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Acyloxyacyl hydrolase (AOAH) is an enzyme that detoxifies Gram-negative
bacterial lipopolysaccharides (LPS) by selectively removing secondary acyl chains from
the lipid A moiety. Originally found in neutrophils, it is also produced by monocyte-
macrophages and renal proximal tubule cells. In the studies described here, I found that
both immature dendritic cells (DCs) of the XS52 cell line and bone marrow-derived DCs
produce AOAH. AOAH expression decreased when DCs were incubated with 1L-4, IL-
1B, TNFa and an agonistic CD40 antibody (maturation cocktail), and increased following
treatment with microbial agonists that engage 3 distinct Toll-like receptors (LPS, TLR4;
CpG oligodeoxynucleotides, TLR9; and a Gram-positive bacterium (Micrococcus luteus),

TLR2). Maturation cocktail treatment also diminished, while LPS treatment enhanced or

vil



maintained, the cells’ ability to kill E. coli, deacylate LPS, and degrade bacterial proteins.
Enzymatic deacylation of LPS is thus an intrinsic, regulated mechanism by which DCs
may modulate host responses to this potent bacterial agonist.

To study the biological functions of AOAH, AOAH-deficient mice were
generated by targeted gene disruption. AOAH did not protect mice from lethal doses of
LPS or Gram-negative bacterial challenge. In response to subcutaneous injections of
LPS, however, AOAH-deficient mice produced significantly higher levels of non-specific
(polyclonal) IgM and IgGs than did wild type mice. Anti-double-stranded DNA and anti-
nucleosome IgM and IgG antibody levels were also higher in LPS-immunized AOAH-
deficient mice than in wild type control mice. In addition, the partially-deacylated LPS
product (dLPS) induced lower polyclonal antibody responses in vivo than did mock-
treated LPS, yet the anti-LPS specific responses to dLPS and LPS were equivalent.
These results suggest that AOAH may diminish potentially harmful polyclonal antibody
responses to Gram-negative infection but maintain the protective anti-LPS specific
response. Since B cells do not produce the enzyme, my results also point to an important
role for macrophages and DCs in modulating B-cell responses to LPS antigens. In
addition, the absence of AOAH did not alter the ability of LPS to function as an adjuvant,
indicating that this activity is mechanistically distinct from stimulation of polyclonal
antibody production. Finally, the ability of a bacterial lipopeptide to stimulate
polyclonal antibody production only in AOAH -/- mice suggests that the enzyme may

also regulate immune responses to non-LPS bacterial agonists.
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CHAPTER 1. INTRODUCTION AND LITERATURE
REVIEW

A. Structure and function of Gram-negative bacterial lipopolysaccharides

1. A glimpse at LPS

Discovered more than a century ago, bacterial LPSs (endotoxins) have been the
most intensively studied Gram-negative bacterial molecules. The interest in LPSs is
mainly based on the powerful and diverse impact that they have on infected hosts. LPS
contains several well-conserved regions and is vital to the integrity of the Gram-negative
bacterial outer membrane. Animal hosts sense the presence of LPS as an alarm of
infection, and mount immune responses to eliminate invading microbes. However, when
a host is exposed to LPS excessively, uncoordinated responses may damage the host.
These unwanted reactions can include disturbance of coagulation, multiple organ failure,
septic shock and even death.

LPS resides in the outer leaflet of the outer membrane of all Gram-negative
bacteria found in natural environments (Fig. 1). One bacterial cell contains about 1-
4x10° molecules of LPS, which occupy about 75% of the bacterial surface '. LPS
comprises 3% of the total cell dry weight in rough strains used in the laboratory, such as
E. coli K-12, and more than 10% in smooth E coli isolated from clinical sources. (Rough

and smooth strains will be discussed later.)
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Figure 1. Model of the enteric bacterial membrane.

The enteric bacterial cell envelope consists of three layers: inner membrane, periplasm,
and outer membrane. The outer membrane is constructed extremely asymmetrically: the
outer leaflet is mainly composed of LPS and the rest of the surface is filled with outer
membrane proteins and enteric bacterial common antigen (not shown), whereas the inner
leaflet consists of phospholipids and bacterial lipoproteins .

2. Chemical structure of LPS

a. Chemical structure of enterobacterial LPS

Satisfactory LPS purification techniques were developed in the 1950's and 1960's.
Traditional chemical techniques, which were used to study sugar and lipid composition,

and recently NMR and mass spectrometry technology, have been applied to determine



LPS structures. For historical reasons, most of our understanding of LPSs has come from
the Enterobacteriaceae. Enterobacterial LPS consists of three regions: lipid A, core and
O-antigen. Lipid A anchors LPS to the bacterial membrane. The Core and O-antigen are

hydrophilic polysaccharides that extend outward from bacterium (Fig. 1, 2).

QOuter core Inner core

O-specific Chain Core Lipid A

Figure 2. Schematic diagram of the chemical structure of enteric bacterial LPS.

LPS contains lipid A, core and O-antigen. Highly hydrophobic lipid A inserts LPS into
the outer membrane of the Gram-negative bacterial cell envelope. Lipid A is the
endotoxic principle of LPS. The inner core, covalently linked to lipid A, contains
unusual sugars, KDO and Hep. The distal outer core is mainly composed of common
sugars such as hexoses and hexosamines. The O-antigen, which extends further from the
bacterial surface, consists of polymer of repeating saccharide units °.

Lipid A

In the 1950s, Luderitz and Westphal prepared a saccharide-free portion of LPS,
termed lipid A, by treating LPS with acid, and they proposed that lipid A is the endotoxic
center of LPS. This hypothesis was supported by the observation that Re LPS, with only
2 keto-3-deoxyoctulosonic acid (KDO) and lipid A, exhibited endotoxic activity. In 1975,

Galanos et al. showed that free lipid A was endotoxic and pyrogenic *. This result was



confirmed by Shiba et al., who synthesized lipid A and demonstrated that synthetic lipid
A had identical bioactivities to natural free lipid A *°. Lipid A has a conserved
architecture (Fig. 3A). Enterobacterial lipid A has a B-D-GlcN-(1-6)-a-D-GlcN
disaccharide backbone carrying two phosphoryl groups, at position 1 (position 1 of the
reducing glucosamine residue, GIcN I) and position 4’ (position 4 of the non-reducing
glucosamine, GIcN II). Four molecules of 3-hydroxytetradecanoate (3-OH-14:0) attach
directly to this backbone at positions 2 and 3 as well positions 2’ and 3’ by ester or amide
linkage. The hydroxyl groups of two of the 3-OH-14:0 residues (at position 2’ and 3’)
are substituted with secondary acyl chains (laurate, myristate) to form acyloxyacyl groups.
An acyloxyacyl group is sometimes also found at position 2, with palmitate as the

secondary acyl chain.



B
HO
5 HO E o \
5 _—0 i
Glon oH 2
o 2 do Zwn g 0 1 ¢ o
o o | C‘—FI'—D—II’—UH
o ok oH OH  O(CH,)NH,
OH
C,,OH
COH COH
C, 0N
Wl / C0H X
Cra CLOH COH b2 coom ¢

Figure 3. The chemical structure of lipid A moiety of E. coli LPS (A) and N.
meningitidis LOS (B).

Lipid A consists of a glucosamine disaccharide backbone which carries two substituted
phosphate groups. Primary fatty acyl chains (3-OH fatty acids) link directly to hydroxyl
and amino groups on the backbone. Secondary fatty acyl chains (usually non-
hydroxylated fatty acids) attach to primary fatty acyl chains by forming acyloxyacyl
groups. The structure of N. meningitidis LOS lipid A (B) differs from that of E. coli LPS
lipid A (A) mainly in acylation pattern ([3+3] versus [4+2]) and the length of the fatty
acids (average of 12:0 versus 14:0).

Core

The core region of enterobacterial LPS consists of 10-12 sugars which can be
subdivided into an inner and an outer portion. The inner core is covalently bound to lipid
A, usually through KDO. The outer core is composed of neutral or amino hexoses, such
as D-glucose, D-galactose, D-glucosamine, D-galactosamine or of N-acetyl derivatives.
The saccharide residues of both inner and outer core can be decorated with negatively-
charged groups like phosphate or pyrophosphate, which may interact with Ca’+ and
Mg+ ions that are required for normal membrane structure and function '. The core is

structurally rather uniform, with a little diversity primarily being found in the outer core



region. Five different core-types have been found for all E. coli serotypes (R1-R4, K12),

and only one for all Sa/monella serotypes.

O-antigen

The O-antigen, or O-specific chain, covalently attaches to the outer core. The O-
antigen is a long-chain polysaccharide comprised of repeating units of one to eight sugars.
The structure of the repeating units (saccharide constituents, sequence, ring form, and
type of chemical linkage, substitution) exhibits enormous variability among strains, and
confers serotype specificity on a species or strain of bacteria. Compared to the relatively
conserved core structure, more than 160 O-antigens have been identified for E. coli. An
O-antigen may contain up to 50 or more units, and the number of O-antigen repeating
units is heterogeneous in a single bacterial culture ’ and even on a single organism. This
gives rise to the ladder pattern of molecular weights when LPS is visualized by SDS

polyacrylamide gel electrophoresis (SDS-PAGE).

Smooth versus rough LPS

Wild-type enterobacteria with an O-antigen are called “smooth” because of the
morphology of their colonies. The hydrophilic O-antigen renders enteric bacteria
resistant to solubilization by intestinal enzymes and the lipids in bile. The O-antigen also
protects bacteria from phagocytosis, the fusion of phagosomes containing bacteria with
lysosomes * and the attack of complement ° so that it is important for bacterial survival in
vivo. Enterobacterial strains that lack LPS O-antigen are termed “rough”, and their LPSs

are denoted as Ra, Rb, Rc, Rd, Re, in the order of decreasing core length. For example,



Ra LPS contains lipid A and a complete core but no O-antigen, while Re LPS is
composed of lipid A and two or three molecules of KDO. Re LPS appears to be the
minimum requirement to maintain the integrity of the enterobacterial outer membrane '°.
Although rough mutants are viable in vitro, they are not pathogenic to animals since

without O-antigen, they cannot persist and survive in tissues or body fluids.

b. Chemical structure of non-enterobacterial LOS

The chemical structures of LPSs from Gram-negative bacteria that colonize
respiratory and urogenital mucosal surfaces have also been studied, such as Haemophilus

. s 11
influenzae, N. meningitidis, and N. gonorrhoeae .

They are different from enteric
bacterial LPS in several aspects 2. First, like rough mutants of enterobacteria, they lack
O-antigens, and they express only short (about 10 sugar residues), non-repeating
oligosaccharides attached to lipid A. For this reason, their LPSs are termed
lipooligosaccharides (LOSs).  Without O-antigen, non-enterobacteria have developed
strategies to escape host defenses; for example, the attachment of N-acetyl neuraminic
acid to the outer core region protects the genus Neisseria from the bactericidal activity in
serum”. It has been hypothesized that this allows Neisseria to evade host immune
responses by mimicking NeuSNac-carrying host antigens. Second, the lipid A structure
of LOS is different from that of enteric bacterial LPS (Fig. 3). For enteric bacterial LPS,
the acylation pattern is asymmetric [4+2], i.e., both of the acyloxyacyl groups are at the
non-reducing GlcN-residue (GIcN II) whereas none is on the reducing sugar (GIcN I). In

contrast, a symmetrical fatty acid distribution [3+3] was found in mucosal bacteria like

Neisseria meningitidis. GIcN 1 and GIcN II each carries three fatty acids with one



acyloxyacyl group. Third, N. meningitidis LOSs have shorter fatty acyl chains, with an
average of 12 carbon atoms, while E. coli LPSs have fatty acids varying from 12 to 16
carbon atoms. Although LPS is essential for viability of enterobacteria, LOS is not
indispensable for N. meningitidis. It has been shown that a N. meningitidis mutant strain
devoid of LOS is viable, and its outer membrane is not visibly altered in spite of its slow

growth rate'*.

3. Physical structure of LPS (LPS in bacterial outer membrane)

Many studies on LPS have been done with purified LPS. LPS molecules, like
other amphiphilic molecules, will aggregate into larger supra-molecular structures above
the critical micellar concentration (CMC). Below the CMC, or in the presence of
chelators like EDTA, LPS is present as monomers. However, neither of these
preparations represents natural LPS. In the native bacterial outer membrane, or in
released bacterial debris, LPS is tightly associated with some of the outer membrane
proteins, such as Braun’s lipoprotein, outer membrane protein A and peptidoglycan-
associated lipoprotein '°. Some of the outer membrane proteins (TLR2 agonists, see
below) are also bioactive and they can synergize with LPS to induce biological responses
16:17 ~ Correspondingly, Katz et al. have shown that LPS, when presented as purified agent,

. . . . 1
or as a component in bacterial outer membrane, induces different host responses '*.



