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Abstract

MyD88 is an adaptor molecule essential for signaling via the Toll-like receptor (TLR)/IL-1 receptor
family. TLR4 is a member of the TLR family and a point mutation in the Tir4 gene causes
hyporesponsiveness to lipopolysaccharide (LPS) in C3H/HeJ mice. We have previously shown that
both TLR4- and MyD88-deficient mice are hyporesponsive to LPS. In this study we examined the
responsiveness of these two knockout mice to various bacterial cell wall components. Cells from
TLR4-deficient mice responded to several kinds of LPS, peptidoglycan and crude cell wall
preparation from Gram-positive bacteria and mycobacterial lysates. In contrast, macrophages and
splenocytes from MyD88-deficient mice did not respond to any of the bacterial components we
tested. These results show that MyD88 is essential for the cellular response to bacterial cell wall

components.

The innate immune system is characterized by the use
of germline-encoded receptors for pathogen recognition.
Drosophila depend entirely on the innate response for their
host defense (1). Regulation of the antifungal immune
response in adult flies has been shown to involve the Toll
receptor (2), which was originally identified as a receptor
essential for dorsoventral patterning during early embryonic
development (3). Toll is a type | transmembrane receptor
whose extracellular domain contains a leucine-rich repeat
and whose cytoplasmic domain is analogous to that of the
mammalian IL-1 receptor (IL-1R) family (4). Similar to IL-1
signaling, binding of Toll by the extracellular ligand Spatzle
leads to activation of Dorsal, an NFxB-like transcription factor
(4). In mutants deficient in the Toll pathway, induction of the
antifungal peptide drosomycin is dramatically affected (2).
Mutation in 18-wheeler, another Toll family member, results in
a defect in the antibacterial host defense but does not affect
the antifungal response (5). Thus, particular pathogens induce
the production of specific antimicrobial peptides in Drosophila
through the selective activation of the Toll pathway (6).
Innate immunity in vertebrates plays a similar role in the

detection of invading infectious organisms, and subsequently
instructs adaptive immune system by producing proinflam-
matory cytokines such as tumor necrosis factor (TNF)-c,
IL-1 and IL-6, as well as co-stimulatory molecules on the cell
surfaces of immune cells (1). Recently, six human homologues
of Drosophila Toll, designated Toll-like receptors (TLR) 1-6,
have been reported (7-9). TLR2 has been shown to be a
signaling receptor that is activated by lipopolysaccharide
(LPS), a part of the outer membrane of Gram-negative bacteria
(10,11). Further, it has recently been shown that LPS hypores-
ponsiveness in the mouse strain C3H/Hed is due to a missense
point mutation in the TIr4 gene (12-14). Macrophages and B
cells from TLR4-deficient mice are hyporesponsive to LPS,
indicating that TLR4 is required for LPS signaling (14).
MyD88 is an adaptor molecule essential for IL-1R family
signaling (15-17). Triggering of the intracellular IL-1R family
signaling cascade requires the recruitment of MyD88 to the
receptor complex, which then relays a signal to NFxB via IL-
1R-associated kinase (IRAK). TLR2 and TLR4 have been
reported to also utilize MyD88 as an adaptor molecule in vitro
(11,18,19). Other TLR family members that contain cyto-
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plasmic domains homologous to that of IL-1R might also
share MyD88. We have recently shown that MyD88-deficient
mice are highly resistant to LPS-induced shock, and that
both macrophages and B cells from MyD88-deficient mice
displayed no biological responses to LPS (20). Recently, it
has been shown that overexpression of TLR2 conferred
responsiveness to several Gram-positive bacterial compon-
ents such as peptidoglycan (PGN) (21,22), lipoteichoic acid
(LTA) (21) and bacterial lipoproteins (23,24) in vitro. To investi-
gate the roles of MyD88 in the recognition of specific pathogen
components, we examined and compared the responsiveness
of TLR4- and MyD88-deficient mice to various bacterial cell
wall components.

