). These observations suggest that innate immunity
may play an important role in host defense against mycobacteria;
however, the precise mechanisms remain unknown.

To define the function of innate immunity in controlling M.
tuberculosis growth, we monitored M. tuberculosis replication dy-
namics during murine infection. This previously validated tech-
nique (5) exploits an unstable plasmid as a replication clock, al-
lowing bacterial replication and death rates to be determined from
a simple differential plating technique. In this study, we apply this
approach to determine how innate immunity affects M. tubercu-
losis replication dynamics in vivo and how M. tuberculosis resists
these early host responses. We show that innate immunity serves

to limit M. tuberculosis’s replication rate but does not effectively
kill M. tuberculosis cells during the first 2 weeks of infection.

The unique lipid-rich mycobacterial cell envelope is thought to
contribute to M. tuberculosis’s success as a pathogen, and evidence
points to both a passive role in resisting harsh environments and
an active role in modulating host immune response (6). One crit-
ical cell wall component is the surface-associated lipid phthiocerol
dimycocerosate (PDIM). PDIM has long been recognized as an
important virulence factor, as PDIM-deficient M. tuberculosis ex-
hibits a growth defect in multiple animal models (7) (8). However,
precisely how PDIM is involved in virulence remains unknown.
Here, we demonstrate that PDIM-deficient M. tuberculosis strains
are attenuated due to a susceptibility to host killing during the first
2 weeks of infection.

(Some data were presented in a poster at the Keystone Tuber-
culosis: Immunology, Cell Biology, and Novel Vaccination Strat-
egies conference, Vancouver, British Columbia, Canada, 15 to 20
January 2011.)
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MATERIALS AND METHODS
Bacterial strains and growth. M. tuberculosis strain H37Rv was obtained
from American Type Culture Collection (ATCC number 25618). Follow-
ing passage and single-colony selection, we noted that this strain, H37Rv:
att::pBP10 (H37Rv:att), exhibited decreased growth in mice. We then
received a virulent stock of M. tuberculosis H37Rv from Chris Sassetti,
(University of Massachusetts Medical School), referred to here as wild-
type (WT) H37Rv. Eric Rubin (Harvard University) kindly provided the
defined PDIM-deficient M. tuberculosis strain H37Rv:drrA.Tn1, de-
scribed previously (9). The H37Rv.Tn.ppsE strain was generated in a
transposon mutagenesis screen, and the transposon position within ppsE
(Rv2935) was determined by sequencing (10).

Wild-type M. tuberculosis H37Rv and mutant strains were grown at
37°C in Middlebrook 7H9 medium (Becton Dickinson) with 0.05%
Tween 80 and albumin, dextrose, and catalase (Middlebrook ADC enrich-
ment; BBL Microbiology) or on Middlebrook 7H10 (Becton Dickinson)
medium with oleic acid plus albumin, dextrose, and catalase (Middle-
brook OADC enrichment; BBL Microbiology). Hygromycin (50 �g/ml)
and kanamycin (25 �g/ml) were added when appropriate (i.e., hygromy-
cin for strains harboring pBP8 and kanamycin for strains harboring
pBP10).

M. tuberculosis H37Rv and H37Rv:drrA.Tn1 were transformed with
the plasmid pBP8 (K.G. Papavinasasundaram, University of Massachu-
setts Medical School) as previously described (5), and transformant col-
onies were selected on 7H10 medium containing 50 �g/ml hygromycin.

Aerosol infection of mice. C57BL/6, IFN-��/�, NOS2�/�, and
CCR2�/� mice were obtained from the Jackson Laboratory (Bar Harbor,
ME). MyD88�/� mice were provided by Shizuo Akira, University of
Osaka, Japan. p47phox�/� (Phox�/�) mice were provided by Edward
Miao, University of North Carolina at Chapel Hill. We maintained 6- to
8-week-old mice in a biosafety level 3 animal facility in accordance with
Seattle Biomedical Research Institute Institutional Animal Care and Use
Committee protocols. We performed infections in an aerosol infection
chamber (Glas-Col) as previously described (11). At selected time points,
mice were sacrificed and the lungs aseptically removed and homogenized
in phosphate-buffered saline (PBS) with 0.05% Tween 80. Lung homog-
enates were serially diluted and plated on 7H10 with or without 30 �g/ml
kanamycin or with or without 50 �g/ml hygromycin. Differences in the
mean results for experimental groups were analyzed with the two-tailed
Student’s t test using GraphPad Prism software.