4. Bioactivities of LPS

a. Recognition of LPS by animal cells

The interaction of LPS with animal cells has been studied extensively in the past
few years. LPS binding protein (LBP), a plasma lipid transfer protein, delivers LPS
monomers from aggregates or bacterial membranes to CD14. CD14, mainly expressed
on mononuclear phagocytes, can bind and retain LPS on the cell surface. LBP also
transfers LPS to a soluble form of CD14, which makes CD14-negative cells (such as
endothelial cells and fibroblasts) become LPS responsive. However,
glycosylphosphatidylinositol (GPI)-anchored CDI14 itself cannot transduce the LPS
signal because it lacks transmembrane and intracytoplasmic domains with which to
facilitate intracellular signaling. In 1998, genetic analysis demonstrated that Toll-like
receptor 4 (TLR4) is a critical signal tranducer for LPS. Mice that have a missense point
mutation in TLR4 gene (C3H/Hel) or that have a chromosomal deletion in the TLR4
genomic locus (C57BL/10ScCr) are hyporesponsive to LPS '°. Examination of TLR4
null mice has confirmed the function of TLR4 as an essential component of the LPS
recognition receptor . One year later, it was found that MD-2, a secreted protein that is
retained on the cell surface through interaction with the extracellular domain of TLR4, is
also indispensable for LPS signaling *'.

The mechanisms by which the TLR4-MD2 complex recognizes LPS are still
elusive. Many studies have shown that CDI14 is not essential for LPS binding and
signaling. CD14-deficient human cells are still responsive to LPS even in serum free

medium lacking soluble CD14 *. Other LPS delivery and signal transduction pathways
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may be present. Expression of other cell surface LPS-binding protein such as CD18 and

the scavenger receptor also allows LPS signaling **°

. It seems that these LPS binding
molecules’ function is to bring LPS to the TLR4-MD2 complex, by inserting LPS either
into the cell membrane or directly into the complex. In addition, dimerization of TLR4
seems to be a critical step in LPS signaling. Chimeric constructs of TLR4/CD4 have
26,27

been shown to dimerize at their cytosolic domains and lead to cellular activation

However, it is not clear how LPS induces dimerization of TLR4.

b. Other TLRs

When an animal host encounters invasive microbes, innate immune responses
provide immediate protection. A critical role of the innate immune system is to detect
and recognize microbial invaders. Innate immune recognition of invading pathogens is
mediated by a set of germline-encoded receptors (pattern recognition receptors, PRRs)
that have evolved to recognize conserved pathogen-associated molecular patterns (PAMP)
28 Janeway et al. hypothesized that PAMPs must be not produced by the host organism;
must be conserved, invariant structures shared by various microorganisms; and must be
essential for the microbe’s survival . Although these invariant structures are called
PAMPs, they are not unique to pathogens, and are actually found in all microorganisms,
pathogenic or not. The recognition of PAMPs by mammalian cells can be attributed
mainly to TLRs, a protein family homologous to the Drosophila host defensive protein,
Toll. At least 10 TLRs have been found and the PAMP ligands for some of them have
been identified. As discussed in the preceding part, TLR4 recognizes the best

characterized PAMP, LPS. TLR2 recognizes a variety of PAMPs, such as Gram-positive
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cell wall components peptidoglycan, lipoteichoic acids and bacterial lipoproteins or
lipopeptides.  Interestingly, LPSs from Porphyromonas gingivalis and Leptospira
interrogans have both been shown to be recognized by TLR-2 instead of TLR4, since
their lipid A structure is different from that of the typical E. coli or Salmonella LPSs ***".
The reason that TLR2 can recognize such a wide variety of PAMPS is probably due to
TLR2 pairing with other TLR members such as TLR1 and TLR6 %% PAMP ligands
for TLR3, TLRS, and TLRY are double-stranded RNA, flagellin and unmethylated DNA

with the CpG motif, respectively **>°,

¢. TLR signaling pathways

TLRs contain an extracellular leucine-rich domain and a cytoplasmic Toll /
interleukin-1 receptor (TIR) domain. The TLR4 signaling pathway shows striking
similarity to that used by IL-1 receptor. Activation of TLR4 leads to recruitment of
MyD88 (myeloid differentiation factor 88), a cytoplasmic adapter protein which interacts
with the TIR domain of TLR4. MyD88 then recruits IRAK-1 (IL-1 receptor-associated
kinase-1) and activates a signaling cascade, which leads to NF-«B and AP-1 activation.
In addition, a protein called TIRAP (TIR domain-containing adapter protein) / MAL
(MyD88-adapter-like), able to interact with both TLR4 and IRAK2, can supplement
MyD88 in TLR4 signaling *’~*, which explains the observation that in MyD88 null mice,

although the cytokine response to LPS was abolished, activation of NF-«kB was retained

39
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LPS activation of TLR4 on mammalian cells triggers the production of diverse
mediators of inflammation, such as TNF-a, IL-13, IL-6, IL-8, IL-10 and IL-12,
upregulates costimulatory and MHC molecules on antigen-presenting cells to promote
antigen presentation to T cells, and enhances antibody production. An appropriate
response to LPS protects the host by destroying the invading microbes and neutralizing
their virulence factors. However, over-stimulation of cytokines, together with LPS-

induced clotting and complement cascades, may have detrimental effects on the host.

5. Structure and function of LPS

The conserved lipid A moiety is the endotoxic principle. It seems that over
millions years of evolution, the recognition of lipid A has been finely tuned. Any change
involving the constituents and structural features of lipid A may have a tremendous

impact on its bioactivity %

. The understanding of the structure-function relationships
of lipid A mainly comes from synthetic lipid A and its analogs with various modifications.
For enterobacterial LPS, full bioactivity requires the presence of a B(1-6)-linked D-GlcN
disaccharide backbone phosphorylated at positions C-1 and C-4’ and substituted with six
fatty acyl chains with two 3-acyloxyacyl groups. Structures with only one phosphate at
either C-1 or C4’ are about 100-fold less active than E. coli lipid A. GIcN
monosaccharide structures phosphorylated and acylated at various positions have much
lower bioactivity, suggesting that the disaccharide backbone is indispensable for
recognition by mammalian receptors. Alteration of the fatty acyl chains also has

dramatic effects. Subtraction, addition, or dislocation of a single acyl group reduces

activity by 100-fold. Absence of the 2 secondary fatty acyl chains totally abolishes lipid
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A activity on human cells '. Lengthening or shortening the fatty acyl chains may also
decrease LPS activity. In addition, the chemical linkage by which the secondary fatty
acyl chains attaches to the primary fatty acyl chains also has an effect on endotoxicity.
Matsuura et al. have shown that when the ester-branched acyl group of monosaccharide
lipid A is replaced with alkyl-branched type, this synthetic structure has higher toxicity
(lower LDsy value in mice) but lower adjuvanticity 4

These structure-function relationships derived from synthetic lipid A and its
analogs tend to hold true when the natural occurring LPSs are studied. For example,
penta-acylated lipid A of Chlamydia trachomatis, Rhodobacter sphaeroides, or
Rhodobacter capsulatus has little or no endotoxic activity. L. pneumophila, containing

hexa-acylated lipid A with long acyl residues of at least 18 carbon atoms in length, has

weak or no activities.
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Figure 4. Schematic structure of Lipid A (A) and lipid IVA (B).
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The bioactivity of synthetic lipid A analogs also depends on the host species.
Human cells are distinct from mice cells in recognition of lipid IVA, a tetra-acylated
biosynthetic precursor of lipid A (Fig. 4). Human cells discriminate lipid A and lipid
IVA, and only respond to lipid A, whereas mouse cells respond to both of them ****. The
differential responses are due to both TLR4 and MD-2 molecules *. Pseudomonas
aeruginosa grown in conventional bacterial culture medium has a penta-acylated lipid A.
In contrast, LPS isolated from the airway of cystic fibrosis patients has hexa-acylated
lipid A structure. Human cells but not murine cells discriminate between penta-acylated
and hexa-acylated lipid A structures. Hexa-acylated LPS induces robust responses in
human cells whereas penta-acylated LPS does not. This differentiation is dependent on a
hypervariable region in the extracellular domain of human TLR4 *.

Although recognition of LPS is mainly triggered by its lipid A moiety, the
polysaccharide chain of LPS, which includes core and O-antigen, also plays a major role
the physical presentation of LPS. Optimal lipid A activity is expressed only if at least
one KDO residue is covalently attached *. In the Limulus assay, various strains of E.
coli have over 600-fold different activities ’. LPS with O-antigens composed of poly-
mannose, such as Klebsiella pneumoniae O3, E. coli O8 and 09, have significantly
increased adjuvanticity. These observations may be explained by increased adherence of

the “mannan-type” LPS to antigen-presenting cells via mannose receptors **.
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6. Disposal and inactivation of LPS by the host

Following exposure to LPS, the host senses the presence of infection and mounts
immune responses against microbial invaders. To reduce detrimental perturbations
caused by LPS, the host uses various means to inactivate LPS and eventually remove it.

Circulating LPS can be inactivated by binding to host plasma lipoproteins. High-
density, low-density, very-low density lipoprotein and chylomicons all can sequester and
inactivate LPS. Several lipid or LPS binding proteins can transfer LPS to lipoproteins;
these include LBP, CD14, phospholipid transfer protein, and cholesterol ester transfer
protein **°. In addition to inactivating LPS, lipoproteins also play a role as a transporter
to remove LPS from the circulation and deliver it to the liver and eventually to dispose of
LPS in bile and intestine. It has also been shown that even LPS attached on the surface
of monocytes can be transferred to lipoproteins, and therefore the stimulatory effects on
monocytes are diminished. Soluble CD14 accelerates this process >

Lipid A and the inner core of LPS are extremely negatively charged. A group of
cationic proteins or peptides can bind to this region and deactivate LPS. These include
bactericidal/permeability-increasing protein (BPI), CAP18 peptide/LL-37, lactoferrin,
serum amyloid P-derived peptides and lysozyme *>. Most of these proteins are generated
by phagocytes and other cell types. Remarkably, bacteria can modulate their LPS
structure to evade the attack of cationic antimicrobial proteins. Such modifications
include the addition of ethanolamine, aminoarabinose and palmitate to lipid A, which

promotes resistance to cationic LPS-binding proteins or peptides >*>*.
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LPS can also be deactivated by internalization. CD18 on macrophages binds to

LPS present on bacteria and promotes engulfment of bacteria >>*°,

Cells expressing
CD14 and scavenger receptor can bind and endocytose LPS monomers and aggregates,
whereas whole bacteria may be internalized by phagocytosis. After internalization, LPS

is sequestered intracellularly. In addition, internalized LPS can be degraded and

deactivated by a host enzyme, acyloxyacyl hydrolase (AOAH).

B. Dendritic cells and infection

1. Innate and adaptive immune responses

When an animal encounters a microbe, various defense mechanisms can be
mobilized to combat the microbial invader. Rapidly after infection, the innate immune
system is activated. The innate defense system includes phagocytes, NK cells,
antimicrobial peptides and the alternative complement pathway, which are available
immediately to fight against a variety of pathogens without requiring prior exposure. The
innate immune system uses germline-coded receptors for the recognition of microbes,
reacts nonspecifically to pathogens, and generates no immune memory. When infection
cannot be controlled by innate host defenses, the adaptive immune response is required.
The adaptive defense system is composed of T and B lymphocytes, which have an
extremely diverse repertoire of cell surface receptors that are generated somatically and
can potentially bind to any foreign antigen. Recognition of microbial antigens by certain
T or B cell receptors triggers activation and proliferation of these cells (known as clonal

expansion), pathogen-specific cellular or antibody responses can be mounted, and
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immune memory develops. Although B and T lymphocytes are absolutely necessary for
the generation of an efficient immune response, they rely on the innate immune system to
decipher and integrate the “danger signals” carried by pathogens and to respond
appropriately (Thl versus Th2). Antigen-presenting cells (APCs) express receptors for
recognition of microbial signature molecules, present microbial antigens to T cells and
provide costimulatory molecules for T cell activation *"*,

Dendritic cells, members of the innate immune system, are the most potent APCs.
They have evolved to sense pathogens and tune the immune response. DCs are derived
from bone-marrow progenitors. Moving through blood and lymphatic channels, they
populate all lymphoid and most nonlymphoid tissues and organs. DCs have
heterogeneous lineages, but they all possess similar morphology (dendrites) and function
(ability to present antigen to T cells and activate naive T cells). Immature DCs reside in
peripheral tissues, such as the epidermis, dermis and submucosae, where the host usually
encounters pathogens. They express pattern recognition receptors (PRRs), which detect
the presence of infection by recognizing microbe-associated molecule patterns. Recently
characterized TLRs are prime examples of PRRs and a series of TLRs recognize various
conserved microbial molecules, as discussed in the preceding section. Different dendritic
cells express different TLRs, which may allow DCs to discriminate between diverse
microbial stimuli. Following an encounter with bacteria or bacterial components,
immature DCs capture bacteria, process bacterial antigens and migrate via lymphatic

channels to the T cell areas of regional lymph nodes, where they mature, lose their

antigen-capturing ability, present antigenic peptides on MHC molecules on their cell
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surfaces, upregulate costimulatory molecules, and become specialized for presenting

antigens to T cells **.

