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Current models of receptor editing favor a
return of self-reactive immature B cells to the
pre-BIl stage (29). Our observations indicate
that the BCR regulates receptor editing by con-
trolling the rate of B cell development. B cells
with self-reactive antibodies and those cells that
have not yet expressed a receptor are delayed in
the RAG™ small pre-BII cell compartment,
where normal light chain rearrangement takes
place. B cells expressing innocuous receptors
transit rapidly from this stage to the immature
compartment, where RAG gene expression and
V(D)J recombination are down-regulated (25,
26). This new model clarifies how allelic ex-
clusion is maintained in B cells despite high
levels of receptor editing: B cells that deposit
non—self-reactive antibodies on their cell sur-
face rapidly turn off V(D)J recombination.

To estimate the extent of receptor replace-
ment normally occurring in vivo, we combined
the hCk allele with three additional pre-rear-
ranged Vk-Jk genes: 3-83ki, Vk4R, and Vk8R
(30, 31). B cells that undergo receptor editing
and replace the original mouse allele were enu-
merated by flow cytometry and mRNA analy-
sis. Among these, Igi>®#3" mice are unique in
that replacement of the Vk3-83 gene can be
detected by loss of staining with a monoclonal
antibody specific for Vk3-83 (32). We found
that about 25% of the B cells in Igi®#*™ mice
and 33% of the B cells in IgxV**" mice sub-
stituted their light chains during B cell devel-
opment (Fig. 3 and Table 1). IgkV*®" mice can
only delete Vk8R by RS recombination; nev-
ertheless, 18% (*1) of B cells in these mice
replaced the targeted gene and expressed hCk
or Igh on the cell surface [Fig. 3 (31)]. Despite
differences in the level of Ig k chain editing, the
amount of Ig\ expression was similar in all
strains (Figs. 2A and 3 and Table 1).

Our data from four separate Igk knock-in
mouse strains show that about 25% (*7) of
the light chains found on the surface of de-
veloping B cells in vivo are produced by
receptor editing. Whether all of these replace-
ments are induced by self-reactivity is cur-
rently unknown. Nevertheless, extrapolating
from these experiments, we conclude that
receptor editing makes an important contri-
bution to the normal antibody repertoire.
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Induction of Direct
Antimicrobial Activity Through
Mammalian Toll-Like Receptors
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The mammalian innate immune system retains from Drosophila a family of
homologous Toll-like receptors (TLRs) that mediate responses to microbial
ligands. Here, we show that TLR2 activation leads to killing of intracellular
Mycobacterium tuberculosis in both mouse and human macrophages, through
distinct mechanisms. In mouse macrophages, bacterial lipoprotein activation of
TLR2 leads to a nitric oxide—dependent killing of intracellular tubercle bacilli,
but in human monocytes and alveolar macrophages, this pathway was nitric
oxide-independent. Thus, mammalian TLRs respond (as Drosophila Toll recep-
tors do) to microbial ligands and also have the ability to activate antimicrobial
effector pathways at the site of infection.

The primitive immune system of Drosophila
has evolved to be highly efficient at combating
microbial pathogens, largely through a family
of cell-surface receptors known as Toll. The
activation of Toll proteins by microbial ligands
triggers an intracellular signaling pathway in-
volving nuclear factor kB (NF-kB) homologs