Lipid analysis. Purified PDIM-A was synthesized by Adriaan Min-
naard as described previously (12). For lipid extractions, late-log cultures
were pelleted, washed twice with ethanol, and dried overnight. Pellets
were resuspended in hexane, vortexed for 40 min, dried under nitrogen,
and resuspended in 500 �l dichloromethane. PDIM was resolved by 1-di-
mensional thin-layer chromatography using 200-�m aluminum-backed
silica plates and petroleum ether-ethyl acetate (vol/vol, 50:1). Spots were
visualized after staining with 8% phosphoric acid–3% cupric acetate so-
lution and charring.

Neutrophil depletion. C57BL/6 mice were infected with 100 CFU of
strain H37Rv:drrA.Tn1 and were administered 300 �g of purified Ly6G-
specific (clone 1A8) antibody (BD Biosciences) or an isotype control (pu-
rified 2A3 [rat IgG2a]) intraperitoneally on day 9 p.i. as described previ-
ously (13, 14). Lungs were harvested on day 14 p.i. Half portions of lungs
were plated to enumerate bacteria. The remaining half lungs were ana-
lyzed to verify neutrophil depletion. Half lungs were processed for single-
cell suspensions using Liberase Blendzyme 3 (Roche) digestion of per-
fused lungs and Percoll gradient centrifugation as described previously
(15). Fc receptors were blocked with anti-CD16/32 antibody (2.4G2).
Cells were suspended in PBS containing 0.1% NaN3 and 2.5% fetal bovine
serum and stained using antibodies specific for Ly6G (clone 1A8), Ly6C
(clone RB6), and F4/80 obtained from BD Biosciences. Samples were fixed
in a 1% paraformaldehyde solution in PBS overnight and analyzed using
flow cytometry (LSR II; BD Biosciences) and FlowJo software (Tree Star,
Inc.).

RESULTS
Innate immunity limits the replication rate of M. tuberculosis.
The early innate inflammatory response could function to control
M. tuberculosis by either limiting growth rate or causing cell death.
To evaluate the role of innate immunity in controlling M. tuber-
culosis within lungs early during infection, we employed the un-
stable plasmid pBP10 to monitor M. tuberculosis replication dy-
namics. This plasmid lacks several maintenance genes and, as a
result, it is steadily lost from a proportion of daughter cells as a
consequence of replication (16). Thus, the percentage of bacteria
containing the plasmid serves as a marker for the number of rep-
lications performed by the population. pBP10 has been used to
track M. tuberculosis replication in vivo in in several recent studies
(5, 17, 18).

Mice were infected with a low dose (100 CFU) of M. tubercu-
losis strain H37Rv harboring pBP10 (H37Rv::pBP10) via aerosol,
and at 2 weeks p.i., the total and plasmid-containing bacteria in
lungs were enumerated. Only innate immunity was expected to
operate during this time, as M. tuberculosis-specific T cells are not
detected in lungs until day 15 p.i. (2, 19). To verify that this rep-
resented the innate immune phase, we simultaneously analyzed
M. tuberculosis replication dynamics in Rag1�/� mice that lack
adaptive immunity. Plasmid frequencies averaged 70% on day 1
p.i. and dropped to 12% by day 15 p.i. in both wild-type (WT;
C57BL/6) and Rag1�/� mice, indicating that the M. tuberculosis
population had undergone a similar number of replications in
each mouse strain (Fig. 1A). The total bacterial numbers reached
4.8 � 105 CFU/lung by day 15 in WT and Rag1�/� mice (Fig. 1B).
These data indicate that M. tuberculosis behavior is not affected by
the absence of adaptive immunity during the first 2 weeks of in-
fection; therefore, this period represents an exclusively innate
phase of the immune response.

To determine whether early innate immune responses resulted
in any M. tuberculosis cell death, we used a mathematical model
described previously (5) to derive M. tuberculosis replication and
death rates from plasmid frequency and CFU data. Between days 1
and 15 in WT mice, the M. tuberculosis lung population replica-
tion rate per day averaged 0.68, corresponding to a 27.5-h gener-
ation time (Fig. 1C). Death rates averaged 0.08, signifying very
little M. tuberculosis death during this time interval. Similar results
were obtained in Rag1�/� mice (Fig. 1C). Thus, minimal M. tu-
berculosis death occurs during the early innate immune phase of
infection.