Recently, it has been found that induction of costimulatory
molecule expression on APCs is not the only mechanism that controls T cell activation.

In response to microbial stimuli, DCs block the suppressive effect of regulatory T cells,

allowing activation of pathogen-specific T cells °'.

2. Antigen uptake

Because immature DCs express few cell-surface  MHC, adhesion and
costimulatory molecules, they are unable to stimulate T cells. The location of immature
DCs and their ability to phagocytose microbes suggest that, like other phagocytes, they
may play an important role in innate immunity. Indeed, studies have shown that
immature DCs can efficiently take up and kill microbes .

Immature DCs take up antigens in several ways. First, they take up particles,
microbes and apoptotic and necrotic cell fragments by phagocytosis. Second, they
sample extracellular fluid and solutes by macropinocytosis. Third, they utilize membrane
receptor-mediated endocytosis to internalize antigens. C-type lectin receptors (mannose
receptor, DEC205, scavenger receptors), Fcy receptors (CD64 and CD32) and
complement receptors (CD11b, CD11c) all mediate antigen uptake and make antigen
presentation more efficient . After DCs have captured antigens and received maturation

signals, their capacity for antigen uptake rapidly declines and they start antigen

processing and presentation.
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3. Antigen processing

Antigen processing by DCs occurs mainly through two major pathways, the
endocytic and proteosomal pathways. To activate antigen-specific CD4 helper T cells,
DCs present antigenic peptides in MHC class II molecules, which can be loaded through
the endocytic pathway. Antigens internalized by DCs gain access to early and late acidic
endosomes, where some proteolysis occurs. Peptide fragments then associate with MHC
class II molecules in the MHC class II-rich vesicular compartment (MIIC) with the aid of
an accessory molecule, HLA-DM, and are transported to the cell surface. Both the
formation of peptide-MHC II complexes and the transport of the complexes to the cell
surface are tightly controlled. Turley et al. have reported that immature DCs sequester
intact antigen in endosomes, and process and convert antigens into peptide-MHC 11
complexes upon induction of DC maturation by LPS ®°. In addition, Kleijmeer et al. have
demonstrated that immature DCs store MHC II molecules in internal vesicles of MIIC,
and, in response to LPS, transfer them to the limiting membrane of the MIIC, where
HLA-DM is located, and then transport them to the plasma membrane .

MHC class I molecules display peptide antigens to CD8 T cells. DCs degrade
cytosolic proteins in proteosomes and transport the resultant peptides via the transporter
associated with antigen processing (TAP) into the endoplasmic reticulum (ER). In the
ER, peptide antigens are loaded to MHC 1/ BM, and MHC I/BM,/peptide complexes are
transported in exocytic vesicles to the DC plasma membrane. It was originally thought
that this pathway only processed cytoplasmic proteins. However, endocytic antigens can

also be presented by MHC I molecules; this process is termed cross-presentation. After
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phagocytosis of bacteria, bacterial antigens can be cross-presented in DCs. A model
antigen, ovalbumin, expressed on the surface of recombinant Streptococcus gordonii or
in the cytoplasm of E. coli and S. typhimurium, is processed and presented on MHC I
molecules. This presentation requires TAP, proteosomes, and newly synthesized MHC I
molecules and is 10° times more efficient than that of soluble OVA protein ®*7°. Both
elicited peritoneal macrophages and bone marrow-derived macrophages can also cross-
prime CD8 T cells, but they use an alternate MHC I presentation pathway that does not
require TAP or proteosomes .

In addition to taking up bacterial antigens directly, DCs can also ingest apoptotic
material from neighboring macrophages induced to undergo apoptosis by Salmonella
infection and then process and present Sa/monella peptides on MHC I and MHC II. In
contrast, bystander macrophages fail to do so ">. Furthermore, when macrophages are
induced to become necrotic by higher concentrations of Salmonella, bystander DCs show
reduced antigen presentation. These studies suggest that bacteria may induce phagocyte
apoptosis, leading to abrogation of direct antigen presentation by the phagocytes, and that
bystander DCs are able to take up the apoptotic material and present bacterial antigens for
T cell scrutiny.

DCs are able to present antigens containing lipid on a non-classical antigen
presenting molecule, CD1, to a restricted set of T cells as well as to NK T cells 7. Like
MHC I molecules, CD1 molecules are associated with f2M. However, presentation on
CDI1 requires an acidic compartment but not TAP. The crystal structure of CDI1

molecule revealed that CD1 has a deep hydrophobic groove, into which the lipid portion
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of microbial glycolipids may insert. Because LPS is also a glycolipid, partial deacylation
of LPS by AOAH might be able to trim the bulky lipid moiety of LPS so that LPS can be

presented by CD1 or CD1-like molecules.

4. Activation of DCs by LPS

The impact of LPS on DC activation and maturation has been intensively studied
in vivo and in vitro. In vitro studies have shown that LPS induces human or murine DCs
to down-regulate endocytosis and phagocytosis, up-regulate MHC and costimulatory
molecules (CD40, CD80 and CDS86), secret cytokines (IL-12, IL-10, IL-6, TNF-a),
rearrange adhesion molecules and increase antigen-presenting capacity 77584,

Systemic administration of LPS induces the migration of splenic DC from the
marginal zone to the T cell area within 4-6 h, and this movement parallels a maturation
process, diminished antigen-capturing ability and increased T cell stimulatory function.
48 h after LPS injection, the number of DCs in the spleen is reduced markedly,
suggesting that, after maturation and interaction with T cells, DCs die in situ to turn off
antigen presentation *°. In another study, to measure antigen presentation directly, Reis e
Sousa et al. made a monoclonal antibody that specifically recognizes a processed peptide
of hen egg lysozyme (HEL) bound to the murine MHC class II I-A*. Following s.c.
immunization of HEL by itself, this protein was not efficiently presented by lymph node
DCs. When LPS was coinjected, DCs presenting HEL peptide rapidly accumulated in
the outer periarteriolar lymphoid sheaths and in follicular areas, suggesting that LPS
enhances peptide loading onto MHC class II and promotes DC migration to the T cell

area %%, Furthermore, in response to LPS, DCs in skin, intestine, heart and kidney all
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migrate out of the peripheral tissues, and the depleted DC pool can soon be replenished

by DC precursors **°,

5. DCs sense the presence of LPS via cell surface TLR4

LPS cannot activate BMDCs from TLR4 deficient or C3H/HelJ mice, suggesting
that TLR4 is indispensable for LPS signaling on DCs °'. TLR4 expression has been
found on human PBMC-derived DCs as well as their precursors, monocytes, which have

a higher expression level ***

. Since TLR4 is expressed at a very low level on immature
DC (a few hundred molecules or fewer), it might transduce the LPS signal very
efficiently. When immature DCs were induced to mature with LPS, expression of TLR4
transiently increased and then nearly disappeared. Correspondingly, stimulation of
immature DCs, but not mature DC, with LPS resulted in the activation of IRAK, a
downstream molecule of TLR signaling cascade *>.  Human PBMC-derived DCs do not

express CD14 molecules on their cell surface, and they rely on soluble CD14 to respond

to LPS ¥,

LPS-induced DC activation or maturation is regulated by different and sometime
overlapping pathways. Kaisho et al. have shown that LPS induced DC cytokines
production and costimulatory molecule upregulation via MyD88-dependent and -
independent pathways °'. LPS may cause activation of several transcription factors, such
as NF-xB and AP-1. Studies have suggested that the NF-kB pathway accounts for
upregulation of MHC and costimulatory molecules on the cell surface, while the MAP

kinase pathway is responsible for cell survival **. Ardeshna et al. showed that inhibiting



23

the NF-kB pathway significantly reduced the LPS-induced upregulation of MHC as well
as CD80, CD&3, and CD86; inhibiting p38 SAPK reduced the LPS-induced upregulation
of CD80, CD8&3, CD8&6, but not of MHC and CD40, while the PI-3 kinase /Akt pathway,

was responsible for maintaining survival of LPS-stimulated DCs **.

6. Other maturation stimuli for DCs

In addition to LPS, other conserved microbial molecules such as bacterial
lipoprotein, peptidoglycan, CpG DNA, and double-stranded DNA can also induce DC
maturation through recognition by respective TLRs. Furthermore, proinflammatory
cytokines (TNF-a, IL-1p), produced by DCs and other cells in response to microbes, and
T cell derived signals (CD40 ligand) are able to trigger DC maturation. Different
maturation stimuli drive distinct developments events. Although TNF-a, LPS and CD40
ligand generated mature DCs in terms of their surface marker profiles (MHC, CD40,
CD80, CD86), detailed cell biological analysis in terms of both morphology and MHC II
localization revealed that TNF-o only induced the early step of DC maturation, while
LPS drove more advanced maturation and CD40 caused the most typical full maturation
82 It has also been shown that LPS and CD40 both increase IL-6, IL-12 p40, IL-15 and
TNF-ao mRNA / protein levels in murine BMDCs. However, only LPS up-regulates IL-
la, IL-1B, IL-12p35 and MIF mRNA®. In another study, Kelleher et al found that
although either LPS or CD40 activated DCs (antigen-presentation to CD4 T cells,
expression of costimulatory molecules, secretion of cytokines and chemokines), only in

the presence of CD40 ligand were CTLs generated from naive polyclonal CD8+ T cells
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in vitro °°. Multiple stimuli may act synergistically on activation of DCs. Lapointe et al.
have shown that a combination of LPS and CD40 ligand had a positive impact on the
ability of DC to secrete IL-12 and IL-10 and to activate tumor antigen-specific CD8 T
cells .

The effects of purified LPS and whole Gram-negative bacteria on DCs have been
compared using oligonucleotide microarray analysis °'. LPS was able to mimic and
account for about 88% of the entire bacterial response, suggesting that LPS is the major
and most potent immune stimulatory molecule in Gram-negative bacteria. In another
study, the responses of PBMC-derived DCs to Neisseria meningitidis, an LPS-deficient
isogenic mutant, and purified LPS from the same strain were investigated. The wild type
strain induced higher level of TNF-a, IL-1a, and IL-6 than either the LPS deficient strain
or purified LPS. Only the wild type strain stimulated IL-12 production. Remarkably,
adding exogenous LPS to the LPS deficient mutant strain only partially restored TNF-a.,
IL-1a, and IL-6 production and did not restore IL-12, suggesting that LPS in the context
of bacterial membrane is required for high-level cytokine production **. Accordingly, it
has been found that although both bacteria and LPS can activate NF-kB translocation in

DCs 30 min after treatment, bacteria-induced NF-kB activation was more pronounced *°.

7. DCs and B cells

DCs can stimulate B cells indirectly by presenting antigen to T helper cells, which
provide membrane bound CD40 ligand and secreted cytokines for B cell proliferation and

differentiation. DCs can also activate naive and memory B cells directly. DCs induce



25

the differentiation of CD40-activated memory B cells to IgG and IgA plasma cells by
secreting IL-6R a-chain, which associates with IL-6 and binds to the IL-6 receptor on B
cells. DCs also contribute to naive B cell differentiation into IgM-secreting cells and IL-
12 is essential for the differentiation of naive B cells while IL-6R signaling promotes

antibody secretion ",

DCs can also stimulate activated B cells to undergo isotype
switching. DCs capture and transfer unprocessed antigen to B cells and induce an IgG
class switch ', Human tonsil interdigitating DCs produce IL-13, which is essential for
IgM production in CD40-activated naive B cells, and they direct naive B cells toward
isotype switching (IgG and IgA) '®.

Recently, it has been reported that DCs interact with splenic marginal zone B cells
and promote a TI-2 immune response. In response to a systemic infection, blood-derived
CD11c" immature DCs efficiently capture and transport bacteria (S. pneumoniae) to the
spleen, provide essential survival signals to antigen-specific marginal zone B cells and
promote them to differentiate into IgM-secreting plasmablasts. This DC-B cell
interaction, shown both in vivo and in vitro, relies on TACI (transmembrane activator and
calcium modulator cycophilin ligand interactor) molecules, which are receptors for the
DC-derived TNF-family ligands, BLyS (B lymphocyte stimulator, also called BAFF) and

APRIL (A proliferation-inducing ligand) '**.