that leads to the transcription of genes encoding

antimicrobial proteins (/-3). The Drosophila
Toll system is structurally conserved and ho-
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mologous to the mammalian TLR family (4).
Microbial ligands, including lipopolysaccharide
(LPS) and bacterial lipoproteins, have been
shown to activate mammalian TLRs, facilitat-
ing transcription of genes that regulate the
adaptive response, including cytokines and co-
stimulatory molecules (4—0). It remains un-
clear, however, whether activation of mamma-
lian TLRs triggers direct antimicrobial effector
pathways.
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We initially investigated whether acti-
vation of mouse macrophages by bacterial
lipoproteins reduced the viability of intra-
cellular Mycobacterium tuberculosis (11).
The 19-kD lipoprotein of M. tuberculosis
(8) or the Tp47 lipopeptide of Treponema
pallidum reduced the viability of intracel-
lular M. tuberculosis in a murine macro-
phage-like cell line, RAW264.7, by up to
70%, as measured by colony-forming units
(CFUs) (Web fig. 1) ({1, 12). The induc-
tion of inducible nitric oxide synthase
(iNOS) and release of nitric oxide (NO)
represent a powerful antimycobacterial
defense mechanism in mice (/3-15). Be-
cause bacterial lipoproteins induce iNOS
promoter activity (8), we hypothesized that
the antimicrobial activity observed after
cellular activation with lipoproteins could
be mediated through TLR-induced NO pro-
duction. M. tuberculosis—infected RAW
cells were stimulated with the 19-kD li-
poprotein in the presence or absence of
pharmacologic inhibitors of iNOS (//) and
assayed for NO production (/6) and anti-
microbial activity. We found that the pro-
duction of NO was almost completely
suppressed in the presence of L-N°-(1-imi-
noethyl)-lysine (L-NIL) or L-N®-nitro-
arginine-methyl ester (L-NAME), but not
the inactive enantiomer D-NAME (Fig. 1A,
left). Concomitantly, inhibition of NO pro-
duction abrogated the antimicrobial activ-
ity induced by the 19-kD lipoprotein (Fig.
1A, right), demonstrating the requirement
for NO in TLR-mediated antimicrobial
responses.

To establish that the lipoprotein-induced
antimicrobial activity is dependent on TLR
activation, we tested the ability of the 19-
kD protein to activate the antimicrobial
pathway of peritoneal macrophages from
TLR2-deficient (TLR27/7) or TLR4-defi-
cient (TLR47/7) mice (/7). Experiments
were performed with uninfected [Web fig.
2 (12)] and M. tuberculosis—infected (Fig.
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1B) macrophages. Primary peritoneal
macrophages from TLR2 ™/~ mice respond-
ed only marginally in production of NO
in response to the 19-kD protein and did not
appreciably reduce the viability of in-
tracellular M. tuberculosis compared with

Fig. 1. Microbial li-
poproteins trigger
growth inhibition of in-
tracellular M. tubercu-
losis. (A) The 19-kD li-
poprotein of M. tuber-
culosis mediates an
NO-independent anti-
microbial activity in
RAW cells. The CFUs
were determined 48 0
hours after infection of

RAW cells with an MOI

of 5. The inhibitors (L-
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wild-type macrophages (Fig. 1B). This re-
sult establishes that activation of TLR2 on
murine macrophages leads to NO-depen-
dent growth inhibition of intracellular M.
tuberculosis.
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NIL, 1 mM; L-NAME, 2
mM) were added to the
infected cells immedi-
ately after the end of
the pulse infection, to-
gether with the 19-kD
lipoprotein (1 pg/ml).
The figures represent
the average * SEM of
three or more indepen-
dent experiments. (B)
Lipoprotein-induced
killing of M. tuberculo-
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Thioglycollate-elicited macrophages from control (wt) and gene-deleted ( TLR2-) mice were infected
with M. tuberculosis at an'MOI of 5. Production of NO (Griess reaction) and bacterial load (plating of
cell lysates) were determined 48 hours after addition of the 19-kD lipoprotein (1 pg/ml) or LPS (0.1
wg/ml). The figure shows the average of one experiment * SEM performed in triplicate.