MyD88 is a central signaling molecule in multiple innate path-
ways, and mice lacking MyD88 have severe defects in innate re-
sponses to numerous pathogens, including M. tuberculosis (3, 20–
22). To examine innate immune function during M. tuberculosis
infection, we analyzed M. tuberculosis replication dynamics in
MyD88�/� mice. M. tuberculosis exhibited increased replication in
the absence of MyD88, as indicated by significantly reduced plasmid
frequencies on day 15 p.i. (Fig. 1A). This increased M. tuberculosis
replication was likely responsible for the 1-log-higher bacterial loads
in these mice (Fig. 1B). To confirm this, we determined the M. tuber-
culosis replication and death rates in MyD88�/� mice. Indeed, the M.
tuberculosis replication rates were increased to 0.88 in MyD88�/�

mice, corresponding to a 24.5-h generation time. The death rates did
not increase significantly (P � 0.05) (Fig. 1C). Thus, the higher bac-
terial numbers in MyD88�/� mice were primarily due to increased
M. tuberculosis replication rates. Taken together, these results dem-
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onstrate that innate immunity serves to limit M. tuberculosis replica-
tion via a MyD88-dependent mechanism but does not effectively kill
the pathogen.

PDIM-deficient M. tuberculosis cells are susceptible to in-
nate immune killing. Our data indicate that M. tuberculosis rep-
licates during the first 2 weeks of infection with few casualties.
These results differ from our earlier published studies, in which
measurable bacterial killing was detected (5). We noted, however,
that the strain used in our earlier studies was somewhat attenuated
in mice, yielding approximately 1 log fewer CFU in lungs on day
15 p.i. than expected for fully virulent H37Rv (Fig. 2B, H37Rv:att).
The day 15 plasmid frequencies and replication rates for H37Rv:
att in WT mice were similar to those of fully virulent H37Rv (WT);

however, the death rates were significantly increased for the atten-
uated strain (Fig. 2A and C). Therefore, the lower bacterial levels
achieved by H37Rv:att were due to increased death.

Loss of the virulence-associated surface lipid PDIM has been
shown to occur spontaneously during in vitro manipulations of
H37Rv strains, resulting in attenuation in vivo (23–25). We there-
fore tested whether a defect in PDIM synthesis might explain the
attenuation of H37Rv:att. Lipid extracts were prepared from this
strain, from a fully virulent H37Rv strain, and from a strain with a
disruption in the PDIM biosynthesis gene, ppsE (H37Rv:Tn:
ppsE). Thin-layer chromatography of the lipid extracts revealed
that H37Rv:att lacked PDIM (Fig. 3). We therefore hypothesized
that the increased death of H37Rv:att was due to loss of PDIM

FIG 1 Innate immunity limits M. tuberculosis replication rate. Mice were infected with 100 CFU of M. tuberculosis H37Rv::pBP10, and replication dynamics were
determined. (A) Percentages of bacteria containing the plasmid on days 1 and 15 p.i. (B) CFU/lung 15 days p.i. (C) Replication and death rates between days 1
and 15 p.i. Mean results and standard deviations are plotted. Data from 2 to 7 independent experiments using 5 mice per group are shown. *, P � 0.01; n.s., not
significantly different from the results for C57BL/6 mice according to unpaired t test with a P value cutoff of �0.05.

FIG 2 A spontaneous PDIM-deficient M. tuberculosis strain is killed in vivo. C57BL/6 mice were infected via aerosol with the PDIM-deficient strain H37Rv:att::
pBP10. (A) Percentages of bacteria containing the plasmid on days 1 and 15 p.i. (B) CFU/lung 15 days p.i. (C) Replication and death rates between days 1 and 15
p.i. Mean results and standard deviations are plotted. Data are representative of two independent experiments performed with 5 mice per group per time point.
*, P � 0.01 by two-tailed t test.
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from the bacterial cell surface. To test this hypothesis, we obtained
a mutant H37Rv strain in which drrA, a gene involved in PDIM
transport, was disrupted by transposon insertion (9). As previ-
ously described, this strain synthesizes PDIM but is unable to
transport the lipid to the cell surface. We reasoned that the use of
a transport mutant would allow us to examine the role of surface
PDIM in M. tuberculosis virulence while minimizing potential ef-
fects on bacterial metabolism (23, 26).