C. Deacylation of LPS by AOAH

Since LPS has a broad spectrum of bioactivities, and host reactions to it may be
deleterious, can animals degrade and thereby detoxify LPS? As reviewed in the

preceding section, fatty acyl chains and phosphate groups are required for LPS
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recognition by animal cells, and the polysaccharide chain also plays an important role in
bacterial virulence. Do animals have enzymes that can degrade each of these components?
Deacylation of the lipid A moiety of LPS was first described in a primitive
phagocyte, Dictyostelium discoideum (a slime mold), which uses bacteria as a carbon
source '°. It was not until 1983 that Hall and Munford first reported that human
neutrophils can remove the secondary fatty acyl chains from the lipid A moiety of LPS
(Fig. 5) ', The enzyme was then purified and was named acyloxyacyl hydrolase
(AOAH). Although catalytic activities towards phosphate groups of lipid A have been
found in murine macrophages, no corresponding enzyme has been identified '*’. Even
less is known about how mammalian hosts degrade the polysaccharide chain of LPS.
The only reported LPS polysaccharide degradative enzymes, deacetylases, were found in

phages specific for smooth Salmonella strains; deacetylation is probably required for

phage adsorption .
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Figure 5. AOAH releases secondary fatty acyl chains from the lipid A moiety of
LPS.

(A) AOAH cleavage sites are shown by arrows. (B) Enzymatically deacylated LPS,
which is similar to lipid IVA. R represents the polysaccharide chain of LPS.

1. Characteristic molecular structure of AOAH

AOAH is the only LPS degrading enzyme that has been purified, cloned and
characterized. Molecular structure studies have revealed that AOAH is an unique
enzyme composed of two disulfide-linked two subunits encoded by a single mRNA '%.
AOAH is synthesized as a single chain peptide precursor and is processed post-

1 The large subunit contains a G-X-S-X-G lipase consensus motif and

translationally
the central serine is a part of a D-H-S catalytic triad found in many lipases ''°. The small
subunit, with six cysteines and an N-linked glycosylation site, is homologous to the
human sphingolipid activator proteins (saposins), and to saposin-like polypeptides

(surfactant protein B, NK-lysin, acid sphingomyelinase and amoebopores) '
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Intriguingly, saposins are cofactors for glycohydrolases that act on sphingolipids, which
resemble LPS by having a relatively constant lipid core and a carbohydrate chain of
variable size and structure. Saposin and saposin-like proteins constitute a family of small
proteins that function at lipid-water or lipid-air interfaces. Analysis of AOAH amino acid
and DNA sequences reveals no homology to any of the other proteins known to have

lipid A binding sites '".

In 2001, Guther et al. purified and characterized the
Trypanosoma brucei inositol deacylase (GPIdeAC), an enzyme that cleaves an acyl chain
from the inositol group of GPI anchors. It has been shown that GPIdeAC has significant
amino acid sequence and hydropathy similarity to AOAH (identity, 35%, similarity, 54%)
14 However, recombinant GPIdeAC has no activity as an LPS-deacylating enzyme (X.-
H. Li and R. S. Munford, unpublished data). AOAH has been highly conserved over
evolution. Mouse, rabbit and human AOAHs have 77% amino acid sequence identity and
89% similarity. The AOAHs of Mus musculus and Dictyostelium discoideum have about
30% amino acid similarity with identity in four of the five sequence motifs that
characterize GDSL lipase family.

Structure-function analysis of the AOAH protein has shown that both large and
small subunits are required for AOAH activity. Elimination of the S*** in the G-X-S-X-G
lipase motif in the large subunit reduced LPS-deacylating activity by more than 99%.
The large subunit by itself had 100-fold less activity toward LPS and phospholipids.
Deletion of an internal 33-amino acid region of the small subunit reduced the enzymatic

activity by more than 50%. In addition, the small subunit plays an important role in

AOAH intracellular localization. Recombinant AOAH with truncated or no small
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subunit did not target to intracellular vesicles. Thus, it was proposed that large subunit
performs catalytic cleavage while small subunit confers the recognition of its unique

substrate and facilitates the intracellular targeting of the enzyme '*.

2. Intracellular localization of AOAH

AOAH activity has been found in phagocytic leucocytes such as neutrophils and
monocyte-macrophages. Due to the low abundance of this enzyme (about 2500
molecules per HL-60 human promyelocyte) '®, immunolocalization has been very
difficult. It has been suggested that AOAH is contained in an acidic granule because
neutrophil granules (but not azurophilic granules) have enzyme activity and ammonium

chloride can inhibit LPS deacylation in these cells '*'°.

Using indirect
immunoflurescence, intracellular AOAH localization was studied in BHKS570 cells

transfected with a plasmid containing recombinant AOAH cDNA. Bright fluorescence

showed in large vesicular structures '*.

3. AOAH deacylates LPS and phospholipids.

AOAH specifically removes the secondary fatty acyl chains from the lipid A
moiety of LPS, while it leaves the primary fatty acyl chains intact. Therefore, the lipid A
moiety of AOAH deacylated LPS (dLPS) resembles lipid IVA, an intermediate in the
lipid A biosynthesis pathway ''® (Fig. 5) .

AOAH can release secondary fatty acyl chains from LPSs that have substantially
different lipid A structure, such as LPSs from S. syphimurium, E. coli, Pseudomonas

aeruginosa, Haemophilus influenzae, Neisseria meningitidis, and Neisseria gonorrhoeae.
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It seems that this enzyme has a preference for shorter, saturated and non-hydroxylated
secondary fatty acids, but little preference for the position of the fatty acids on the lipid A
backbone .

In addition to LPS, AOAH releases fatty acyl chains from other substrates, such
as glycerophospholipids, lysophospholipids and diacylglycerol. — Similarly, AOAH
preferentially removes saturated (or short) fatty acids from the above substrates
regardless of the position of the fatty acids (sn-1 or sn-2) on the glycerol moiety. AOAH
also can catalyze fatty acyl chain transfer from LPS to, a model acceptor,

monooleoylglyceryl ether ''®.

These various in vitro activities raise the possibility that
AOAH may play other biological roles in addition to degrading LPS.
In vitro LPS deacylation by AOAH protein requires detergent, Triton X-100, and

106;118
low pH "™ ",

Since purified LPS represents a different physical state from the LPS
residing in a bacterial outer membrane, it was uncertain whether phagocytes bearing
AOAH could act on the LPS that was a constituent of intact bacteria. Katz et al. have
shown that mononuclear cells and neutrophils, isolated from inflammatory exudates
elicited in the peritoneal cavity of a rabbit, could deacylate the LPS in whole bacteria,
while cell free ascitic fluid could not in spite of its ability to deacylate purified LPS in the

119 .
. Mononuclear cells were more active than

absence of detergent and low pH
neutrophils, probably due to their higher content of AOAH-like enzymatic activity '*°.
Only the secondary fatty acyl chains were specifically released from LPS in whole

bacteria, which suggested an AOAH-like reaction. These studies presented clear

evidence that in relatively natural conditions (no detergent, pH 7.4), phagocytes can
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degrade bacterial LPS and that the phagocytic machinery is required for deacylation of
LPS residing in bacterial membranes. The deacylation kinetics of LPS in whole bacteria
by mononuclear cells and neutrophils was slow, with 50% and 20-30% deacylation,
respectively, at 20 hours. It is uncertain whether the slow deacylation can counteract fast
LPS signaling (which occurs within minutes) and whether the dLPS can be released from

phagocytes and antagonize intact LPS.

4. AOAH-deacylated LPS has reduced bioactivity.

Treatment of LPS with AOAH diminishes the biopotency of various LPSs. In the
rabbit dermal Shwartzman reaction '*!, enzymatically deacylated LPSs (dLPSs) had
reduced tissue toxicity by at least 100-fold. Deacylation abolishes the ability of LPS to
stimulate human endothelial cells, neutrophils and monocytes '**'%. In addition, dLPS is
also a LPS-specific inhibitor that antagonizes intact LPS activity by competing for LBP,
CD14, and probably TLR4 -MD-2 '*°. However, due to the different structures of murine
TLR4 and MD2 ***°, dLPS, like lipid IVA, has partial agonistic activity toward murine
cells. In the murine splenocyte mitogenesis assay, dLPS has only 10- fold less activity
than control LPS '*'. While S. typhimurium or E. coli LPSs and dLPS were mainly
studied in these mouse experiments, Erwin et al. also studied the effects of AOAH on the
bioactivities of several LPSs that differ from Salmonella LPS, including LPSs from
Haemophilus influenzae, Neisseria meningitidis, and Neisseria gonorrhoeae.
Surprisingly, the potency of Neisseria (meningitidis and gonorrhoeae) LOS in the murine
splenocyte mitogenicity test was reduced over 100-fold by AOAH deacylation and dLOS

could antagonize the mitogenic activity of Neisseria and Salmonella LPS '*’. This study
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has offered us a valuable tool (Neisseria LOS) to investigate how AOAH functions in

mice.

5. Regulation of AOAH activity.

Cellular and extracellular AOAH activity can be regulated. Although AOAH has
not been detected in human plasma, AOAH activity increased in rabbits and mice plasma
in response to LPS injection, and LPS stimulated the release of AOAH from rabbit

leucocytes in vitro '*%.

Cody et al have demonstrated that in isolated murine peritoneal
macrophages, LPS upregulated AOAH mRNA expression by 10-20 fold, and LPS
increased the LPS-deacylating activity of cell lysates by 3-5 fold. IFN-y also induced
AOAH mRNA expression. In addition, after intraperitoneal challenge of mice with LPS,

AOAH mRNA expression in lung and liver was induced by 3- and 6- fold, respectively

129

D. Antibody responses to LPS

1. Thymus-dependent (TD) and thymus-independent (TT) antigens

For a protein antigen to activate a B cell, two signals are required. Signal one
comes from the engagement of B cell receptors with the antigen, and the second signal is
delivered by helper T cells, which recognize antigen peptides presented by MHC II
molecules on B cells, interact with B cells by CD40 ligand-CD40 association, and secret
cytokines. Because the antibody response to protein antigens is dependent upon helper T

cells, protein antigens are called TD antigens. Conversely, TI antigens are able to
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stimulate antibody responses in athymic animals. TI antigens fall into two classes, which
stimulate B cells by different mechanisms. TI-1 antigens, such as LPS and bacterial
DNA containing the CpG motif, have intrinsic B cell activating activity. It is now clear
that the intrinsic B cell-stimulating activity of TI-1 antigens is due to B cell expression of
TI-1 antigen recognition and signaling molecules, mainly of the TLR family. TI-2
antigens are molecules that have highly repetitive structures, such as bacterial capsular
polysaccharides and polymerized flagellin. TI-2 antigens do not possess an intrinsic
activity that can directly stimulate mature B cells. Instead, they induce B cell
proliferation by extensive crosslinking of specific B cell receptors (BCRs). A second
signal, such as engagement of TLRs, ligation of CD21 (CR2) and various cytokines, is
required for TI-2 antibody secretory responses. In addition, T cells (afy, y0 T cells and
NK T cells), NK cells, DCs and macrophages are probably all involved with the delivery

of a second signal, directly or indirectly '*°.

2. LPS-specific and polyclonal antibody responses.

LPS can induce both specific and polyclonal B cell responses. [In vitro
experiments with murine splenocytes in serum-free medium have shown markedly
different dose-response profiles for LPS-induced specific and polyclonal responses . A
hapten, 4-hydroxy-3, 5-dinitrophenyl (NNP), was conjugated to LPS so that the LPS-
specific response (to NNP) could be studied. The optimal concentrations (2.5-12 ng/ml)
required for induction of specific anti-NNP cells were several orders of magnitude lower
than the concentrations (10-40 pg/ml) required for polyclonal (nonspecific) splenocyte

activation. Low concentrations of LPS failed to induce non-specific B cells, and when
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NNP receptors on B cells were blocked with free NNP, optimal specific B cell
stimulating concentrations were completely non-activating.  The following four
hypotheses were based on these studies: (1) At low concentrations of LPS, only B cells
with specific B cell receptors for antigenic determinants on LPS can concentrate
sufficient LPS on the surface to become activated. (2) The binding or crosslinking (NNP
determinants were repeated on the LPS molecules.) of BCRs may deliver signals to B
cells and then decrease the threshold for B cell activation. (3) The LPS-NNP molecule
may bring BCR and LPS receptor to close vicinity and they then cooperate to activate B
cells. (4) Since engagement of antigen results in BCR cluster formation and a rapid
translocation to lipid raft domains in the B-cell membrane, the LPS receptor is then
brought to the same region, where LPS signaling is facilitated. In this study, because
whole splenocytes were used, it is not known whether the other types of cells present
(macrophages, DCs, T cells, NK cells) contributed to the specific and polyclonal
antibody responses to LPS. In addition, whether LPS has similar dose-response profiles

in vivo was not shown.