Fig. 2. Primary human
cells kill M. tuberculosis
via a TLR2-dependent,
but NO-independent,
pathway. (A) Inhibi-
tion of mycobacterial
growth in  human
monocytes is inhibited
in the presence of a
blocking antibody to
TLR2 (aTLR2), but is
independent of NO
production.  Infected
monocytes (MOl 5)
were cultured in the
presence of an anti-
body against TLR2 (10
wg/ml) or L-NIL (1 mM)
for 48 hours, and intra-
cellular growth was de-
termined by plating se-
rial dilutions of cell ly-
sates in duplicates. (B) 0
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rophages, but not in human monocytes. TNF-a and IFN-vy (both at 10 ng/ml) were added to infected
murine macrophages (RAW ) or human monocytes. NO release and bacterial viability were determined
after 48 hours. The figures show the average of four independent experiments * SEM using cells from
different donors. (C) Antimycobacterial activity of the 19-kD lipoprotein is TNF-independent. The 19-kD
lipoprotein (2 wg/ml) and antibodies against TNF (anti-TNF-c, 20 ng/ml) were added as indicated. Cells
were lysed after 48 hours, and the number of CFUs were determined.
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phages exert antimicrobial activity through
NO remains highly controversial, and we
sought to ascertain whether they did so
after activation of TLRs. Activation of hu-
man monocytes with bacterial lipoproteins
reduced the viability of intracellular M.
tuberculosis to an extent comparable in
magnitude to that found in activated mouse
macrophages (Web fig. 3) (12, 18). The
killing of intracellular M. tuberculosis in
human monocytes was clearly dependent
on lipoprotein activation via TLR2, be-
cause a monoclonal antibody against TLR2
(8, 9) blocked the reduction in CFUs by
greater than 90% (Fig. 2A). In striking
contrast to mouse macrophages, the addi-
tion of the iNOS inhibitor, L-NIL, failed to
block the 19-kD lipoprotein—induced kill-
ing of intracellular M. tuberculosis. This
correlated with the failure of the 19-kD
lipoprotein to induce production of NO in
human monocytes (Fig. 2B). This observa-
tion was extended by use of another potent
stimulus known to induce NO in mouse
macrophages, the combination of tumor ne-
crosis factor-a (TNF-a) and interferon-y
(IFN-y) (19) (Fig. 2B). In mouse RAW
cells, TNF-a plus IFN-y induced the pro-
duction of NO and reduced the viability of
intracellular M. tuberculosis to an extent
equivalent to the effect of the 19-kD li-
poprotein. In contrast, in human monocyte-
derived macrophages, the combination of
TNF-a plus IFN-y neither induced detect-
able NO production nor exerted any anti-
microbial effect, but did induce cytokine
release. TNF-a has been shown to induce
growth inhibition of avirulent M. tubercu-
losis in human macrophages (20), but we
found it to support the growth of virulent
M. tuberculosis in these cells (21). Further-
more, the addition of antibodies against
TNF-a did not abrogate the antimicrobial
activity of the 19-kD lipoprotein against the
virulent form used in this study (Fig. 2C).
Taken together, these data indicate that

Fig. 3. TLR2 is expressed
at the site of infection in
human tuberculosis. (A)
Activation of AMs by the
19-kD lipoprotein reduces
the viability of intraceltu-
lar M. tuberculosis by a
TLR2-dependent, NO-in-
dependent  mechanism.
AMs were infected with
M. tuberculosis (MOI 2)
for 4 hours, and the 19-
kD lipoprotein (1 pg/ml)
or the inhibitors were
added. Bacterial growth

>

M. tuberculosis (CFU x 10%)

19kD = *
Inhibitor -
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TLR2 activation in human monocytes in-
duces a powerful antimicrobial activity that
is independent of NO and TNF-a.

The ability of alveolar macrophages
(AMs) to kill M. tuberculosis represents a
critical local defense mechanism in determin-
ing the outcome of tuberculosis infection in
the lung. Alveolar macrophages were isolated
from bronchoalveolar lavage, infected with
M. tuberculosis (22), and stimulated with
the M. tuberculosis 19-kD lipoprotein, then
survival of the bacteria was determined.
Stimulation of infected AMs with lipopro-
tein induced an antimicrobial response that
was independent of NO release, but depen-
dent on TLR2 signaling (Fig. 3A). Consis-
tent with the failure of the specific iNOS
inhibitor L-NIL to inhibit antibacterial ac-
tivity, AMs infected with mycobacteria
failed to secrete detectable amounts of NO
in vitro. Although it has been reported that
AMs can express iINOS (23), these results
further indicate that a mechanism indepen-
dent of NO contributes to their microbici-
dal activity. The presence of TLR2 on cells
of the monocyte/macrophage lineage in le-
sions of tuberculosis infection indicates
that activation of TLR2 could contribute to
host defense at the site of disease activity
(Fig. 3B and Web figs. 4 and 5) (24).