Murry et al. previously showed that drrA disruption results in
attenuation in mice infected intravenously (9). We infected mice
with a low dose by aerosol and enumerated the bacterial loads in
the lungs over 90 days (Fig. 4A). The drrA mutant strain was at-
tenuated for growth early after infection. The CFU counts were
approximately 2 log lower than those of WT M. tuberculosis by day
14 p.i. and remained at that level for 90 days. To determine
whether the drrA mutant had a growth defect immediately upon
infection, we examined its levels prior to day 14 and found that the
bacterial burdens were similar to those of WT M. tuberculosis at 7
days p.i. but were significantly reduced by 14 days p.i. (Fig. 4B).
We found that the plasmid frequency data at day 7 p.i. for the drrA
strain varied from 17.8% to 53.2%, and thus, rate data for this
interval could not be calculated reliably. Despite this variability,
the plasmid frequencies for the drrA strain were significantly lower
than those for WT M. tuberculosis at day 7. Thus, the drrA mutant
had impaired growth over the first 2 weeks of infection. Nonethe-
less, the drrA mutant strain persisted in mice at a reduced but
stable level for 90 days.

The lower bacterial burdens for the PDIM-deficient drrA mu-
tant could be due to slower replication or increased death. To
address this question, we again employed the unstable-plasmid
replication tracking tool. Since the drrA mutant strain contained a
kanamycin resistance marker in the transposon, we used an alter-
nate version of the unstable plasmid, pBP8, in which the kanamy-
cin resistance selection marker is replaced by a hygromycin resis-
tance marker. We validated the use of pBP8 as a replication clock
in the same way as pBP10 (5). Briefly, M. tuberculosis cells harbor-
ing pBP8 (H37Rv::pBP8) were maintained in log-phase in vitro
culture for 21 generations by subculturing every 3 to 4 days with-
out antibiotic. Like the loss of pBP10, pBP8 plasmid loss was
found to occur at a linear rate that was proportional to the growth

FIG 3 An attenuated H37Rv strain lacks PDIM. Thin-layer chromatography
on extracted lipids indicating presence of PDIM in WT (H37Rv) and PDIM
transport mutant (H37Rv:drrA.Tn1) strains. PDIM was not detected in the
H37Rv:att strain or in a PDIM synthesis mutant (H37Rv:Tn:ppsE).

FIG 4 M. tuberculosis PDIM transport mutant is attenuated due to increased cell death. C57BL/6 mice were infected with 100 CFU of M. tuberculosis
H37Rv::pBP8 (WT) or H37Rv:drrA.Tn1::pBP8 (drrA) via aerosol. (A) CFU/lung were determined over the course of 90 days. (B) In a subsequent experiment,
CFU counts were determined at days 0, 7, and 14 p.i. (C) Plasmid frequencies were determined on days 0, 7, and 14 p.i. (D) Replication and death rates for WT
and drrA mutant strains during 2 weeks of infection. Mean results and standard deviations are plotted. Data from 3 independent experiments are shown. *, P �
0.01 by two-tailed t test comparing results for WT and drrA strains at the same time point; n.s., not significantly different from the results for the WT at a P value
cutoff of �0.05.
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rate (Fig. 5). The segregation constant (s; plasmid loss per gener-
ation) for pBP8 was calculated as 0.11, which differs somewhat
from that determined for pBP10 (pBP10 s 	 0.18). C57BL/6 mice
were infected with a low dose of WT H37Rv::pBP8, and total and
plasmid-containing bacteria were enumerated in lungs. The plas-
mid frequencies on day 14 p.i. were higher for H37Rv::pBP8 than
for H37Rv::pBP10, consistent with the lower segregation constant
determined for pBP8 (Fig. 1A and 4C). M. tuberculosis replication
and death rates were calculated using the previously developed

mathematical model (5), and the segregation constant calculated
for pBP8. The replication and death rates for H37Rv::pBP8 during
the first 2 weeks of infection were similar to those found for
H37Rv::pBP10 (Fig. 1C and 4D).

To determine whether PDIM-deficient M. tuberculosis reached
lower bacterial loads because they were killed at an increased rate,
mice were infected with a low dose of the PDIM-deficient mutant
M. tuberculosis strain (H37Rv:drrA::pBP8) and the results were
compared to those obtained with WT H37Rv::pBP8. The plasmid
frequencies on day 14 p.i. were similar for WT and drrA mutant M.
tuberculosis (Fig. 4C). In agreement, the replication rates calcu-
lated for drrA and WT M. tuberculosis were also similar (Fig. 4D).
In contrast, the death rates, which averaged 0.08 for WT M. tuber-
culosis, averaged 0.60 for the drrA mutant, a 6-fold increase. Thus,
the reduced bacterial numbers on day 15 p.i. for the drrA mutant
strain were due to increased cell death. These results indicate that
in the absence of surface PDIM, M. tuberculosis cells are killed
more during the innate immune phase of infection.