3. How does LPS signal B cells?

The TLR4-MD2 complex was first identified to be able to deliver a LPS signal in
B cells. C3H/HeJ or TLR4 mull mice do not make anti-LPS specific antibodies or show
a polyclonal antibody response after LPS immunization in vivo. Splenocytes from these
mice do not proliferate and differentiate into plasma cells and secret antibodies in vitro
19:20:32:133 "1 addition to the TLR4-MD2 complex, B cells require another member of the

TLR family, RP105 protein, for optimal LPS recognition. RP105 was first identified as a
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cell surface molecule that contributes to protecting B cells from irradiation-induced
apoptosis, up-regulation of cell surface expression of CD86, and induction of B-cell
proliferation '**. Interestingly, RP105 is associated with a MD-2 homologous molecule,
MD-1. Similar to MD-2’s role vis a vis TLR4, MD-1 plays an important role in RP105
intracellular traffic, stability and cell surface expression **. Although RP105 and TLR4
share similar extracellular leucine-rich repeats, RP105 does not have an intracellular TIR
domain, indicating that RP105 has a different signal transduction pathway from TLR4.
In vitro experiments have shown functional cooperation between TLR4 and RP105 in
LPS-induced NF-kB activation '*°. RP105 -/- and MD-1 -/- mice both have dramatically
impaired LPS-induced antibody production in vivo, but unlike C3H/Hel or TLR4 -/- mice,

the antibody responses are not completely abolished '*>"*¢

. These observations suggest
that RP105-MD-1 plays a supporting but important role in B cell responses to LPS.
Although RP105-MD-1 complexes are also expressed on macrophages and DCs, these
cells do not require RP105-MD-1 for LPS recognition *""*°. How RP105-MD-1 interact
with TLR4-MD-2 and why B cells exclusively utilize this additional LPS signaling

pathway remain to be understood.

Although some studies have indicated that activation of B cells by LPS occurred

140;141 . S
0141 other investigations have shown that

independently of other types of cells
cytokines derived from macrophages and T cells may play an important role in specific or
polyclonal B cell responses to LPS '**'*  Recently, it has been shown that B cells

express TACI and BCMA receptors, which recognize DC-derived soluble TNF-family

ligands APRIL and/or BAFF. Expression of these ligands by DCs is promoted by innate
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immune signals and the binding of these ligands to receptors on B cells promotes B cell

survival and activation ',

Blood DCs capture TI-II antigen (PC) and interact with
splenic marginal zone (MZ) B cells to initiate T-Independent immune responses in a
TACI-dependent way. Similarly, peritoneal macrophages support antigen (PC)-specific

104

B-1 cell activation It is possible that DCs or macrophages take up LPS or gram-

negative bacteria, secret soluble factors and interact with B cells in a similar way.

Whether the direct B cell-DC interaction can enhance B cell responses to LPS is
not clear. The fate of LPS in other phagocytes has been studied. Forestier et al. studied
the intracellular pathway of B. abortus LPS (a nonclassical LPS) in macrophages and
they found that LPS migrate from endosomes to lysosomes and reached the cell surface
with very slow kinetics (more than 3 days). LPS present at the cell surface is found in
large clusters with the O-Ag facing the extracellular medium and it is not cleared by

6

macrophages after 3 months '**. When Wuorela et al. fed blood peripheral monocytes

with heat-killed Yersinia enterocolitica O:3 bacteria, both the core region and the O-Ag

persisted in cytoplasmic vacuoles and on the plasma membrane for at least 7 days '*’.

The persistence of LPS on phagocytes’ surface may provide a constant source of LPS, as

in the joints of arthritic patients '**

. Duncan et al. have found that after mouse peritoneal
macrophages ingested bacteria, LPS was exocytosed from cells at a rate that was
considerably lower than that of other bacterial constituents. After 3 days’ incubation,
about 40% of LPS was released, while 60% remained inside cells '*°. Although structural
alterations of both exocytosed and intracellular LPSs were detected, those LPSs still

- L e 149150
retained bioactivity in mice 7.
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4. Antibody responses to LPS
a. Antibodies that recognize the polysaccharide chain

In general, gram-negative bacterial infections induce more vigorous antibody
responses to strain-specific O-antigens of smooth LPS and outer core of rough LPS than
to the inner core and lipid A regions ">'"'>*. Antibodies directed against exposed epitopes
on the LPS O-antigen and outer core are more protective to animals than are antibodies to

: s . 155-15
the less-exposed inner core and lipid A region 7,

b. Antibody against lipid A and core

Immunization of mammals with rough mutants of gram-negative bacteria induces

38159 Because antigenic epitopes from

antibodies against the core and lipid A regions
the core and lipid A are shared among different strains of Gram-negative bacteria and
lipid A is the bioactive center of LPS, it was hypothesized that antibodies against these
conserved regions would protect animals from infection by a variety of bacteria and
would neutralize endotoxin. Pollack et al. found that patients with higher levels of
circulating antibody (both IgM and IgG) to E. coli LPS core had a better chance of

0

.. . . 1 .
surviving Pseudomonas aeruginosa septicemia '®°. Some studies have also found that

antiserum elicited passively or actively against core and lipid A regions protects mice

. . . . . . 151;161;162
against experimentally-induced Gram-negative bacterial sepsis ' ''0116%,

By contrast,
other studies have shown that antisera to LPS core determinants do not protect animals

from a broad range of pathogens '“'%. Pollack et al. have demonstrated that monoclonal

antibodies prepared against core and lipid A regions did not recognize their epitopes on
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smooth LPS, due to epitope concealment by the overlying polysaccharide chain '®’.
These results suggest that the usage of these putative cross-reactive antibodies against
Gram-negative bacterial infection may be limited by their inability to react with the

epitopes on native LPS.
c. Isotypes of anti-LPS antibodies

In mice, LPS specific and polyclonal responses are mainly restricted to IgM, 1gGs

154;168-171
d

and IgGy, although the other isotypes are also generate . Pollack et al. have

found that antibodies against lipid A were all IgMs, while antibodies to the core region

were mainly IgM and IgG; '*".

However, regarding-LPS induced polyclonal antibody
responses, lipid A-rich, polysaccharide-free LPS from Salmonella minnesota R595
induced elevated serum levels of IgM, IgGs and IgGa, ', IgGs is also the principle IgG

isotype represented in immune responses to TI-II antigens %",

Cytokines can affect isotype expression. For example, in the presence of IL-4,
LPS induces splenocytes to produce IgG; and IgE while IgG; and IgGyp, production is
diminished '”. IFN-y selectively increases IgGa, production '™ and IL-5 enhances IgA
production in B cells cultured with LPS '”°. In addition, the antibody isotype(s) depends
upon the type of LPS and the substance(s) with which the LPS is mixed. Mixture of LPS
with phospholipids or hydrophobic proteins induced mainly an IgG; response, while

mixture of LPS with more hydrophilic proteins induced predominantly IgG, responses

176;177
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d. Protective functions of anti-LPS antibodies

LPS-specific antibodies act against Gram-negative bacterial infection and sepsis.
(1) Many studies have shown that anti-LPS antibodies are able to inhibit LPS induced
proinflammatory cytokine production, such as TNF-a and IL-6 in vitro and in vivo '™,
(2) Anti-LPS antibodies act as opsonins, both by themselves and in conjunction with
complement. The constant region of IgG is recognized by Fc receptors on macrophages,
DCs and neutrophils. There are no corresponding Fc receptors for IgM antibodies.
However, IgM antibodies are able to activate the complement cascade efficiently and
complement proteins (C3b, iC3b and C4b) can bind to complement receptors (CR1, CR3

and CR4) on phagocytes '"°.

Anti-LPS antibodies and the complement they activate are
then able to tag bacteria, bacterial debris and LPS, facilitating the uptake and clearance of
these bacterial components by phagocytes. (3) Terminal components of complement may
directly kill bacteria by forming pores in their membranes. However, although
complement can bind to O-antigen on the bacterial cell surface, the long O-antigen may
prevent the access of the C5b-C9 pore-forming complex to deeper bacterial membrane

structures; this explains why rough mutants are much more susceptible to serum than

smooth strains '*°.
5. Natural antibodies.

Natural antibodies play an important role in combating Gram-negative bacterial
infection. Natural antibodies are present in the serum of normal, non-immunizied

animals. Most natural antibodies are of the IgM isotype, but IgG and IgA natural



40

antibodies have also been found '®. A major source of natural antibodies seems to be the
peritoneal CD5+ B1 cells '*7'*°. Natural antibodies are encoded by germline variable
genes without extensive somatic mutation and they have low affinity but broad
specificities to common bacterial and self antigens, such as phosphorycholine (PC), LPS

190;191

and polysaccharides . Natural antibodies contain binding activity to LPS, especially

to its O-antigen and outer core regions '

Natural antibodies are likely to be the first
line of defense against microbial infection. Recombinase-activating gene-2 null (RAG-2
-/-) mice, which have no serum antibodies due to arrested B cell development at the pro-
B stage, and Bruton’s tyrosine kinase (Btk)-deficient mice, which have no CD5+ B1 cells
and reduced serum levels of IgGs and IgM, demonstrated increased sensitivity to LPS
that correlated with impaired LPS clearance. Reconstitution of RAG2-/- mice or Btk-/-
mice with non-immune normal mouse serum and mouse IgM respectively before LPS
challenge significantly improved the clearance of LPS from the circulation as well as

mouse survival 2.

Natural antibodies not only confer resistance to purified LPS, but
also to bacterial infection. In the mouse cecal ligation and puncture (CLP) model, a
infectious disease model that resembles a clinical situation of systemic microbial
infection, mice deficient in natural secretory IgM showed much higher mortality than did
control mice, and reconstitution with IgM purified from normal mouse serum completely

restored resistance to CLP ',
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6. B1 cells and marginal zone B cells.

The antibody response to LPS is mainly derived from B-1 cells. Su et al have
shown that splenic B cells depleted of Ly-1 (CDS5) + B-1 cells had diminished antibody
response to O-Ag/core, suggesting that the antibody response to O-Ag/core was restricted
to B-1 cells. In contrast, the anti-lipid A antibody response came from conventional
CD5- B2 cells °*. By using the ELISPOT assay, Reid et al. demonstrated that peritoneal
B cells, of which the majority are B1 cells, had many more responders to smooth LPS
than did splenocytes, which are primarily B2 cells (less than 2-5% B1 cells) >’. Splenic
marginal zone B cells are possibly another source of anti-LPS antibodies, since their
ability to proliferate and differentiate into plasma cells in response to LPS is much higher
than that of follicular B cells '**. Considering the fact that B1 cells and splenic marginal
zone B cells are the primary sources of antibody to TI-2 antigens such as polysaccharide,
it is not a surprise that both cell populations are the major responders to LPS, especially

to its polysaccharide region.

B-1 cells can be distinguished from recirculating follicular cells (conventional B-2
cells) by several features. B-1 cells are IgM"™, IgD' and CD23 (FceR), while B-2 cells
are IgM", IgD" and CD23". Originally, B-1 cells were identified by their expression of
CDS5. Subsequently, CDS5- peritoneal B cells, with similar properties, have also been
found. CD5+ B-1 cells are then referred to as B-1a cells, while CD5- B-1 cells are called
B-1b cells. B-1 cells reside predominantly in the peritoneal and pleural cavities.

Developed early in ontogeny, B-1 cells have a long half-life and self renewal capacity.
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B1 cells utilize a limited repertoire of germline V-region genes for recognition of
ubiquitous bacterial and self antigens, and the V-region genes usually do not undergo
somatic mutations. B-1 cells are refractory to activation through B cell receptor ligation,
and they are mainly involved in response to TI antigens and autoimmunity. Splenic
marginal zone (MZ) B cells share similar phenotypical and functional characteristics with
B-1 cells. They are also IgM™, IgD'® and CD23". Both MZ B cells and B-1 cells but not
follicular B cells express CD9, a member of the TM4SF (transmembrane 4 super family)
that plays a role in cell adhesion, cell migration, and signal transduction ', MZ B cells
do not recirculate in lymph, they have a long half-life and high responsiveness to TI
antigens, and like B-1 cells, they produce mainly IgM and IgG; antibodies '**'*’. The
compartmentalization of B-1 cells and MZ B cells implies that they may have functions
that are related to the locations they occupy in the immune system. It is proposed that B-
1 cells are primarily responsible for early immune responses against microbial invasion
through the gut epithelium, while MZ B cells are poised to react rapidly to blood-born

microbes '°°.