Throughout millions of years of evolu-
tion, the immune system, from insects to
mammals, has retained the structure of Toll
receptors, as well as an NF-«kB signaling
pathway, as an innate mechanism to re-
spond to threats from microbial pathogens.
The present results indicate that the mouse
and human TLR pathway has similarly re-
tained the ability to activate direct antimi-
crobial effector mechanisms, although the
pathways are distinct. Whereas, in mice,
TLR activation leads to an NO-dependent
antimicrobial pathway, in humans the TLR-
activated antimicrobial pathway is NO-in-
dependent. In Drosophila, activation of
Toll leads to the induction of a variety of

+ +
— L-NIL aTLR2 IgG,

was determined after 48 hours. The graph shows one representative experiment of four using cells
from different donors and are expressed as CFUs + SEM. (B) TLR2 expression in tuberculous
lymphadenitis by immunoperoxidase. Photomicrograph (40X objective) demonstrates the pres-
ence of TLR2 (red label) on large ovoid cells within granulomas, typical of cells of the monocyte/

macrophage lineage.

antimicrobial peptides, including metchni-
kowan, defensins, cecropins, and drosomy-
cin (I-3). The present study suggests that a
detailed investigation of the TLR2-depen-
dent antimicrobial effector mechanisms in
human cells of the monocyte/macrophage
lineage is warranted. The clues from Dro-
sophila suggest that exploring induction of
antimicrobial peptides in these cells could
be fruitful (25). Knowledge arising from
such investigation should provide new in-
sights into mechanisms of innate immunity
in humans.
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Requirement of a Centrosomal
Activity for Cell Cycle
Progression Through G, into
S Phase

Edward H. Hinchcliffe,” Frederick J. Miller,” Matthew Cham,’
Alexey Khodjakov,? Greenfield Sluder'*

Centrosomes were microsurgically removed from BSC-1 African green monkey
kidney cells before the completion of S phase. Karyoplasts (acentrosomal cells)
entered and completed mitosis. However, postmitotic karyoplasts arrested
before S phase, whereas adjacent control cells divided repeatedly. Postmitotic
karyoplasts assembled a microtubule-organizing center containing ~y-tubulin
and pericentrin, but did not regenerate centrioles. These observations reveal the
existence of an activity associated with core centrosomal structures—distinct
from elements of the microtubule-organizing center—that is required for the
somatic cell cycle to progress through G, into S phase. Once the cell is in S
phase, these core structures are not needed for the G,-M phase transition.

The centrosome in mammalian cells consists
of a pair of centrioles associated with a cloud
of pericentriolar material containing the y-tu-
bulin ring complexes that nucleate microtu-
bules during interphase and mitosis (/). The
centrioles, along with their associated struc-
tures, represent “core centrosomal structures”
that determine the precise one-to-two dupli-
cation of the centrosome in preparation for
mitosis (2). After removal of the centrosome,
both somatic and embryonic cells can regen-
erate a microtubule-organizing center (MTOC)
(3-5) but do not regenerate centrioles (2, 4),
even though the cytoplasm (in the case of zy-
gotes) contains enough subunits to assemble
many complete centrosomes (6).