Absence of IFN-�, RNI, or ROS does not alleviate attenua-
tion of PDIM-deficient M. tuberculosis. Interferon gamma (IFN-
�)regulates numerous antimicrobial mechanisms that are key in
host defense against M. tuberculosis. Among these, reactive nitro-
gen intermediates (RNI) and reactive oxygen species (ROS) are
potent phagosomal effectors responsible for killing numerous
pathogens. Accordingly, we examined whether these effectors were
involved in the innate immune-phase killing we observed for PDIM-
deficient M. tuberculosis. C57BL/6, IFN-��/�, and NOS2�/� mice
were infected via aerosol with WT or drrA mutant M. tuberculosis
harboring the unstable plasmid pBP8, and 14 days p.i., total and plas-
mid-containing bacteria were enumerated in lungs. WT bacterial
loads were slightly increased in IFN-��/� and NOS2�/� mice com-
pared to the loads in C57BL/6 mice, although this was not significant
(Fig. 6A). When mice were infected with the drrA mutant, the bacte-
rial loads were identical in C57BL/6, IFN-��/�, and NOS2�/� mice.
The plasmid frequencies were also similar for the drrA mutant in all

FIG 5 Validation of pBP8, a hygromycin-resistant version of the unstable plas-
mid. Replicate cultures of H37Rv::pBP8 were maintained in log phase without
antibiotic, and plasmid frequencies were determined. Plasmid frequencies are
plotted versus generations (calculated as log{[OD600(t)/OD600(0)]/log 2}, where
OD600 is the optical density at 600 nm and t is time). The experiment was per-
formed twice with similar results. The data verified that pBP8 plasmid loss was
proportional to the numbers of generations. To determine the segregation con-
stant (s) for pBP8, the plasmid frequency data from the above-described experi-
ment were plotted on a log scale versus time, and the slope of this line, the plasmid
loss rate, was determined. The plasmid loss rate was divided by the growth rate
determined in the above-described experiments to yield s. This experiment was
performed twice, and we averaged the s values to obtain our final s value of 0.11 

0.026 (mean 
 standard deviation).

FIG 6 Replication dynamics of PDIM-deficient M. tuberculosis are not affected by the absence of IFN-�, RNI, or ROS. (A, B) C57BL/6 and gene-deficient mice
were infected with 100 CFU of M. tuberculosis H37Rv::pBP8 (WT) or H37Rv:drrA.Tn1::pBP8 (drrA), and on day 14 p.i., total bacterial loads (A) and plasmid
frequencies (B) were determined from lungs. (C, D) C57BL/6 and Phox�/� mice were infected with 100 CFU of H37Rv:drrA.Tn1::pBP8, and on day 14 p.i.,
bacterial loads (C) and plasmid frequencies (D) were determined from lungs. Mean results and standard deviations are plotted. Data are representative of two
independent experiments performed with 5 mice per group per time point.
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mice, indicating similar bacterial replication dynamics in all groups
(Fig. 6B). Thus, the absence of IFN-��/�- and NOS2�/�-dependent
effector mechanisms did not alleviate the susceptibility of PDIM-
deficient M. tuberculosis. These data support and extend the work of
Murry et al., who reported that drrA attenuation was not relieved in
the absence of IFN-� or inducible nitric oxide synthase (iNOS) (9).

The phagocyte oxidase subunit, p47phox, is required for the
generation of ROS, including superoxide anion, hydrogen perox-
ide, hydroxyl radical, and hypochlorous acid, which participate in
microbial killing within phagosomes (27). To test whether ROS
contribute to the killing of PDIM-deficient M. tuberculosis, we
compared the replication dynamics of the drrA mutant in
C57BL/6 and p47phox�/� mice (Phox�/�) during the first 2 weeks
of infection. We found that the total bacterial loads and plasmid
frequencies were similar in both groups (Fig. 6C and D). Taken
together, these results show that in vivo attenuation of PDIM-
deficient M. tuberculosis occurs independently from IFN-�-,
RNI-, and ROS-mediated effector mechanisms.