7. LPS and autoimmunity.

Multiple mechanisms are essential for the generation and maintenance of B cell
tolerance, which include central tolerance due to developmental arrest in the bone
marrow and receptor editing, as well as peripheral tolerance due to deletion, anergy and
ignorance '**. Breaking B cell tolerance may depend on exposure to bacterial molecules

and T cell help. Studies have shown that some anergic B cells can be stimulated by LPS
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to proliferate and differentiate into antibody-secreting cells, similar to the response of

non-anergic B cells '*?%,

Some anergic and ignorant B cells with specificity for
components of the cell nucleus, which are believed to be the initial antigens of systemic
lupus erythematosus (SLE), would also be stimulated by LPS **'. Thus, T cell-
independent activation of B cells via TLRs may be a critical initial step in breaking B cell
tolerance. Furthermore, in response to LPS, B cells or DCs upregulate the expression of
costimulatory molecules, which allows B cells and DCs to present antigens to T cells and
activate T cells. If T cell tolerance is also impaired (such as reduced activation-induced T

cell death, AICD), these activated T cells would then drive somatic mutation and affinity

maturation of self-reactive B cells to produce higher affinity auto-antibodies.

After injection of LPS in mice, DNA appeared in the circulating blood, anti-DNA
antibodies were produced, and DNA-anti-DNA immune complexes were then detected in
renal glomeruli, as is characteristic of SLE. The formation of immune complexes is due
to the potent polyclonal B cell-activating activity of LPS but not to the release of DNA by
LPS 22 LPS also induced rheumatoid factor (RF) IgM in several stains of mice,
including C57BL/6, BALB/c and C3H/St, but not in C3H/HeJ mice. The kinetics of the
RF response to LPS is similar to that to a unrelated hapten dinitrophenyl (DNP), and to
that of total IgM production, suggesting that production of IgM-RF results from
polyclonal activation of B cells by LPS **. Although the anti-DNA antibodies are
involved in the deposition of immune complex in kidneys, the presence of anti-DNA
antibodies is not necessarily associated with tissue injury. Studies have shown that B-1a

191;206

cells produce antoantibodies, including anti-DNA and RF antibodies . However, it
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has been established that high affinity autoantibodies to double-stranded DNA in SLE, as

well as RF in rheumatoid arthritis (RA), are produced by B-2 cells but not B-1 cells '***.
8. B-1 cells, IL-5 and mucosal IgA

The development of peritoneal B-1 cells depends on IL-5. IL-5, a dimeric
glycoprotein mainly produced by activated T cells and mast cells, promotes B-1 cell
proliferation and differentiation and enhances IgA isotype switching and production
208209 Ip IL-5 -/- mice or IL-5 receptor o chain (IL-5Ra) -/- mice, the number of
peritoneal B-1 cells is reduced by 50-80% *'“*''. IL-5Ro. -/- mice showed lower serum
IgM and IgG; levels than did normal mice (probably due to the decreased B-1 cell
population), whereas IL5 -/- mice had normal serum antibody concentrations.
Furthermore, although IL-5Ra -/- mice had normal levels of IgA in serum, IgA levels in
mucosal secretions (saliva and fecal extracts) were reduced when compared with wild

type mice, and, consistently, the number of IgA-producing cells in the mucosa-

associated tissue were decreased 2'2.

IgA plays an important role in attenuating local inflammatory responses to
bacteria or LPS in the gut '**'*. Both B-1 and B-2 lineages contribute to the IgA plasma
cells in the gut. 60% of intestinal IgA plasma cells derive from B-2 cell precursors in
Peyer’s patches, and 40% of IgA plasma cells originate from peritoneal B-1 cells, which
have undergone isotype switching to IgA and populate the intestinal lamina propria *'°.
B-1 and B-2 cells require different cytokines for activation and differentiation into IgA +

cells in the intestine. B-2 lineage IgA+ cells are IL-6 dependent and IL-5 independent. In
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contrast, B-1 derived IgA+ cells are IL-5 dependent and IL-6 independent. In the
intestine of IL-5 -/- mice, although total IgA + cell numbers are slightly reduced, there is
a significant depletion of B-1 lineage IgA + cells, and correspondingly, the IgA response

to a B-1 antigen (phosphorycholine) but not to a B-2 antigen (ovalbumin) is decreased *'°.
9. LPS and adjuvant activity.

An adjuvant is any substance that enhances immune responses to antigens that are
mixed with it. It was recognized that LPS was able to serve as an adjuvant several
decades ago, but the mechanisms were not fully understood *'’. The mechanisms of the

adjuvant activity of LPS may have three aspects:

(1) LPS enhances DC’s ability to present antigens to T cells. LPS augments

almost every step of antigen presentation, including antigen processing and loading

peptides onto MHC molecules °**'®; neo-biosynthesis, stabilization and surface

70;81;219

expression of MHC molecules , surface expression of costimulatory molecules

220;221,

; and migration of DCs to the T cell area in lymphoid tissue ****¢

. LPS also greatly
increases antigen presentation by the other two antigen presenting cells, macrophages and

222226
B cells .

(2) LPS induces cytokine production, which enhances APCs, B, T and NK cell
functions. LPS stimulates DCs, macrophages, epithelial cells and other cells to secret

TNF-o,, IL-1pB, IL-6, IL-12 and IFN-y /%%,
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3) LPS abolishes the suppressor activity of CD4+, CD25+ regulatory T cells. The
immune response to bacterial polysaccharide is greatly amplified by the use of lipid A
analog monophosphoryl lipid A (MPL), which is partially due to the inactivation of

regulatory T cell activity >

. Recently, Pasare and Medzhitov have shown that IL-6
production by DCs in response to LPS allows pathogen-specific T cells to overcome the

suppressive effect of T regulatory cells °'.

Matsuura et al. have synthesized monosaccharide lipid A analogs with alkyl-
branched acyl chains instead of the usual ester-branched acyl chains. The alkyl-bonded
fatty acid is presumably resistant to cleavage by AOAH. They found that, in vitro,
analogs with alkyl branches had lower adjuvant activity than analogs with ester branches
despite that they expressed higher lethal toxicity to mice. These results indicate that
recognition of the ester bond or its cleavage by AOAH may be required for the adjuvant

activity of LPS *!.

The adjuvant activity of LPS has been explored for vaccine development. LPS
itself is excluded due to its high toxicity and pyrogenicity. Because the adjuvant activity
of LPS resides in the lipid A moiety, lipid A derivatives and analogs have been developed
and tested with the intention of uncoupling its toxic effects from its potentially useful
immunomodulatory activity. MPL is obtained by exposing LPS from S. minnesota R595
to acid hydrolysis, which removes the glycosidic phosphate at the 1 position and the inner
core (KDO) residues at the 6’ position, and subsequently to mild alkaline treatment,

which causes the loss of the base-labile fatty acyl chain attached to the 3 position. The
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resulting product, MPL, displays greatly reduced toxicity but retains the
immunostimulatory activities of the parent lipid A ****. MPL has been used as an

adjuvant in numerous human vaccine trials for infectious disease and cancer indications.

In response to MPL, B cells from BALB/c mice showed antibody responses,
while B cells from C3H/HeJ mice did not. Consistently, IFN-y was produced following
intravenous administration of MPL in C57BL/6 mice but not in C3H/Hel mice **. These
results suggest that MPL is recognized by TLR4 in mammalian cells. MPL can induce
maturation of DCs, as measured by increased cell surface expression of MHC, CDS80,
CD86, CD40 and CD83 and production of IL-12. Although maturation induced by MPL
was weaker than that induced by LPS, it seemed to be sufficient to support optimal T cell
activation. Furthermore, it has been shown that MPL acts directly on T cells by
increasing their intracellular calcium and up-regulating their CD40 ligand expression >*°.
The dissociation of toxicity and adjuvanticity of MPL can be explained if the toxic
activity of LPS requires a strong and persistent signal through TLR4 while a weak and
transient signal is enough for its adjuvant activity. Alternatively, MPL may act on other

cell types, such as T cells, or induce different signaling events downstream of TLR4.

E. General introduction to my dissertation research

The research to be described in this thesis was designed to improve understanding
of the role of acyloxyacyl hydrolase in the inflammatory and immune responses to
LPS. In chapter II, I shall present evidence showing that AOAH is present in dendritic

cells, where it can deacylate the LPS in ingested E. coli, and that its activity in dendritic



48

cells can be regulated by exogenous stimuli. In chapter III, I present the initial
characterization of the AOAH-null mouse, with particular attention to the impact of
AOAH on antibody responses to LPS. The final chapter describes my attempts to
demonstrate a role for AOAH in the deacylation of two non-LPS bacterial molecules,

enterobacterial common antigen (ECA) and outer membrane lipoproteins.



CHAPTER II. STIMULUS-REGULATED DEACYLATION

OF LPS BY DENDRITIC CELLS

A. Introduction

DCs, the most potent antigen-presenting cells, sense potentially dangerous
microbes and initiate adaptive immune responses to them. Immature DCs reside in non-
lymphoid tissues, such as skin, where they are poised to capture and process microbial
invaders. Following an encounter with bacteria or bacterial components, immature DCs
migrate via lymphatic channels to the T cell areas of regional lymph nodes, where they
mature, losing their antigen-capturing ability, start antigen-processing and becoming

59:60:236 " DC maturation can be induced in

specialized for presenting antigens to T cells
vitro and in vivo by various stimuli, such as inflammatory cytokines (TNFa and IL-18),
CDA40 ligand, and several conserved microbial molecules (LPS, peptidoglycan, bacterial
lipoproteins, DNA that contains unmethylated CpG motifs, and viral double-stranded
RNA) 926 Different agonists may drive distinct maturation events and act

synergistically to induce the maturation of DCs 82;,83;237

In addition to inducing adaptive immune responses to microbial antigens, DCs

also contribute to innate immunity by ingesting and killing microbes ®*+%*

and by
secreting mediators that recruit macrophages, natural killer cells, and eosinophils to sites

of infection **®°. At the present time, however, little is known about how immature DCs

help control bacterial infection and/or prevent harmful host responses to bacteria or

49
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bacterial components. In the studies described here, I show that these cells are able to
degrade the most potent agonist contained in the Gram-negative bacterial cell wall, the

lipid A moiety of LPS.

Lipid A, the conserved bioactive center of LPS, has a glucosamine disaccharide
backbone. In enterobacterial lipid A, four primary fatty acids (3-OH-14:0) attach directly
to this backbone. The hydroxyl groups of two or three of the 3-OH-14:0 residues are
substituted with secondary acyl chains (laurate 12:0, myristate 14:0) to form acyloxyacyl
groups. Animals have an enzyme, acyloxyacyl hydrolase (AOAH), that specifically
removes secondary fatty acyl chains from the lipid A regions of diverse LPSs and greatly

. . . 239
reduces the molecules’ ability to elicit toxic responses in vivo .

Moreover, in vitro
studies using human monocytes, endothelial cells, and neutrophils have shown that the
partially-deacylated LPS produced by AOAH can be an LPS antagonist '**'*"'%°. Mice
that are unable to produce AOAH due to targeted gene disruption have exaggerated
antibody responses to LPS (see chapter III).

Although AOAH had previously been detected only in neutrophils and monocyte-
macrophages, we found that immature DCs also produce the enzyme. We then asked
whether DCs can alter their expression of AOAH, and their ability to deacylate the LPS
in ingested E. coli, in response to host (inflammatory cytokines and CD40 ligand) or
bacterial (LPS, E. coli, Micrococcus luteus [peptidoglycan], and CpG oligonucleotides)
stimuli. The results indicate that DCs coordinate AOAH expression and LPS deacylation

with many other anti-bacterial responses, increasing or decreasing their ability to process

this important bacterial molecule in response to environmental cues.
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B. Materials and Methods

1. Reagents

Unless otherwise indicated, reagents were obtained from Sigma-Aldrich Chemical
Co., St. Louis, MO. Phosphorothioate-modified CpG (5°-
TCCATGACGTTCCTGATGCT-3") and GpC (5’-TCCATGAGCTTCCTGATGCT-3’)

oligodeoxynucleotides (ODNs) were obtained from Invitrogen, Grand Island, NY.

2. Purification of smooth LPS (E. coli O9)

The procedure used for extraction of LPS from E. coli O9 was that described by
Westphal and Jann in 1965 **°. E. coli 09 were collected by centrifugation, washed once
with PBS, resuspended in water and incubated at 68-70°C. Equal volume of 90% phenol
solution (68-70°C) was added to bacterial suspension and extracted by swirling in a 68-
70°C water bath. The extraction mixture was rapidly cooled in an ice bath, and two
phases were separated by centrifugation at 10,000 g for 15 min. The water phase (top
phase) which contains LPS was transferred a clean tube. The phenol phase was re-
extracted with water twice. All the water phases were pooled and treated with
ribonuclease and deoxyribonuclease, then with proteinase K to get rid of nucleic acid and
protein contamination. LPS was concentrated by precipitation with ethanol at -20°C.
Then LPS was resuspended in 0.1% (v/v) thiethanolamine and stored at -20°C.

