INFECTION AND IMMUNITY, Aug. 2002, p. 4092-4098
0019-9567/02/$04.00+0 DOI: 10.1128/IAI.70.8.4092-4098.2002

Vol. 70, No. 8

Copyright © 2002, American Society for Microbiology. All Rights Reserved.

Modification of the Structure and Activity of Lipid A in Yersinia pestis
Lipopolysaccharide by Growth Temperature

Kazuyoshi Kawahara,'* Hiroko Tsukano,” Haruo Watanabe,” Buko Lindner,?
and Motohiro Matsuura®*

Department of Bacteriology, The Kitasato Institute, Tokyo 108-8642", Department of Bacteriology, National Institute of Infectious
Diseases, Tokyo 162-8640, and Department of Microbiology, Jichi Medical School, Tochigi 329-0498,* Japan, and Division of
Biophysics, Research Center Borstel, D-23845 Borstel, Germany®

Received 11 February 2002/Returned for modification 9 April 2002/Accepted 2 May 2002

Yersinia pestis strain Yreka was grown at 27 or 37°C, and the lipid A structures (lipid A-27°C and lipid
A-37°C) of the respective lipopolysaccharides (LPS) were investigated by matrix-assisted laser desorption
ionization-time-of-flight (MALDI-TOF) mass spectrometry. Lipid A-27°C consisted of a mixture of tri-acyl,
tetra-acyl, penta-acyl, and hexa-acyl lipid A’s, of which tetra-acyl lipid A was most abundant. Lipid A-37°C
consisted predominantly of tri- and tetra-acylated molecules, with only small amounts of penta-acyl lipid A; no
hexa-acyl lipid A was detected. Furthermore, the amount of 4-amino-arabinose was substantially higher in lipid
A-27°C than in lipid A-37°C. By use of mouse and human macrophage cell lines, the biological activities of the
LPS and lipid A preparations were measured via their abilities to induce production of tumor necrosis factor
alpha (TNF-«). In both cell lines the LPS and the lipid A from bacteria grown at 27°C were stronger inducers
of TNF-a than those from bacteria grown at 37°C. However, the difference in activity was more prominent in
human macrophage cells. These results suggest that in order to reduce the activation of human macrophages,
it may be more advantageous for Y. pestis to produce less-acylated lipid A at 37°C.

Yersinia pestis was isolated as a causative agent of plague in
Hong-Kong in 1894 independently by A. Yersin and S. Kita-
sato (3). Since then, this highly pathogenic bacterium has been
investigated, and many virulence factors have been identified,
including fraction 1 antigen, murine toxin, Yop proteins, pH 6
antigen, and iron acquisition systems (5, 28). Lipopolysaccha-
ride (LPS) has also been studied for many decades as one of
the virulence factors of Y. pestis, and its composition and en-
dotoxic activity have been examined in earlier studies (1, 40,
41). By use of modern analytical methods, the LPS of Y. pestis
was proven to be a rough type LPS without O-antigenic poly-
saccharide (7, 8, 25, 29, 30, 35) that contains 3-hydroxy-myristic
acid (3-OH-C,,.,) as a main fatty acid in the lipid A portion.
However, there was a discrepancy in the amounts of the non-
hydroxy-fatty acids found. Hartley et al. reported that nearly
90% of fatty acids in the lipid A of Y. pestis strain 195/R (a
virulent strain) consisted of 3-OH-C,,., (14). On the other
hand, considerable amounts of lauric acid (C,5.,), palmitic acid
(Ci6:0)> and palmitoleic acid (C,4.,) were detected in the lipid
A of Y. pestis strain EV40 (an avirulent strain) (4, 39). Using
the same strain, Aussel et al. (2) proposed a hexa-acylated lipid
A structure (four molecules of 3-OH-C,,.,, one of C,,.,, and
one of C,4.q). In our preliminary experiment we isolated the
lipid A from Y. pestis strain Yreka (virulent strain) grown at
37°C and found that it contained 3-OH-C,,., and only trace
amounts of other fatty acids. A possible explanation of the
controversy on fatty acids may be differences in strains or
culture conditions.
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Darveau et al. (8) reported that the molecular size of the
LPS from Y. pestis strain EV76 changed slightly when the
growth temperature was shifted from 26 to 37°C. Modification
of the antigenicity by growth temperature was also reported by
another group (13). It was previously reported that the amount
of C,.; in the lipid A of Escherichia coli increased when it was
grown at lower temperatures (38). The palmitoleoyl trans-
ferase that functions at low temperatures was identified, and its
character was studied (6). Since C,4.; was also present in the
lipid A of Y. pestis (2, 4, 39), we assumed that a similar phe-
nomenon could occur in this bacterium. Furthermore, it was
proved by several groups (15, 32, 36) using synthetic lipid A
compounds that the amounts, kinds, and linkages of fatty acids
in lipid A influenced its biological activity. Therefore, if the
composition and the structure of fatty acids in lipid A are
modified, the biological activity may also be changed. This
possibility attracted our interest in relation to pathogenicity.