It has been generally understood that both
the duplication of the centrosome and varia-
tions in its microtubule-nucleating capacity
are driven by cell cycle—dependent changes
in the cytoplasmic environment (7). The no-
tion that the centrosome is a necessary par-
ticipant in cell cycle progression through in-
terphase was raised by a report that BSC-1
African green monkey karyoplasts (acentro-
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somal cells) do not enter mitosis even though
they grow to larger than normal size (4). This
finding, coupled with the observation that
cyclin-dependent kinase 1—cyclin B (Cdk1-
B) is concentrated at the centrosome (8), led
to the proposals that the presence or duplica-
tion (or both) of an intact centrosome is
required for the activation of Cdkl-B and
entry into mitosis (4, 9). However, these pro-
posals lacked direct experimental support be-
cause the karyoplasts were not continuously
followed in vivo.

To investigate the role of the centrosome
in cell cycle progression, we physically cut
BSC-1 cells during interphase between the
nucleus and the centrosome to form karyo-
plasts (4, 10) and continuously followed the
karyoplasts for several days by time-lapse
videomicroscopy (/7). The fact that the cen-
trosome is slightly separated from the nucleus
and lies at the center of a mass of granules
makes this cell type favorable for this micro-
surgery (12). We brought the microneedle
down at the edge of the nucleus, which dis-
placed the centrosome from the nucleus and
segregated it into the anucleate cytoplast as
the needle approached the cover slip (Fig.
1A). In no case did we cut or fragment the
nucleus. Although we cannot know at what
point in the cell cycle the cells were cut,
5-bromo-2'-deoxyuridine (BrdU) incorpora-
tion experiments (I3) revealed that they were

30. This work was supported in part by grants from the
National Institutes of Health (Al 22553, AR 40312,
Al 47868, Al 07118), the Deutsche Forschungsge-
meinschaft (SFB263), and the AIDS Stipendienpro-
gramm of the Ministry of Science and Technology
(BMFT), Germany.

8 December 2000; accepted 16 January 2001

cut before the completion of S phase (/4),
consistent with previous findings (4). None
were cut in early G, or in prophase.

During the first 1 to 3 hours after the
operation, the cytoplasmic granules became
organized into a spherical mass at the center
of the cytoplast, indicative of the presence of
the centrosome, while the granules in the
karyoplast remained randomly distributed in
the vicinity of the nucleus (Fig. 1B). Normal-
ly we removed the cytoplast with the mi-
croneedle so that it would not interfere with
observations of karyoplast behavior. Within
an hour of the microsurgery, karyoplasts ex-
tended lamellipodia and resumed movement
across the cover slip (Fig. 2A). Later, they
grew in area and regenerated their Golgi ap-
paratus to control levels, as judged by in vivo
labeling with Bodipy FL C,-ceramide (4, 12,
15).

In 37 experiments, 32 karyoplasts entered
mitosis (Fig. 2A), four remained in interphase
until the recordings were terminated 24 hours
after the microsurgery, and one died within
12 hours. The interval from the microsurgical
operation to the onset of mitosis was on
average 12.5 hours (range 4 to 24 hours),
which is within the normal interphase dura-
tion for control cells in our preparations (av-
erage 15.5 hours, range 11 to 26 hours, N =
25). In mitosis, karyoplasts aligned chromo-
somes into a metaphase plate, separated two
groups of chromosomes in anaphase, and
formed a cleavage furrow (14). This indicates
that karyoplasts organized a functional, albeit
acentrosomal, bipolar spindle [see also (5,
16)]. Karyoplasts spent a longer and a more
variable amount of time in mitosis (average
197 min, range 68 to 557 min) than did
control cells (average 56 min, range 24 to 99
min; N = 40), presumably because of the
need for extra time to organize an acentroso-
mal spindle. In telophase all karyoplasts ini-
tiated bipolar cleavage. However, in 13 of 32
cases (41%), the cleavage furrow regressed
and the karyoplasts exited mitosis as a single
cell with one or more nuclei (12, 17).

We unexpectedly found that in 28 of 32
experiments, the postmitotic karyoplasts—
whether they divided or not—arrested in inter-
phase for the duration of the observations, up to
60 hours after mitosis (Fig. 2A) ({2). This was
not attributable to loss of cell viability in our
preparations, because the karyoplasts showed
continuous lamellipod extension, cell motility,
and movement of phase-dense granules toward
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