3. Mice
Targeted disruption of the murine AOAH gene was accomplished in embryonic

stem cells from 129S6/SvEvTac mice by inserting a neomycin resistance gene in the first
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AOAH exon, eliminating a 705 bp region that encodes untranslated mRNA, the
translation start site, the leader and pro-peptide sequences, and 41 amino acids of the

small subunit of the enzyme 108,

Mouse DNA was screened by Southern blot analysis
using an EcoRI — BamHI probe derived from the 5' genomic sequence upstream of the
long arm of the targeting vector. C57BL/6 (B6) mice were obtained from the Jackson
laboratory. AOAH null B6 mice were derived by breeding AOAH null 129S6/SvEvTac
mice with B6 mice for 8 generations, and then selecting progeny that carried the
disrupted AOAH gene by Southern blot analysis. All mice used were bred and housed in

a specific pathogen free utility at UT Southwestern Medical Center Department of

Animal Resource.

4. Cell lines

XS52 is an immature DC line that was derived from newborn BALB/c mouse
epidermis **'. XS52 cells were maintained in XS medium (complete RPMI [cRPMI]
supplemented with 0.5 ng/ml recombinant murine GM-CSF (rmGM-CSF, R&D System:s,
Minneapolis, MN) and culture supernatant (5%, v/v) from a NS47 stromal cell line.
cRPMI is RPMI 1640 (Cellgro, Herndon, VA) with 10% heat-inactivated fetal bovine
serum (FBS, endotoxin < 0.06 EU/ml, Hyclone, Logan, UT), 2 mM L-glutamine (Gibco,
Rockville , MD), 100 uM nonessential amino acids (Gibco), 100 units/ml penicillin, 0.1
mg/ml streptomycin (Gibco), 10 pM sodium pyruvate, 25 mM HEPES, pH 7.4, and 50
UM 2-mercaptoethanol. NS47 cells **! were cultured in cRPMI medium. XS106, a
mature DC line established from A/J mice >**, was also carried in XS medium ?**. Both

XS52 cells and XS106 cells were harvested by pipetting. The BALB/c—derived



53

macrophage line RAW264.7 was maintained in Dulbecco-modified Eagle medium
(DMEM, Cellgro) supplemented with 10% heat-inactivated FBS, 2mM L-glutamine, 100
units/ml penicillin and 0.1 mg/ml streptomycin. Murine macrophage cell lines P388D1
and J774 were cultured in RPMI medium supplemented with 10% heat-inactivated FBS,

2 mM L-glutamine, 100 units/ml penicillin and 0.1 mg/ml streptomycin.

5. Bone marrow-derived dendritic cells (BMDCs) and peritoneal macrophages

1. 2** with minor

DCs were generated from bone marrow as described by Inaba et a
modifications. 5-8 weeks old, male or female mice were used. Femurs and tibias were
removed and kept in cRPMI on ice until all mice have been processed. The bones were
immersed in a petri dish containing 70% ethanol for 2 min, and then washed twice with
ice-cold cRPMI. Both ends of each bone were cut with a razor blade and shafts were
transferred to a separate dish. Marrow was flushed out of the shafts with 10ml of ice-
cold cRPMI using a syringe with a 25G needle. The clumps were broken up with a 10 ml
syringe with a 22 G needle (5 times, up and down) in petri dish and transferred into a
50ml culture tube. The dish was washed with 10 ml cRPMI and transferred to the above
tube. Cells were centrifuged for 10 min at 800 g. To lyse RBCs, cell pellets were
resuspended in RBC lysing buffer (3ml per mouse) and incubated at room temperature
for 5 min 5ml heat inactivated FCS were underlaid. Cells were centrifuged for 10min at

800 g, and cell pellets were resuspended in 50 ml of cRPMI. 10 ul of cell were counted,

and cells were resuspended at 2 x10°/ ml in cRPMI medium containing 10ng/ml rmGM-
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CSF and seeded in 6-well-plate, 3 ml/well. About 30-40 x10° bone marrow cells
(excluding RBC) can be obtained from each mouse.

On day 3 of culture, non-adherent cells were removed and 2 ml of fresh medium
containing rmGM-CSF were added. On day 5, additional 2 ml of fresh medium or
medium with treatment were added. On day 7, non-adherent CD11c+ cells were purified
using anti-CD11c¢ monoclonal antibody N418 coupled to magnetic microbeads (Miltenyi
Biotech Inc., Auburn, CA) (see below). Flow cytometric analysis (FACScan, Becton
Dickinson, Franklin Lakes, NJ) showed that more than 95% of the sorted cells were
CDl1l1c+. These purified CD11c+ cells had DC morphology (veiled and dendritic
processes) when viewed using light microscopy after cytospinning. Around 10 x 10°
BMDC:s can be obtained from each mouse.

Thioglycollate-elicited peritoneal macrophages were prepared as described ***.
Two months or older mice were injected with 3 ml of aged thioglycollate
intraperitoneally. Five days later, mouse peritoneal cavity was flushed with 6 ml of
RPMI medium and cells were collected by centrifugation. After wash with RPMI, cells
were resuspended in 5 ml of cRPMI medium and seeded in 6-well-plate. 16-24 hours
later, the floating cells were washed away and the adherent cells were used as peritoneal
macrophages.

All cells were maintained at 37°C in a humidified atmosphere of 5% CO, and air.

6. MACS purification of CD11c+ cells from BMDC culture

The manufacturer’s instructions were followed (Miltenyi Biotech Inc., Auburn,

CA). On day 7 of BMDC culture, floating cells were collected, washed once with buffer
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A (PBS, 0.5% heat inactivated FBS, 2mM EDTA, PH=7.2) and resuspended in buffer A
at 107 cells/80ul. Fc receptors were blocked with 0.5 mg/ml of normal mouse IgG
(Caltag Laboratories, Burlingame, CA) on ice for 45 min. 20 pl of anti-CDllc
monoclonal antibody N418 conjugated magnetic microbeads was added to every 80 pl of
cells. Cells were incubated with beads at 4°C for 30 min. During the time of incubation,
the MS separation column was attached to the MACS MultiStand and balanced with 1 ml
of buffer A. After incubation of cells with beads, 400 ul of buffer A was added to cells
and total volume of 500 pl of cell suspension was applied to column. The column was
washed 3 times with 500 pl of buffer. 1 ml of cRPMI was applied to the column, the
column was removed from the magnetic field and cells were flushed out with a plunger.

The purity of positive selected cells was analyzed by flow cytometry.

7. Flow cytometry

XS52 cells were washed with PBS and harvested with PBS containing 2 mM
EDTA. BMDCs were purified by magnetic cell sorting. About 2-5x10° cells were
transferred to 1.5 ml microcentrifuge tubes and washed once with 1ml/tube of FACS
staining medium (Hanks Balanced Salt Solution, 2% BSA, 10mM Hepes, pH 7.4). To
block Fc binding, cells were resuspended in 45 pl of staining medium with 0.5 mg/ml
normal mouse IgG and incubated on ice for 45 min. 5 ul of 1:10 diluted antibodies [anti-
CD14-PE (rmC5-3); anti-CD40-PE (3/23); anti-CD86-PE (GL1), anti-CD11¢c-FITC (HL3)
and corresponding isotype control antibodies] were added to each tube. These antibodies

were all purchased from PharMingen and used at 5 pg/ml. After incubation on ice for 1
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hour, cells were washed with 1 ml of staining medium twice and resuspended in 250 pl of
staining medium. The samples were transferred to 12x75 Falcon tubes and analyzed by

FACScan, gating on cells that excluded propidium iodide. Data were analyzed using Cell

Quest (Becton Dickinson) software.

8. Induction of DC differentiation

We followed the method of Yamada and Katz **. Briefly, XS52 cells were
cultured in cRPMI medium supplement with rmGM-CSF and IL-4 (10 ng/ml each) for 6
days; the medium was replaced with fresh medium containing rmGM-CSF and IL-4 on
day 3. The cells were then cultured for 3 additional days in the presence of GM-CSF, IL-
4, TNF-a (10 ng/ml each, all from R&D Systems), IL-1B (10 ng/ml, PharMingen,
Franklin Lakes, NJ), and 4 pg/ml anti-CD40 (clone 1C40, R&D Systems). To study the
impact of LPS on XS52 cell maturation, 10 ng/ml of E. coli O9 LPS (purified using hot
phenol-water extraction from E. coli) was added to the cells in XS medium. Cells were
either harvested at 24 hours or they were incubated for 9 days; the medium was replaced
with fresh XS52 medium containing 10 ng/ml LPS on days 3 and 6. To study the impact
of living E. coli on DC maturation, 10 bacterial CFU/ml of an overnight culture of E. coli
09 was added to XS52 cells (bacteria:cell ratio=1:5) in XS medium without antibiotics
and incubated at 37C° for lhour. The cells then were washed with cRPMI medium
without antibiotics and cultured in XS medium that contained 50 pg/ml gentamicin to kill

extracellular bacteria. The cells were harvested at 24 hours. When incubation was
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continued for 9 days, this procedure was repeated on days 3 and 6, and cells were
harvested on day 9.

To induce the maturation of BMDCs, 10 ng/ml LPS, 1 uM CpG ODN and control
GpC ODN, 40 pg/ml Micrococcus luteus or a cocktail of IL-4, TNFa, IL-1 and
agonistic anti-CD40 antibody were added to day 5 BMDC cultures. On day 7, the non-
adherent cells were harvested and CD1lc+ cells were sorted by CD11c monoclonal

antibody-conjugated magnetic micro-beads.

9. Deacylation of purified LPS by cell lysates.

Double-labeled LPS (['*C]-glucosamine backbone and [*H]-fatty acyl chains) *°
was incubated with cell lysates for 16 hrs at 37°C in AOAH reaction mixture (fatty acid-
free bovine serum albumin [Img/ml], 5 mM CaCl,, 0.05% Triton X-100, and 20 mM
Tris-citrate, pH 5.0). The reaction was terminated by adding 2.5 volumes of 100%
ethanol. After centrifugation to precipitate intact LPS and partially deacylated LPS, the
[*H]-fatty acids in the supernatant were quantitated by B-scintillation counting (Packard

Instrument Company, Downers Grove, IL). Confirmation that the deacylating activity

was AOAH-like (releasing only 12:0 and 14:0 from the LPS) was obtained using TLC .

10. Deacylation of purified LPS by DCs

LPS with [*H]-labeled fatty acyl chains was purified from E. coli LCD25. 1 pg of
[*H]-labeled LPS was added to 5x10° DC culture, and incubated with cells for 6 and 24

hours. After incubation, both cells and medium were harvested, and 2.5 volume of

ethanol was added. The amount of released fatty acids, which was ethanol soluble, was
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measured by B-scintillation counting. The amount of fatty acids released from cell

culture medium only (no cells) at 6 and 24 hours was used as background deacylation.

11. Deacylation of LPS in whole E. coli

E. coli LCD25, an aceEF, gltA strain of E. coli K12, is unable to produce its own
acetate or use acetate as carbon or energy source 2. When LCD25 cells are cultured in 2
x minimal medium with sodium 2-["*CJacetate (New England Nuclear Life Science
Product, Boston, MA), "C is exclusively incorporated into fatty acyl chains. The method
of Katz et al '"® was followed to ['*C]-label fatty acyl chains in LCD25. LCD25 were
cultured for 16 hours at 30°C in 2 x minimal medium containing 0.8 mM sodium acetate.
2 x minimal medium is composed of 0.8% glucose, 0.08% L-glutamate, 2% of L-leucine,
L-isoleucine, L-valine, L-methionine each, 0.02% thiamine, 0.04% MgS0O,.7H,0, 0.4%
citric acid-H,O, 2% K,;HPOys, 0.7% NaNH4HPO4-4H,0, 50pug/ml of kanamycin. LCD25
were then centrifuged and washed once with PBS and subcultured at a starting
concentration of 2.4x 10’ bacterial CFU/ml in 2x minimal medium containing 0.3 mM
sodium 2-["*CJacetate (17 pCi/ml) at 30°C for 20 hours. Fatty acyl chains in bacterial
LPS and phospholipids were then [*C] labeled, yielding about 20,000 dpm /10° bacterial
CFUs. "“C-labeled LCD25 bacteria were added to XS52 cells (cell: bacteria ratio = 1:50)
in XS medium without antibiotics and incubated for 1 hr at 37°C. The cells were then
washed and incubated for 6 or 24 hrs in XS medium with 50 pg/ml gentamicin. For
BMDCs, non-adherent cells were harvested on day 7 of culture, mixed with ['“C]-labeled

LCD25 (cell: bacteria ratio = 1:50) in cRPMI medium without antibiotics, and incubated
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at 37°C for lhr. Then the CDI11c+ cells were purified by magnetic micro-beads and the
CDl11c- cells and unbound bacteria were washed away. The sorted CD11c+ cells were
cultured in cRPMI supplemented with 10 ng/ml rmGM-CSF and 50 pg/ml gentamicin for
6 or 24 hours. The cells and culture media were pooled to measure LPS deacylation. At
the 0 hr time point, samples were harvested immediately after ['*C]-labeled LCD25

bacteria were added to DCs.