In this study modification of the structure and activity of Y.
pestis lipid A by growth temperature was investigated, and the
possible association of such modification with the pathogenesis
of Y. pestis is discussed.

MATERIALS AND METHODS

Bacterial strain and culture condition. Y. pestis strain Yreka (a virulent strain;
National Institute of Infectious Diseases, Tokyo, Japan) was cultured on brain
heart infusion agar (Difco Laboratories, Detroit, Mich.) at 27 or 37°C for 48 h.
Bacterial cells were suspended in saline (30 mg [wet weight]/ml) and heated at
90°C for 30 min for killing.

Extraction of LPS and preparation of lipid A. Killed bacterial cells were
washed with distilled water, ethanol, acetone, and diethyl ether to prepare dry
cells. LPS was extracted from the dry cells by a conventional phenol-water
method (42), and the aqueous phase was dialyzed extensively to remove phenol
and then lyophilized. The crude LPS preparation was treated with nucleases and
proteases as described previously (34) and was purified by repeated ultracentrif-
ugation. The LPS in the precipitate from centrifugation was further purified by
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FIG. 1. SDS-PAGE of LPS from Y. pestis strain Yreka grown at 27
and 37°C. Lane 1, Salmonella serovar Abortus-equi (1 ng); lane 2,
Salmonella serovar Minnesota R60 (0.2 pg); lane 3, Salmonella serovar
Minnesota R595 (0.2 pg); lane 4, Y. pestis grown at 27°C (0.2 pg); lane
5, Y. pestis grown at 37°C (0.2 pg).

extraction with 45% phenol plus triethylamine and sodium deoxycholate (23) and
was used for the macrophage stimulation assay. In order to release lipid A, the
purified LPS was hydrolyzed in 0.1 M sodium acetate buffer (pH 4.4) at 100°C for
2 h. The hydrolysate was dialyzed, and the retentate was ultracentrifuged to
obtain lipid A in the precipitate.

SDS-PAGE. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) was performed by using a 4 to 20% gradient gel (Tefco, Tokyo, Japan)
with the buffer system of Laemmli (20). The gel was oxidized with periodate and
silver stained as described by Tsai and Frasch (37). LPS samples from Salmonella
enterica were used as references. Smooth type LPS of Salmonella enterica serovar
Abortus-equi, kindly donated by C. Galanos (Max-Planck-Institut fiir Immunbi-
ologie, Freiburg, Germany), was purified as described elsewhere (11). Ra type
LPS of Salmonella enterica serovar Minnesota R60 was prepared by phenol-
chloroform-petroleum ether extraction (10). Re type LPS of Salmonella serovar
Minnesota R595 was purchased from Sigma Chemical Co. (St. Louis, Mo.).

Chemical analysis. Neutral sugars were determined by gas-liquid chromatog-
raphy (GLC) in the form of alditol acetate after they were released from LPS by
hydrolysis in 0.1 M HCI (at 100°C for 48 h). p-Glucosamine (GIcN) was deter-
mined by the same method used for neutral sugars after it was released by
hydrolysis in 4 M HCI (at 100°C for 16 h). Fatty acids were determined by GLC
in the methyl ester derivatives after hydrolysis in 4 M HCI (at 100°C for 5 h). For
GLC analysis, a GC-14A chromatograph equipped with a 25-m CBP1 capillary
column (both from Shimadzu, Kyoto, Japan) was used. Sugar derivatives were
analyzed by a temperature program of 170°C for 2 min raised to 270°C by
5°C/min, and fatty acid methyl esters were analyzed by a program of 150°C for 2
min raised to 230°C by 5°C/min. 3-Deoxy-D-manno-oct-2-ulosonic acid (Kdo)
and phosphorus were determined colorimetrically as described previously (17).