We first examined the responsiveness of mouse cells to
LPS derived from Salmonella minnesota Re-595. Peritoneal
macrophages from wild-type, TLR4-deficient and MyD88-
deficient mice were cultured in the presence of various
concentrations of Re-595 LPS, and the production of TNF-o
was measured. Secretions of TNF-a from wild-type macro-
phages increased in a dose-dependent manner. In contrast,
macrophages from TLR4-deficient or MyD88-deficient mice
did not produce any detectable amounts of TNF-o. in response
to LPS, even when added to a concentration of 100 ug/ml (Fig.
1A). We next examined the responsiveness of splenocytes to
Re-595 LPS. Splenocytes were cultured in the presence of
various concentrations of LPS. Whereas this stimulation eli-
cited a dose-dependent mitogenic response in wild-type
splenocytes, no LPS-induced proliferative response was
observed in splenocytes from either TLR4- or MyD88-deficient
mice (Fig. 1B). Thus, the responses of both TLR4- and
MyD88-deficient mice to S. minnesota Re-595 LPS are almost
completely abrogated.

We next examined the response of these mice to LPS
prepared from Porphyromonas gingivalis 381, a Gram-nega-
tive bacterium and peridontopathic organisms of major impor-
tance (25). P gingivalis LPS displays an interesting property
in its ability to activate cells from the otherwise LPS-hypores-
ponsive C3H/Hed mice (25). As shown in Fig. 1(C), P. gingivalis
LPS induced TNF-a in a dose-dependent manner in macro-
phages from wild-type mice. P. gingivalis LPS also induced
TNF-o in TLR4-deficient macrophages, similar to C3H/Hed
macrophages, although the level was about one-third that of
wild-type macrophages. In contrast, MyD88-deficient macro-
phages did not produce any detectable TNF-a, even when
stimulated with high concentrations of LPS. Splenocytes from
TLR4-deficient mice exhibited a significant, albeit lower, prolif-
erative response to P. gingivalis LPS. In contrast, proliferation
of splenocytes was not observed with MyD88-deficient spleno-
cytes (Fig. 1D). Thus, TLR4-deficient mice were partially
defective and MyD88-deficient mice almost completely
defective in their response to P. gingivalis LPS. These results
indicate that MyD88 is essential for, and that TLR4 contributes
in part to, the signaling elicited by P. gingivalis LPS.

To rule out the possibility that the cells from TLR4- and
MyD88-deficient mice are inert to all stimuli, we analyzed their
responsiveness to other stimuli. Splenocytes from TLR4- and
MyD88-deficient mice proliferated normally in response to IL-
4 plus anti-IgM antibody or anti-CD40 antibody (Fig. 2A).
IFN-y-induced augmentation of MHC class Il expression on
peritoneal macrophages was also enhanced to a similar
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Fig. 1. Responsiveness to S. minnesota Re-595 and P. gingivalis
LPS. (A) Mice were i.p. injected with 2 ml of 4% thioglycollate. Three
days later, peritoneal exudate cells were isolated. The cells from wild-
type, and TLR4- and MyD88-deficient mice were cultured with the
indicated amount of S. minnesota Re-595 LPS (Sigma) for 24 h.
Concentrations of TNF-o in the culture supernatants were measured
by ELISA (Genzyme, Cambridge, MA). (B) Splenocytes (1x105)
were isolated and cultured with the indicated concentrations of
S. minnesota Re-595 LPS for 48 h. Then 1 uCi of [3H]thymidine
(DuPont, Boston, MA) was pulsed for the last 8 h. 3H incorporation
was measured by a B scintillation counter (Packard, Meriden, CT).
(C) Peritoneal macrophages from wild-type, and TLR4- and MyD88-
deficient mice were cultured with the indicated concentrations of P,
gingivalis LPS for 24 h. Concentrations of TNF-o. in the culture
supernatants were measured by ELISA. Preparation of P. gingivalis
LPS is as described previously (25). (D) Splenocytes were cultured
with the indicated concentrations of P. gingivalis LPS for 48 h. Then
1 uCi of [®H]thymidine was pulsed for the last 8 h. 3H incorporation
was measured by a scintillation counter.

extent in wild-type, and TLR4- and MyD88-deficient mice (Fig.
2B). Peritoneal macrophages from both TLR4- and MyD88-
deficient mice phagocytosed latex microspheres normally
(Fig. 2C). Thus, the responses of macrophages and spleno-
cytes from either TLR4- or MyD88-deficient mice to these
other stimuli were not impaired, indicating that these mutant
cells are specifically defective in their response to LPS.