Neutrophil depletion does not affect growth of PDIM-defi-
cient M. tuberculosis. Neutrophils are among the first cells de-
tected in lungs following M. tuberculosis infection, arriving be-
tween days 7 and 12 p.i. and increasing in numbers through day 21
(13, 28). This early arrival coincides with the kinetics of H37Rv:
drrA death and thus, neutrophils could mediate the killing of

PDIM-deficient M. tuberculosis. The Ly6G-specific monoclonal
antibody clone 1A8 (1A8) has been shown to deplete neutrophils
from M. tuberculosis-infected mice through day 14 p.i. when given
as a single dose of 300 �g on day 9 (13, 14). We employed this same
strategy to deplete neutrophils from mice infected with H37Rv:
drrA::pBP8 to determine whether this would alleviate the attenu-
ation of the drrA mutant (Fig. 7A). Specific neutrophil depletion
was verified by flow cytometric analysis of lung cells on day 14 p.i.
(Fig. 7B and C). An alternative monoclonal antibody that binds
to both monocytes and neutrophils, anti-Ly6C antibody (clone
RB6), was used in flow cytometric evaluations to verify that 1A8
treatment did not reduce the numbers of pulmonary monocytes
(Fig. 7B, bottom). Despite having obtained a significant and last-
ing depletion of neutrophils, the relative bacterial burdens in
lungs for 1A8 and isotype control-treated mice were similar (Fig.
7C). Thus, neutrophil depletion did not affect the susceptibility of
PDIM-deficient M. tuberculosis.

Recruited monocytes are not required to mediate H37Rv:
drrA attenuation. Inflammatory monocytes are important in the
early defense against some pathogens, such as Toxoplasma gondii
(29, 30). In a recent publication, these cells were shown to infil-
trate the lung transiently during the first 2 weeks of M. tuberculosis
infection (28). In addition, we observed that pulmonary mono-
cytes were present both in control and neutrophil-depleted mice

FIG 7 Neutrophil depletion does not alleviate drrA attenuation. C57BL/6 mice were infected with 100 CFU of H37Rv:drrA.Tn1 and were administered 300 mg
of Ly6G-specific antibody (clone 1A8) or an isotype control on day 9 p.i. Lungs were harvested on day 14 p.i. Half portions of lungs were plated to enumerate
bacteria. The remaining half lungs were processed for single-cell suspensions and analyzed phenotypically via flow cytometry. (A) Scheme of experiment. (B)
Flow cytometry data showing gating scheme (top) and average frequencies of Ly6G-positive F4/80-negative neutrophils and Ly6C-positive F4/80-positive
monocytes (middle and bottom). SSC, side scatter; FSC, forward scatter. (C) Frequencies of cells (top) and numbers of bacteria in lungs (bottom) plotted as mean
results and standard deviations. PMN, polymorphonuclear leukocytes; Mo, monocytes. Data are representative of two independent experiments performed with
5 mice per group per time point.
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infected with H37Rv:drrA on day 14 p.i. (Fig. 7B and C). We
therefore hypothesized that the killing of PDIM-deficient M. tu-
berculosis was mediated by these cells. The recruitment of inflam-
matory monocytes requires the chemokine receptor CCR2, and
thus, in mice lacking this gene (CCR2�/� mice), the trafficking of
inflammatory monocytes to the lung in response to M. tuberculo-
sis infection is reduced (31). To test whether CCR2-dependent
inflammatory monocyte recruitment was required for H37Rv:
drrA restriction, we compared the early growth of H37Rv:drrA in
lungs of WT and CCR2�/� mice. Our data show no significant
difference in bacterial numbers in lungs or in plasmid frequencies
on day 14 p.i. for WT and CCR2�/� mice (Fig. 8A and B). These
results suggest that the recruitment of inflammatory monocytes
into the lung is not required for host restriction of H37Rv:drrA.

Restriction of PDIM-deficient M. tuberculosis occurs inde-
pendently of MyD88. Our previous experiments showed that the
early innate immune response to M. tuberculosis infection serves
to limit the M. tuberculosis replication rate via a MyD88-depen-
dent mechanism (Fig. 1C). Since MyD88 has a critical role early
during M. tuberculosis infection, we reasoned that it may also be
involved in the killing of PDIM-deficient M. tuberculosis. There-
fore, we compared the growth of H37Rv:drrA in WT and
MyD88�/� mice during the first 2 weeks of infection. Surpris-
ingly, we observed similar bacterial numbers and plasmid fre-
quencies in WT and MyD88�/� mice (Fig. 8A and B). Thus, de-
spite the key role of MyD88 in the early innate response against M.
tuberculosis, the susceptibility of H37Rv:drrA occurs indepen-
dently of MyD88.