Mass spectrometry. Lipid A preparations were analyzed by matrix-assisted
laser desorption ionization-time-of-flight (MALDI-TOF) mass spectrometry
with a Bruker-Reflex III (Bruker-Franzen Analytik, Bremen, Germany) in a
linear TOF configuration at an acceleration voltage of 20 kV. Details of the
applied methods have been described elsewhere (21). In general, the compounds
were dissolved in distilled water at a concentration of 10 wg/pl and treated with
an ion exchanger (Amberlite IR-120; Merck, Darmstadt, Germany) to remove
disturbing cations. A 1-ul aliquot of the sample was then mixed with 0.5 M
2,5-dihydroxybenzoic acid (Aldrich, Milwaukee, Wis.) in methanol, and 0.5-pl
aliquots were deposited on a metallic sample holder. Mass scale calibration was
performed externally with similar compounds of known chemical structure.

Cell culture. The murine macrophage cell line RAW 264.7 (American Type
Culture Collection, Manassas, Va.) and the human macrophage cell line U937
(Japanese Cancer Research Resources Bank, Tokyo, Japan) were used for in-
duction of tumor necrosis factor alpha (TNF-a) upon stimulation with LPS or
lipid A as reported previously (9, 24). For culture of cells, RPMI 1640 medium
(Flow Laboratories, Inc., Rockville, Md.) supplemented with 10 mM HEPES, 2
mM L-glutamine, 100 U of penicillin per ml, 100 pg of streptomycin per ml, and
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0.2% NaHCOj; was used as the basic medium, and heat-inactivated fetal calf
serum (FCS; Flow Laboratories) was added at a concentration of 5 or 10% (5 or
10% FCS-RPMI medium). RAW 264.7 cells were suspended in 5% FCS-RPMI
medium at 10° cells per ml. These cell suspensions were dispensed (0.5 ml) to
each well of a 48-well culture plate and cultured for 2 h. The cells in each well
were washed three times with 0.5 ml of Hanks” balanced salt solution (Flow
Laboratories), and adherent cells were cultured with 5% FCS-RPMI medium in
the presence of test samples (0.5 ml/well). The culture supernatant obtained at
24 h after stimulation was assayed for TNF-« activity. U937 cells were prepared
for experiments by adding phorbol myristate acetate at a final concentration of
30 ng per ml in 10% FCS-RPMI medium (2 X 10° cells/ml) and culturing cells
for 3 days on a 48-well culture plate (0.5 ml/well) to induce differentiation into
macrophage-like cells. Cells were washed once with 10% FCS-RPMI medium
(0.5 ml/well), and adherent cells were cultured with 10% FCS-RPMI medium in
the presence of test samples (0.5 ml/well). The culture supernatant obtained at
4 h after stimulation was assayed for TNF-a activity.

TNF-a assay. TNF-a was determined by a cytotoxic assay with L-929 cells (33).
Briefly, 1929 cells were cultured with 5% FCS-RPMI medium in a 96-well
flat-bottom culture plate for 3 h, and actinomycin D (Sigma Chemical Co.) was
added to a final concentration of 1 pg/ml with serial dilution of test samples.
Viable cells in the overnight culture were stained with crystal violet, and absor-
bance of the blue color extracted with 30% acetic acid was measured at 540 nm.
TNF-a activity was calculated from the dilution factor of test samples necessary
for 50% cell lysis, with correction by an internal standard of recombinant human
TNF-a in each assay, and was expressed in units per milliliter.