In addition to LPS from Gram-negative bacteria, Gram-
positive bacterial cell wall preparations and their components,
such as PGN, are known to activate host macrophages (26).
Therefore, we investigated the responsiveness of mouse cells
to cell wall preparation from Staphylococcus aureus and
PGN from S. aureus. The cell wall preparation from S. aureus
induced TNF-o. production in cells from wild-type mice
in a dose-dependent manner. TLR4-deficient macrophages
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Fig. 2. Normal responses to IL-4 and IFN-y and normal phagocytic activity in TLR4- and MyD88-deficient mice. (A) Splenocytes were cultured
with IL-4 (Genzyme) plus anti-lgM Ab or anti-CD40 Ab (PharMingen, San Diego, CA) for 48 h. Then 1 uCi of [®H]thymidine was pulsed for the
last 8 h. SH incorporation was measured by a scintillation counter. 3H incorporations (c.p.m.) in cells from wild-type, and TLR4- and MyD88-
deficient mice without stimulation were 161, 134 and 175 respectively. (B) Mice were injected i.p. with 5000 U of IFN-y (Genzyme) or PBS.
Three days later, peritoneal macrophages were collected and stained with biotin-conjugated anti-I-Ab antibody (PharMingen) followed by
streptavidin—-FITC (PharMingen). Stained cells were analyzed on FACSCalibur using CellQuest software (Becton Dickinson, Lincoln Pack, NJ).
(C) Peritoneal macrophages were isolated 3 days after thioglycollate treatment. These cells were incubated with 0.025% fluorescent latex
beads (0.75 mm) (Polyscience, Niles, IL) for 2 h. Then cells were washed vigorously 3 times with PBS to remove non-internalized beads and
fixed with 2.5% formaldehyde in PBS for 20 min. Cells were monitored with Axiophot microscope (Carl Zeiss, Thornwood, NY). Left panels
show Nomarski images of wild-type, and TLR4- and MyD88-deficient macrophages. Magnification X20. Fluorescent images of same cells are

shown in right panels.

showed significant productions of TNF-a in response to
S. aureus cell wall, although the production was reduced
compared with that of wild-type mice. In contrast, MyD88-
deficient macrophages did not produce TNF-a in response
to any concentration of S. aureus cell wall (Fig. 3A). When
stimulated with S. aureus PGN, peritoneal macrophages from
TLR4-deficient mice produced TNF-o in a dose-dependent
manner to almost the same extent as cells from wild-type
mice. In contrast, macrophages from MyD88-deficient mice
did not produce TNF-o at any concentration added (Fig. 3B).
Mycobacterial cell wall components, e.g. lipoarabinomannan,
are also known to induce activation of myeloid cells (27).
We used crude whole-cell lysates from the Mycobacterium
tuberculosis Aoyama B strain. Wild-type macrophages pro-
duced TNF-a in response to these lysates in a dose-depend-
ent manner. Macrophages from TLR4-deficient mice exhibited
a slight defect in TNF-a production compared with wild-type
macrophages. In contrast, cells from MyD88-deficient mice
did not produce TNF-a in response to the mycobacterial
crude cell lysates (Fig. 3C).

We further examined the responses of mutant mice to other

bacterial components: LPS from Escherichia coli serotype
055:B5, Klebsiella pneumoniae, Pseudomonas aeruginosa,
Salmonella typhimurium, Shigella flexneri and Vibrio cholerae,
and PGN from Staphylococcus epidermidis. The respons-
iveness of wild-type, and TLR4- and MyD88-deficient mice to
these bacterial components are summarized in Table 1. TLR4-
deficient mice showed reduced, but significant respons-
iveness to LPS preparations from several bacterial strains. S.
epidermidis PGN also induced responses in TLR4-deficient
cells. In contrast, MyD88-deficient cells did not respond to
any LPS or Gram-positive cell wall components. Therefore, it
is likely that the recognition and signaling elicited by some
LPS or Gram-positive cell wall components is mediated by
TLR4 and/or other TLR that use MyD88 as an adaptor
molecule.