DISCUSSION

M. tuberculosis pulmonary infection induces a substantial influx of
innate immune cells, including monocytes, neutrophils, dendritic
cells, NK, and NKT cells (32–34). However, it is unknown how
these cells promote the early host defense against M. tuberculosis.
The early innate inflammatory response could function to control
M. tuberculosis by either limiting growth rate and/or causing cell
death. Conventional plating for CFU counts indicates increasing
bacterial numbers during the first few weeks of infection; how-
ever, this method does not discern the relative contributions of
replication and death to total bacterial numbers at a given time. To
determine the rate of M. tuberculosis killing early during murine
infection, we employed a replication tracking tool, the unstable
plasmid pBP10 that is steadily lost from a replicating M. tubercu-
losis population. Our results show that little M. tuberculosis death
occurs during the first 2 weeks of infection. Thus, despite the

documented presence of innate immune cells shown capable of
IFN-� production and of limiting M. tuberculosis growth in vitro,
WT M. tuberculosis resists killing by this early innate immune
response in mice. In addition, we found that M. tuberculosis cells
deficient in the complex surface lipid PDIM are susceptible to
killing by an unknown early host innate response.

During the first 4 weeks of infection, the observed bacterial
death rates for WT M. tuberculosis were low, suggesting that early
host defense may play a limited role in containment of WT M.
tuberculosis. However, the extreme susceptibility of MyD88�/�

mice to M. tuberculosis infection despite normal adaptive immune
responses revealed an important role for innate immunity. Of the
three known signaling pathways in which MyD88 is involved,
disruption of the interleukin-1 receptor (IL-1R) pathway most
closely recapitulates the phenotype of MyD88�/� mice, whereas
deficiencies in the Toll-like receptor and IFN-� receptor pathways
do not (35–37; unpublished data). To gain insight into the critical
role of innate immunity during M. tuberculosis infection, we ana-
lyzed M. tuberculosis replication dynamics in MyD88�/� mice. We
found that the M. tuberculosis numbers were 1 log higher in
MyD88�/� mice as early as 15 days p.i. By measuring M. tubercu-
losis replication and death rates, we found that the higher CFU
counts in MyD88�/� mice were due to increased replication rates.
The absence of MyD88 did not significantly affect M. tuberculosis
death rates. Thus, MyD88-dependent mechanisms are insufficient
to kill WT M. tuberculosis during the first 2 weeks of infection;
however, they do slow M. tuberculosis replication. Alternatively,
M. tuberculosis pathogenesis may differ in MyD88�/� mice, re-
sulting in conditions that enhance M. tuberculosis division in vivo.
For example, more bacteria may be extracellular, as has been shown
for later time points (3).

In contrast to our current findings, we previously reported that
M. tuberculosis death rates in C57BL/6 mice were highest during
the first 2 weeks of infection (5). Here, we show that the strain used
in those studies had lost production of PDIM (H37Rv:att) and was
attenuated for growth in vivo. Loss of virulence in H37Rv strains is
a commonly reported experience in research laboratories (23–25).
Researchers should be aware that during single-colony selection,
there is a potential for spontaneous PDIM deficiency in the cloned
strain, as we believe occurred during plasmid transformant selec-
tion of our H37Rv strain.

PDIM is a well-known virulence factor in M. tuberculosis, but
how it functions to promote M. tuberculosis growth in hosts is not
clear. Previous studies showed that M. tuberculosis mutants with a
disruption in PDIM transport to the cell surface were attenuated
for growth in mice (9, 38). Our data extend these studies, showing
in a low-dose aerosol infection model that the drrA mutant exhib-
its an early pulmonary growth defect, with 2-log-lower CFU
counts by 14 days p.i. We show that PDIM-deficient M. tubercu-
losis replicates at a similar rate to WT M. tuberculosis and that the
lower bacterial loads achieved by PDIM-deficient M. tuberculosis
are due to increased death occurring between days 1 and 14 p.i.
After 4 weeks of infection, we found that the replication and death
rates for WT M. tuberculosis and PDIM-deficient M. tuberculosis
were similar. This is in agreement with our previous study report-
ing that stable CFU counts during chronic murine infection are a
result of slow replication and death in balance (5). Thus, even
though we later discovered that the strain used in that study lacked
PDIM, we can now confirm that this holds true for PDIM-con-
taining WT M. tuberculosis strains as well. Together, these data