RESULTS

Analysis of LPS and lipid A preparations from cells grown
at 27 and 37°C. LPSs from cells grown at 27°C (LPS-27°C) and
from cells grown at 37°C (LPS-37°C) were first analyzed by
SDS-PAGE. As shown in Fig. 1, both LPSs showed condensed
single bands, and they migrated as fast as the major band of
Salmonella serovar Minnesota R60 (Ra) LPS and slightly more
slowly than that of Salmonella serovar Minnesota R595 (Re)
LPS. This result clearly indicates that these LPSs are rough
type LPSs without O-antigenic polysaccharides, a fact which
agrees with previous reports of other groups (7, 8, 25, 29, 30).
Between LPS-27°C and LPS-37°C a small but reproducible
difference in migration was observed (Fig. 1, lanes 4 and 5).
LPS-37°C migrated slightly faster than LPS-27°C, suggesting
that LPS-37°C contained smaller molecules than LPS-27°C.

The chemical compositions of LPS and lipid A preparations
from cells grown at both temperatures are shown in Table 1.

TABLE 1. Chemical compositions of LPS and lipid A of Y. pestis
strain Yreka

Concn® (pmol/mg) in:

Component” Crude LPS Lipid A

27°C 37°C 27°C 37°C
Glc 0.36 0.21 0.15 0.06
Gal 0.11 0.02 0.04 —
D,D-Hep 0.12 0.13 0.04 0.03
L,D-Hep 0.57 0.48 0.20 0.09
Kdo 0.12 0.33 e e
GIcN 0.72 0.65 0.87 0.70
Phosphorus 0.64 0.80 0.75 0.99
Ciso 0.06 0.02 0.04 0.03
Cioa 0.02 — 0.02 —
Cis0 0.01 0.01 — 0.01
3-OH-C, 4, 0.44 0.56 1.35 1.46

“ Arad4N was not determined in this experiment, Glc, p-glucose; Gal, p-galac-
tose; D,D-Hep, D-glycero-p-manno-heptose; L,D-Hep, L-glycero-pD-manno-heptose.
> less than 0.01 wmol/mg.
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FIG. 2. MALDI-TOF mass spectra of lipid A from Y. pestis strain Yreka grown at 27°C. (Top) Negative-ion mode. (Bottom) Positive-ion

mode.

Although no clear difference was found in the amounts of
carbohydrate components, the composition of fatty acids was
different between LPS-27°C and LPS-37°C, and between lipid
A prepared from cells grown at 27°C (lipid A-27°C) and that
from cells grown at 37°C (lipid A-37°C). In LPS-27°C and lipid
A-27°C, Cy4.; was present and the amount of C ,,., was some-
what higher than in LPS-37°C and lipid A-37°C. These results
indicate that at the low growth temperature (27°C), Y. pestis
produces lipid A with higher amounts of nonhydroxy-fatty ac-
ids, i.e., C;,.o and Cyq.;-

Analysis of lipid A by MALDI-TOF mass spectrometry.

Lipid A-27°C and lipid A-37°C were analyzed by MALDI-TOF
mass spectrometry to confirm the change in fatty acid content
found in compositional analysis. The mass spectrum of the
negative-ion mode for lipid A-27°C (Fig. 2) showed prominent
mass peaks of tri-acyl, tetra-acyl, penta-acyl. and hexa-acyl
lipid A, each of which was accompanied by peaks with one and,
to a far lower extent, with two additional 4-amino-arabinose
(Ara4N) molecules (mass difference, +131) or without one
phosphate molecule (mass difference, —80). Among these, the
peaks corresponding to tetra-acylated lipid A were the most
abundant. Additionally, fragment ions were detected at m/z
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FIG. 3. MALDI-TOF mass spectra of lipid A from Y. pestis strain
mode.

630, 710, and 842. These ions originated from the reducing
GlcN of the lipid A carrying two 3-OH-C, ., molecules with or
without Ara4N and phosphate. In the positive-ion mass spec-
trum (Fig. 2), oxonium ion peaks of m/z 694 (O1), 876 (O2),
and 1112 (O3) were observed; these were formed from the
nonreducing GlcN of the lipid A carrying one phosphate and
two 3-OH-C,,., molecules (O1), one phosphate, two 3-OH-
C,4.0, and one C,,., molecule (O2), and one phosphate, two
3-OH-C, .4, one C,5,, and one C,q.; molecule (O3). These
data indicate that the structure of hexa-acylated lipid A, com-
posed of a reducing GIcN carrying two 3-OH-C, ,., molecules
and a nonreducing GIcN carrying the four acyl groups men-
tioned above, is identical to that proposed by Aussel et al. (2),

Yreka grown at 37°C. (Top) Negative-ion mode. (Bottom) Positive-ion

but this fully acylated molecule was only a minor component in
our lipid A preparation.