LPS consists of an O-specific chain, a core oligosaccharide
and lipid A moieties. In particular, the lipid A portion of LPS
is known to be essential for its endotoxic activity (28). Lipid
A from different bacterial origins has common structural
similarities, but differs in such details as length of their fatty
acid carbon chains and degree of phosphorylation (28). The
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Fig. 3. Responsiveness to Gram-positive bacterial cell wall components and mycobacterial whole-cell lysates. Thioglycollate-elicited peritoneal
macrophages from wild-type, and TLR4- and MyD88- deficient mice were cultured with the indicated concentrations of (A) cell wall preparation
from S. aureus, (B) PGN from S. aureus, (Fluka, St Louis, MO) and (C) whole-cell lysates from M. tuberculosis Aoyama B strain for 24 h. Then,
concentrations of TNF-a in the culture supernatants were measured. Preparation of S. aureus cell wall was as described previously (31).
Preparation of mycobacterial whole-cell lysates were as described below. M. tuberculosis Aoyama B strain (NIHJ 1635) was cultured in Dubos
broth (Difco, Detroit, MI) for 1 month. Then cells were collected and resuspended with PBS. Cells were sonicated and used as mycobacterial

whole-cell lysates.

Table 1. Responsiveness to bacterial cell wall components

Test specimen? Responsiveness of miceP

Wild-type TLR4—/- MyD88-/-

LPS
Escherichia coli 055:B5 ++ + -
Klebsiella pneumoniae ++ - -
Porphyromonas gingivalis ++ + -
Pseudomonas aeruginosa ++ + -
Salmonella minnesota Re595 ++ - -
Salmonella typhimurium ++ + -
Serratia marcescens ++ + -
Shigella flexneri ++ + _
Vibrio cholerae ++ + -
Gram-positive bacterial components
Staphylococcus aureus cell wall ++ + —
Staphylococcus aureus PGN ++ ++ -
Staphylococcus epidermidis PGN — ++ + -
Mycobacterial whole cell lysates
Mycobacterium tuberculosis ++ + -

aLPS from E. coli serotype 055:B5, K. pneumoniae, P. aeruginosa
serotype 10, S. typhimurium, S. marcescens, S. flexneri serotype 1A
and V. cholerae serotype Inaba 569B were purchased from Sigma
(St Louis, MO). PGN from Staphylococcus epidermidis was a gift
from Shigeo Kawata (Dainippon Pharmaceutical, Tokyo, Japan) (30).

PThe responsiveness was assessed by TNF-o. production from
macrophages and proliferation of splenocytes in response to these
stimuli: ++, >50% of wild-type response; +, 10-50% of wild-type
response; —, <10% of wild-type response.

lipid A moieties from peridontopathic pathogens such as
P gingivalis are especially unique, in that they possess
unusually branched and relatively long fatty acids (15-17
carbon atoms) (25). These structural differences among LPS
species may have given rise to the diversity of receptors
that bind LPS. In contrast, MyD88-deficient mice were not
responsive to any of the LPS samples derived from many

different bacteria, indicating that all LPS receptors utilize
MyD88 as an essential signaling molecule.

MyD88-deficient mice showed no response to the crude
cell wall preparation and PGN derived from Gram-positive
bacteria or to mycobacterial whole-cell lysates. In contrast,
TLR4-deficient mice showed almost the same response to S.
aureus PGN as wild-type mice, and somewhat reduced,
but still significant, response to S. aureus cell wall and
mycobacterial whole-cell lysates. These indicate that TLR4
may be in part responsible for the recognition of Gram-
positive bacterial components and mycobacterial compon-
ents. Recent studies demonstrate that TLR2 may be a
signaling receptor for Gram-positive bacterial components
and mycobacterial lipoproteins as well as Gram-negative
LPS (21-24). Recognition of Gram-positive bacterial and
mycobacterial components might be executed by at least
TLR2 and TLR4. Thus, MyD88 may be essential for signaling
via TLR family including TLR2 and TLRA4.

In interpreting these results we had to consider the possibil-
ity of contamination of bacterial cell wall components. The
bacterial component that affects the cellular response at
the lowest concentration may be LPS from Gram-negative
bacteria. Even if a minor component contaminated in the
sample may interfere or augment the response of wild-type
or TLR4-deficient mice, the fact that MyD88-deficient mice
are unresponsive to all bacterial components we tested
demonstrates that MyD88 is essential for the cellular response
to all bacterial cell wall components.
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Abbreviations

IL-1R IL-1 receptor

LTA lipoteichoic acid

LPS lipopolysaccharide
PGN peptidoglycan

TLR Toll-like receptor
TNF tumor necrosis factor
References

1

2

10

i

12

13

14

15

Medzhitov, R. and Janeway, C. A., Jr. 1997. Innate immunity: the
virtues of a nonclonal system of recognition. Cell 91:295.
Lemaitre, B., Nicolas, E., Michaut, L., Reichhart, J. M. and
Hoffmann, J. A. 1996. The dorsoventral regulatory gene cassette
spatzle/Toll/cactus controls the potent antifungal response in
Drosophila adults. Cell 86:973.