FIG 8 Absence of CCR2 or MyD88 does not alleviate growth defects of PDIM-
deficient M. tuberculosis. C57BL/6 and gene-deficient mice were infected with
100 CFU of H37Rv:drrA.Tn1::pBP8. Total bacterial loads (A) and plasmid
frequencies (B) were determined from lungs on day 14 p.i. Mean results and
standard deviations are plotted. Data are representative of two independent
experiments performed with 5 mice per group per time point.
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suggest that surface PDIM protects M. tuberculosis from an early
innate immune host response.

The mechanism by which PDIM prevents M. tuberculosis cell
death remains unclear. PDIM has been shown to be involved in
macrophage receptor-mediated phagocytosis of M. tuberculosis
and acidification of phagosomes (39), but M. tuberculosis num-
bers were not affected (40). Other studies have identified roles for
PDIM in cell permeability and resistance to RNI (38, 41); how-
ever, growth in unactivated and activated macrophages was simi-
lar for WT and PDIM-deficient M. tuberculosis (9, 38). A recent
study concluded that PDIM on the bacterial surface masks under-
lying pathogen-associated molecular patterns (PAMPs) that oth-
erwise would signal recruitment of microbicidal macrophages
(42). In the mouse, this recruitment could occur during the first 2
weeks of infection, the time we find that PDIM-deficient M. tu-
berculosis cells are killed, whereas WT M. tuberculosis cells are not
(Fig. 4).

Our observation that PDIM-deficient M. tuberculosis cells are
killed during the second week of infection and then persist there-
after at stable levels suggests that the restriction occurs via a spe-
cific and possibly transient host response rather than via a general
cell wall defect. However, in agreement with one group of re-
searchers (9), our data show that the absence of IFN-� and RNI
does not alleviate killing of PDIM-deficient M. tuberculosis (Fig.
6). In addition, we show that drrA mutant killing does not require
ROS or MyD88 (Fig. 6 and 8). In this regard, our data contrast
with those of Cambier et al. (42), who found that killing of PDIM-
deficient bacteria is MyD88 dependent. This difference may be
due to differences in infection model and approach; for example,
Cambier et al. primarily examined host cell recruitment and bac-
terial burdens in Mycobacterium marinum-infected zebrafish lar-
vae over the first 3 days of infection. In contrast, we focused on
bacterial replication dynamics in M. tuberculosis-infected mice
over the first 2 weeks of infection. Alternatively, these differences
may indicate multiple roles for PDIM in protection from host-medi-
ated killing. Indeed, as the majority of known phagocyte antimicro-
bial functions rely on one of these effector molecules, uncovering the
role(s) of PDIM in promoting M. tuberculosis survival early during
pulmonary infection may identify a previously unknown innate an-
tibacterial mechanism of general importance in host defense.

Having eliminated the known macrophage effector functions,
we hypothesized that the death of PDIM-deficient M. tuberculosis
cells involved the polymorphonuclear response, which has been
shown to be elicited during this time (28, 32).That one third of the
pulmonary M. tuberculosis population was found to reside within
neutrophils at day 14 p.i. lent credence to this possibility (43).
Depletion of neutrophils, however, did not affect the replication
dynamics of PDIM-deficient M. tuberculosis (Fig. 7). As inflam-
matory monocytes were observed in the neutrophil-depleted
mice, we next postulated that they might mediate drrA mutant
killing; however, this strain was still attenuated in CCR2-deficient
mice in which inflammatory monocyte recruitment is blocked
(Fig. 8).

In summary, none of the individual innate defense mecha-
nisms examined was found to be responsible for killing of the
PDIM-deficient drrA M. tuberculosis strain. Further studies are
needed to identify the mechanism responsible for the increased
death rates observed for PDIM-deficient M. tuberculosis. A slight
increase in CFU counts was noted for drrA-infected mice lacking
phagocyte oxidase, neutrophils, and inflammatory monocytes.

Although these were not statistically significant differences, they
may indicate that PDIM’s role is complex and could afford some
protection against multiple host effectors. Uncovering the means
by which WT M. tuberculosis avoids killing early after infection
will lead to a better understanding of M. tuberculosis mechanisms
of persistence and may identify targets for novel therapeutics.
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