Lipid A-37°C gave the mass spectra shown in Fig. 3. The
negative-ion mass spectrum showed prominent mass peaks of
tri-acyl and tetra-acyl lipid A, but the peak of penta-acyl lipid
A was very small, and no peak was detected for hexa-acyl lipid
A. Each mass peak was accompanied by peaks of molecules
with one Ara4N or without phosphate as in lipid A-27°C, but
the peaks of molecules with one Ara4N of less intensity, indi-
cating that the Ara4N content in lipid A-37°C was lower than
that in lipid A-27°C. In the positive-ion mass spectrum, a large
peak of oxonium ion O1 (m/z 694), carrying one phosphate and
two 3-OH-C,,., molecules, and a relatively small peak of ion
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FIG. 4. Structural modification of Y. pestis lipid A by growth temperature. In this figure the structure of the lipid A backbone is shown in analogy
to other published structures (2, 39), although it was not precisely determined in this study. The positions of C,¢.; and C,,., may be interchanged.
The second Ara4N detected by MALDI-TOF mass spectrometry as a minor component is not shown here.

02 (m/z 876), carrying one phosphate, two 3-OH-C,,.,, and
one C,,., molecule, were observed. These results agree with
those obtained from the negative-ion spectrum, indicating that
hexa-acylated lipid A is absent in lipid A-37°C.

Summarizing the data obtained by MALDI-TOF mass spec-
trometric analysis, structural modification of the lipid A by
growth temperature is shown schematically in Fig. 4. When the
growth temperature of Y. pestis was shifted from 27 to 37°C,
the amounts of nonhydroxy-fatty acids (C,,., and C,4.,) and

Ara4N in lipid A were reduced. The amount of 3-OH-C, ,., was
also reduced, increasing the amount of tri-acylated lipid A.
TNF-inducing activities of LPS and lipid A preparations.
The macrophage-stimulating activities of the LPS and lipid A
preparations were measured as TNF-inducing activity in mu-
rine and human macrophages. When RAW 267.4 murine mac-
rophages were used, lipid A-27°C and LPS-27°C exhibited ac-
tivities comparable to those of the synthetic lipid A 506
(Daiichi Kagaku Co., Tokyo, Japan) and S. enterica LPS, re-
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FIG. 5. TNF-inducing activities of lipid A and LPS from Y. pestis strain Yreka in RAW 264.7 murine macrophages. (A) RAW 264.7 cells were
cultured in the presence of the indicated concentrations of synthetic lipid A 506 (&), Y. pestis lipid A grown at 27°C (O), or Y. pestis lipid A grown
at 37°C (@). (B) RAW 264.7 cells were cultured in the presence of the indicated concentrations of Salmonella serovar Abortus-equi LPS (A), LPS
of Y. pestis grown at 27°C ((J), and LPS of Y. pestis grown at 37°C (@). Culture supernatants obtained at 24 h were assayed for determination of
TNF-a activity. Data are means = standard errors of the means from triplicate samples. Results of one experiment representative of three

independent experiments are shown.
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FIG. 6. TNF-inducing activities of lipid A and LPS of Y. pestis strain Yreka in U937 human macrophages. U937 cells were cultured in the
presence of the indicated concentrations of lipid A’s (A) or LPSs (B). Symbols in panels A and B are as explained for the corresponding panels
of Fig. 5. Culture supernatants were obtained at 4 h and assayed for TNF-« activity. Data are means * standard errors of the means from triplicate
samples. Results of one experiment representative of three independent experiments are shown.

spectively (Fig. 5), while lipid A-37°C and LPS-37°C showed
weaker activities. The activity of LPS-37°C was approximately
1/10 that of LPS-27°C, judging from the dose responses.

In a subsequent experiment, TNF-inducing activity in U937
human macrophages was measured. In U937 cells the activities
of lipid A-27°C and LPS-27°C were somewhat weaker than
those of synthetic lipid A and S. enterica LPS, respectively, as
shown in Fig. 6, and the activities of lipid A-37°C and LPS-
37°C were much weaker. The amount of LPS-37°C required to
induce 100 U of TNF-a/ml was about 100 times greater than
that of LPS-27°C (Fig. 6).