Hashimoto, C., Hudson, K. L. and Anderson, K. V. 1988. The Toll
gene of Drosophila, required for dorsal-ventral embryonic polarity,
appears to encode a transmembrane protein. Cell 52:269.
O’Neill, L. A. and Greene, C. 1998. Signal transduction pathways
activated by the IL-1 receptor family: ancient signaling machinery
in mammals, insects, and plants. J. Leuk. Biol. 63:650.

Williams, M. J., Rodriguez, A., Kimbrell, D. A. and Eldon, E. D.
1997. The 18-wheeler mutation reveals complex antibacterial
gene regulation in Drosophila host defense. EMBO J. 16:6120.
Lemaitre, B., Reichhart, J. M. and Hoffmann, J. A. 1997. Drosophila
host defense: differential induction of antimicrobial peptide genes
after infection by various classes of microorganisms. Proc. Natl
Acad. Sci. USA 94:14614.

Medzhitov, R., Preston-Hurlburt, P. and Janeway, C. A., Jr. 1997.
A human homologue of the Drosophila Toll protein signals
activation of adaptive immunity. Nature 388:394.

Rock, F. L., Hardiman, G., Timans, J. C., Kastelein, R. A. and
Bazan, J. F. 1998. A family of human receptors structurally related
to Drosophila Toll. Proc. Natl Acad. Sci. USA 95:588.

Takeuchi, O., Kawai, T., Sanjo, H., Copeland, N. G., Gilbert, D.
J., Jenkins, N. A., Takeda, K. and Akira, S. 1999. TLR6: a novel
member of an expanding Toll-like receptor family. Gene 231:59.
Yang, R. B., Mark, M. R., Gray, A., Huang, A., Xie, M. H., Zhang,
M., Goddard, A., Wood, W. |., Gurney, A. L. and Godowski, P. J.
1998. Toll-like receptor-2 mediates lipopolysaccharide-induced
cellular signalling. Nature 395:284.

Kirschning, C. J., Wesche, H., Merrill Ayres, T. and Rothe, M. 1998.
Human toll-like receptor 2 confers responsiveness to bacterial
lipopolysaccharide. J. Exp. Med. 188:2091.

Poltorak, A., He, X., Smirnova, |., Liu, M. Y., Huffel, C. V., Du, X.,
Birdwell, D., Alejos, E., Silva, M., Galanos, C., Freudenberg, M.,
Ricciardi-Castagnoali, P., Layton, B. and Beutler, B. 1998. Defective
LPS signaling in C3H/Hed and C57BL/10ScCr mice: mutations in
Tlr4 gene. Science 282:2085.

Qureshi, S. T., Lariviere, L., Leveque, G., Clermont, S., Moore, K.
J., Gros, P. and Malo, D. 1999. Endotoxin-tolerant mice have
mutations in Toll-like receptor 4 (Tir4). J. Exp. Med. 189:615.
Hoshino, K., Takeuchi, O., Kawai, T., Sanjo, H., Ogawa, T., Takeda,
Y., Takeda, K. and Akira, S. 1999. Toll-like receptor 4 (TLR4)-
deficient mice are hyporesponsive to lipopolysaccharide:
evidence for TLR4 as the Lps gene product. J. Immunol. 162:3749.
Muzio, M., Ni, J., Feng, P. and Dixit, V. M. 1997. IRAK (Pelle)
family member IRAK-2 and MyD88 as proximal mediators of IL-
1 signaling. Science 278:1612.

Role of MyD88 for the response to bacterial components 117

16

17

18

19

20

21

22

23

24

25

26

27

28

30

31

Wesche, H., Henzel, W. J., Shillinglaw, W., Li, S. and Cao, Z.
1997. MyD88: an adapter that recruits IRAK to the IL-1 receptor
complex. Immunity 7:837.

Adachi, O., Kawai, T., Takeda, K., Matsumoto, M., Tsutsui, H.,
Sakagami, M., Nakanishi, K. and Akira, S. 1998. Targeted
disruption of the MyD88 gene results in loss of IL-1- and IL- 18-
mediated function. Immunity 9:143.

Muzio, M., Natoli, G., Saccani, S., Levrero, M. and Mantovani, A.
1998. The human toll signaling pathway: divergence of nuclear
factor kappaB and JNK/SAPK activation upstream of tumor
necrosis factor receptor-associated factor 6 (TRAF6). J. Exp.
Med. 187:2097.

Medzhitov, R., Preston-Hurlburt, P., Kopp, E., Stadlen, A., Chen,
C., Ghosh, S. and Janeway, C. A., Jr. 1998. MyD88 is an adaptor
protein in the hToll/IL-1 receptor family signaling pathways. Mol.
Cell 2:253.

Kawai, T., Adachi, O., Ogawa, T., Takeda, K. and Akira, S.
1999. Unresponsiveness of MyD88-deficient mice to endotoxin.
Immunity 11:115.

Schwandner, R., Dziarski, R., Wesche, H., Rothe, M. and
Kirschning, C. J. 1999. Peptidoglycan- and lipoteichoic acid-
induced cell activation is mediated by toll-like receptor 2. J. Biol.
Chem. 274:17406.

Yoshimura, A., Lien, E., Ingalls, R. R., Tuomanen, E., Dziarski, R.
and Golenbock, D. 1999. Recognition of Gram-positive bacterial
cell wall components by the innate immune system occurs via
Toll-like receptor 2. J. Immunol. 163:1.

Brightbill, H. D., Libraty, D. H., Krutzik, S. R., Yang, R. B., Belisle,
J. T., Bleharski, J. R., Maitland, M., Norgard, M. V., Plevy, S. E,,
Smale, S. T, Brennan, P. J., Bloom, B. R., Godowski, P. J. and
Modlin, R. L. 1999. Host defense mechanisms triggered by
microbial lipoproteins through toll-like receptors. Science 285:732.
Aliprantis, A. O., Yang, R. B., Mark, M. R., Suggett, S., Devaux,
B., Radolf, J. D., Klimpel, G. R., Godowski, P. and Zychlinsky, A.
1999. Cell activation and apoptosis by bacterial lipoproteins
through toll- like receptor-2. Science 285:736.

Ogawa, T. 1993. Chemical structure of lipid A from 271
Porphyromonas (Bacteroides) gingivalis lipopolysaccharide.
FEBS Lett. 332:197.

Pugin, J., Heumann, I. D., Tomasz, A., Kravchenko, V. V,
Akamatsu, Y., Nishijima, M., Glauser, M. P., Tobias, P. S. and
Ulevitch, R. J. 1994. CD14 is a pattern recognition receptor.
Immunity 1:509.

Barnes, P. F., Chatterjee, D., Abrams, J. S., Lu, S., Wang, E.,
Yamamura, M., Brennan, P. J. and Modlin, R. L. 1992. Cyto-
kine production induced by Mycobacterium tuberculosis
lipoarabinomannan. Relationship to chemical structure.
J. Immunol. 149:541.

Rietschel, E. T., Kirikae, T., Schade, F. U., Mamat, U., Schmidt,
G., Loppnow, H., Ulmer, A. J., Zahringer, U., Seydel, U., Di Padova,
F., et al. 1994. Bacterial endotoxin: molecular relationships of
structure to activity and function. FASEB J. 8:217.

Saito-Taki, T., Tanabe, M. J., Mochizuki, H., Nakano, M., Tsujimoto,
M., Kotani, S., Yokogawa, K. and Kawata, S. 1980. Mitogenicity
of cell wall preparations of gram-positive bacteria on cultured
spleen cells obtained from immunologically abnormal C3H/HeJ
and CBA/N-defect mice. Microbiol. Immunol. 24:249.

Ogawa, T., Kotani, S., Fukuda, K., Tsukamoto, Y., Mori, M.,
Kusumoto, S. and Shiba, T. 1982. Stimulation of migration of
human monocytes by bacterial cell walls and muramyl peptides.
Infect. Immun. 38:817.