These results indicate that LPS-37°C is a weaker stimulant of
macrophages than LPS-27°C and that this difference in activity is
more marked in human macrophages than in murine macro-
phages.

DISCUSSION

Although the basic structure of lipid A is common among
bacteria belonging to the family Enterobacteriaceae, variations
of fatty acids are present in each genus or species. The most
common lipid A structure, that of E. coli was investigated and
finally established by chemical synthesis, and it is considered to
be highly active toward the mammalian immune system (15, 32,
36). It contains four 3-OH-C |,.,, one myristic acid (C,,.,), and
one C,,., molecule, and two nonhydroxy-fatty acids bind to the
hydroxyl group of 3-OH-C, ,,, in the nonreducing GIcN mole-
cule to form an acyloxyacyl structure. While some genera in
Enterobacteriaceae that are taxonomically close to E. coli, e.g.,
Salmonella and Shigella, have lipid A structures similar to that
of E. coli, other genera in this family have lipid A structures
that differ from that of E. coli in number and linkage of fatty
acids. For Yersinia, Aussel et al. (2) recently studied the lipid A
structures of various species including Y. pestis. They presented
the fully acylated structure of lipid A as a major molecule, but

in other studies Yersinia was reported to have less-acylated
lipid A (19, 26). In our preliminary experiments we found that
Y. pestis strain Yreka (a virulent strain) produced a lipid A
containing 3-OH-C, .., as the only fatty acid component when
grown at 37°C. Controversial results were reported by other
groups using the avirulent strain EV40 grown at 28°C (4, 39).
In this study, to clarify this discrepancy, we analyzed the lipid
A from cells grown at 27°C or 37°C by MALDI-TOF mass
spectrometry, and we found that at the low growth tempera-
ture (27°C) Y. pestis produced a lipid A containing larger
amounts of Cy4.; and C,,., than the lipid A produced at the
high growth temperature (37°C), as shown in Fig. 4. Addition-
ally, the amount of Ara4N was also greater in LPS-27°C. These
compositional differences were also observed by SDS-PAGE
analysis (Fig. 1), as a slight difference in the mobility and width
of LPS bands.

For E. coli, it was found that acyltransferase encoded on the
IpxP gene transfers C,4., to the intermediate of lipid A biosyn-
thesis at a low temperature (6). A similar thermoregulation
mechanism may also be present in acyltransferases in the bio-
synthesis of Y. pestis lipid A. This should be investigated in the
future in comparison with genes encoding E. coli acyltrans-
ferases by using the genomic sequence data of Y. pestis (27).

The proposed structure of lipid A-37°C shown in Fig. 4 is
similar to that of the lipid A biosynthesis intermediate lipid
IV 4 (precursor Ia) (31) or synthetic compound 406 (16). Lipid
IV 4 has been reported to act as an LPS agonist to murine cells
but to behave as an antagonist to human cells (12, 18, 22).
From this structure and the reported data, we expected, and
proved in this study, that lipid A-37°C or LPS-37°C, in com-
parison with lipid A-27°C or LPS-27°C, would exhibit weaker
TNF-inducing activity in murine macrophages, and much
weaker activity in human macrophages.

It is extremely interesting that Y. pestis produces lipid A with
reduced biological activity at 37°C, i.e., the body temperature
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of humans and other host animals. This phenomenon may be
related to the infectious ability of Y. pestis. When this pathogen
is injected into mammalian tissue through a flea bite, the en-
vironmental temperature for the pathogen shifts up to 37°C,
giving a signal to modify the lipid A structure. The modified
structure of lipid A will then stimulate the host immune system
less actively. This reduction in activity may be more prominent
in the human immune system than in the mouse system and
may be of great advantage to Y. pestis, enabling the organism to
succeed in infection by escaping from the host defense systems.
In order to elucidate the complete mechanism of lipid A mod-
ification and its effects on the host immune system during
infection by and proliferation of Y. pestis, factors other than
growth temperature, such as culture medium, pH, or oxygen
supply, should also be considered in future studies.
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