12. Bligh-Dyer (B-D) extraction

To isolate LPS, partially deacylated LPS and fatty acids, method of Bligh and
Dyer’s was used >**. Briefly, 0.5 ml of sample was mixed with 10 ul of 25% triton X-100,
2 ml of methanol, 1 ml of chloroform and 5 pl of glacial acetic acid. After incubation at
room temperature for at least 1 hour, 1.5 ml of 0.05 M potassium chloride and 1 ml of
chloroform were added. The mixture then was centrifuged and 2 phases were separated.
Hydrophobic fatty acids were present in chloroform phase, while amphipathic LPS or

partially deacylated LPS stayed at the interface of chloroform and water/methanol phases.

13. Assay of deacylation of LPS in whole bacteria

LPS deacylation was quantitated by calculating the loss of the fatty acyl chains
from LPS ' (Fig. 6A). The interface of a B-D extraction, which contains LPS and
partially deacylated LPS, was washed 3 times with chloroform and dried under argon.
The interface was then hydrolyzed with 4 M HCl and 4 M NaOH ***. The hydrolyzed
interface was extracted again and the chloroform phase, which contains released fatty

acids, was recovered, dried and resuspended in 100 pl of methanol: chloroform 1:1 (v:v).
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The interface-derived fatty acids were resolved by thin layer chromatograph (TLC). First,
the primary (3-OH-14:0) and secondary (12:0, 14:0) fatty acids were separated using
TLC system 1 (Silica gel G, petroleum ether: diethyl ether: acetic acid =70:30:1) (Fig.
6B). The two bands containing 3-OH-14:0 and the non-hydroxylated fatty acids were
visualized by phosphorimager (Molecular Dynamics, Sunnyvale, CA). Then the 3-OH-
14:0 band was scraped and the radioactivity was quantitated by B-scintillation counting.
The non-hydroxylated fatty acids were extracted from the silica gel and resolved on a
reverse-phase KC18 plate, using acetic acid: acetonitrile (3:7) as the solvent (TLC system
2) (Fig. 6C); the plates were developed, dried and developed again to get better
separation of fatty acids. The bands corresponding to each species of non-hydroxylated
fatty acid (12:0, 14:0, 16:0) were scraped and quantitated. The fatty acyl constituents in
each band on TLC plate were identified by comparing with fatty acid standards using
HPLC and TLC (see below). The dpm recovered from each band was normalized to the
total dpm measured for each sample before extraction. The values at t=0 hr were set as
100%, and the values at other time points were converted to percentages by comparing
them to the t=0 hr value. For example, 12:0 attached to LPS at 24 hrs (%) = (12:0
recovered at 24 hrs/total dpm of 24 hr sample before extraction) / (12:0 recovered at 0 hr/
total dpm of 0 hr sample before extraction) x100. The distribution of the radioactivity in
each sample was assayed in duplicate.

At the end of the maturation experiment, there were more cells in the cytokine-
treated wells, and fewer in the LPS-treated wells, than in the untreated wells. The cell

mass was estimated by measuring the amount of cell protein in each well.
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Figure 6. Analysis of the deacylation of LPS in whole bacteria.

(A) Schematic representation of procedure for lipid analysis '"°. Samples were subjected
to B-D extraction. LPS and partially deacylated LPS, which is present at the interface of
chloroform and water/methanol phases, were isolated and hydrolyzed using acid and
subsequently base. The released fatty acids were then purified by another step of B-D
extraction and this time the chloroform phase, which contained the hydrolyzed free fatty
acids, was collected and concentrated. Two steps of TLC were performed to separate and
quantitate fatty acyl constituents. (B) TLC system 1. The primary (3-OH-14:0) and
secondary (12:0, 14:0) fatty acids were separated by using silica gel G plate and solvent
system I: petroleum ether:diethyl ether:acetic acid = 70:30:1. (C) TLC system 2. The
non-hydroxylated fatty acids were extracted from the silica gel and resolved using
reverse-phase KC18 plate and solvent system II: acetic acid: acetonitrile = 3:7. The
plates were developed, dried and developed again. Lanes 1-4 in (B) and (C) represent
fatty acids derived from the B-D extraction interface of 2.5, 5, 10, and 20 pl [14C]—
labeled-LCD2S5 bacteria.
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14. Identification of fatty acid constituents in TLC bands by HPL.C

To identify fatty acyl constituents in TLC bands, bands corresponding to 12:0,
14:0 and 16:0 on TLC II plate were scraped, extracted using B-D method and applied on
HPLC (Waters 840 HPLC instrument equipped with a f-RAM radioactive flow detector).
The retention time of fatty acyl chains in each band was compared with fatty acid
standards. The retention times are shown in the table 1. The 12:0 band on TLC contains
only 12:0, while 14:0 band contains 14:0 and a small amount of 16:1, 16:0 band contains

mainly 16:0 and a little 18:1.

Table 1. Comparison of fatty acids extracted from TLC plates with fatty acid

standards by HPLC.

Fatty acid 12:0 14:0 16:1 16:0 18:1 18:0

Retention time (min)
10.412 | 16.888 | 19.734 | 29.285 | 34.803 | 45.732
Standards

Major peak derived
10.153 | 16.535 28.703
from TLC plates

Stationary phase, Cs column, 4.6mmx250mm (Whatman); mobile phase, 84.9% methanol,
0.1% acetic acid, 15% water, room temperature, flow rate = 1ml/min.

In addition, fatty acid standards and fatty acids hydrolyzed from LCD25 B-D
extraction interface of were loaded on parallel lanes on TLC plate and developed. The

plate was dried and visualized by Phosphorimager (Fig. 7).
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Figure 7. Identification of fatty acids derived from the interface of Bligh-Dyer
extraction by TLC.

Lanes 1 and 8, fatty acids released from B-D extraction interface; Lane 2, ['“C]-labeled
12:0; Lane 3, [14C]-1abeled 14:0; Lane 4, non-radiolabeled 16:1; Lane 5, [14C]- labeled
16:0; Lane 6, non-radiolabeled 18:1; Lane 7, [*C]-labeled 18:0. After the TLC plate was
developed and dried twice, the plate was exposed to iodine vapor, and non-saturated fatty
acids (16:1 and 18:1) were stained brown and those brown bands were marked with
['*C]-labeled 12:0 so that the migration position of 16:1 and 18:1 could be visualized
with Phosphorimager. TLC system 2, reverse-phase KC18 plate, and solvent system II
(acetic acid/acetonitrile (3:7, v:v)) were used in this system.

15. Validation of the lipid analysis method
In the above assay, there are multiple steps of B-D extraction and separation of
fatty acids by TLCs. To test whether the interface fatty acids recovered at the end

correlate with those present at the beginning of the analysis, 2.5, 5, 10, and 20 ul of ['*C]-
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labeled E. coli LCD25 were analyzed, and the recovered fatty acids were plotted against
the amount of bacteria added at the beginning (Fig. 8). The recovered fatty acids (3-OH
14:0, 12:0, 14:0 and 16:0) showed good proportionality with the amount of bacteria

added (r’=0.99). All of the lipid analyses I have done are within this linear range.
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Figure 8. Validation of the lipid analysis method.

In the lipid analysis described above, the recovered fatty acids from 2.5, 5, 10, and 20 pl
of ['*C]-labeled E. coli LCD25 correlate with the amount of bacteria added. Each data
point was assayed in duplicate. The numbers shown are r°.

16. Bacterial protein degradation

To label bacterial proteins, LCD25 cells were cultured in 2xminimal medium plus
1 mM sodium acetate with 0.04 uM [*H]-arginine (New England Nuclear Life Science
Product) and 10 pM non-radiolabeled L-arginine, yielding about 3,500 [*H] dpm /10°
bacterial CFUs. [3H]-arginine-1abeled LCD25 were added to XS52 cells (bacteria:cell

ratio = 50:1). Incubation, washing, and harvesting were performed as in the LPS
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deacylation protocol described above. The 0 hr time-point samples were harvested
immediately after the [*H]-arginine-labeled LCD25 bacteria were added to DCs. 0.5 ml
of each sample was mixed with an equal volume of 20% trichloroacetic acid (TCA),
incubated at 4°C for 20 min, and centrifuged. The radioactivities in the supernatant and
pellet were counted. The fraction of the counts that was TCA-insoluble at 0 hr was
considered to represent 100%, and the values at later time points were converted to
percentages by comparing them to the t=0 hr value. Each experimental condition was

assayed in duplicate.

17. Phagocytosis

1 x 10° DCs were washed with PBS and suspended in 0.2 ml cRPMI medium.
BODIPY-E. coli (Molecular Probes, Eugene, OR) (0.05 ml of 10° bacteria/ml) were then
added to the cells, which were then incubated at 37C° in the dark for 1 hr before they
were chilled on ice to stop phagocytosis. To quench extracellular fluorescence, 0.25 ml
of 0.2% trypan blue in PBS was added before analysis by flow cytometry. Control cells
were either pretreated with 10 uM cytochalasin D for 0.5 hr before adding BODIPY E.

coli or maintained on ice during the incubation.

18. Bactericidal activity

LCD25 bacteria, labeled with *H-arginine as described above (Bacterial Protein
Degradation), were added to XS52 cells in XS medium without antibiotics. Bacteria
were added at a cell: bacteria ratio of 1:50. After incubation at 37°C for 0.5 hr, the cells

were then washed and incubated for 0.5 or 2 hrs in XS medium without antibiotics. Cells
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and media were harvested together and cells were lysed by adding Triton X-100 (final
concentration = 0.2%). Samples were serially diluted in PBS, and 100 pl of several
dilutions were spread on LB agar plates. After overnight incubation at 37°C, the colonies
were counted and the total number of CFUs recovered from each well was calculated.
The total number of bacteria associated with cells after the wash was determined by

measuring the cell-associated *H dpm at this time and dividing by the *H dpm/CFU.

19. mRNA analysis

Total RNA was isolated from untreated or treated XS52 cells (RNAqueous Kit,
Ambion, Austin, TX) according to manufacturer’s instruction. A region of the AOAH
cDNA was amplified using primers Seq mAOAH-ex12F
(CCAACTCTCTGGTGTAACTGGATTT) and Seq mAOAH-ex12R
(TCTCAAACGATGGTAAATGGATTTT). TagMan® MGB probe (FAM™ dye-labeled)
ACGAGTGGAATTGAAG and primers were designed and synthesized by Applied
Biosystems (Foster City, CA). Plasmid PMF612, which contains murine AOAH cDNA,
was used as a reference molecule for the standard curve calculation. TagMan® Rodent
GAPDH Control Reagents were used to measure GAPDH gene expression. All real-time
PCR reactions were performed in a 25 pl mixture with Tagman one step RT-PCR Master

Mix Reagents Kit on ABI PRISM® 7700 Sequence Detection System.
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C. Results

1. Immature dendritic (XS52) cells and bone marrow-derived DCs express AOAH.

We first measured LPS-deacylating activity in lysates of XS52 cells, immature
BMDCs, a mature DC line, XS106 and several murine macrophage lines. Both XS52
cells and BMDCs had LPS deacylating activity that was similar to that of murine
peritoneal macrophages and greater than that of the other cell lines tested (Fig. 9).

Mature DCs (XS106) expressed much lower activity than did immature DCs (XS52).

75+

[3H] fatty acid released from LPS
(dpm/pg lysate preotein/h)

v O
& &

Figure 9. LPS deacylation by cell lysates.

Lysates of cultured cells were assayed for their ability to deacylate [*H] / ['*C] labeled
purified LPS as described in Materials and Methods. Each bar represents mean of three
and more independent experiments. Error bars represent 1 SE. ***  significantly
different from XS52 cells, P<0.001 (Student’s ¢ test).
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2. BMDCs derived from AOAH +/+ mice can deacylate LPS while BMDCs from

AOAH -/- cannot.

In the above assay, we measured purified LPS deacylation by cell lysates in the
acidic buffer (pH=5.0) with detergent (0.1% Triton X-100). We then tested whether
BMDCs can deacylate purified LPS in physical condition (pH=7.4, no detergent), and
whether the AOAH is required for LPS deacylation. We found XS52 cells (data not
shown) and BMDCs derived from AOAH +/+ mice released fatty acids from purified
LPS while BMDCs from AOAH -/- mice could not (Fig. 10), indicating that DCs can

deacylate purified LPS in natural condition, and that AOAH plays an essential role.
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Figure 10. Deacylation of purified LPS by BMDCs

Purified LPS with *H-labeled fatty acids were added to BMDCs AOAH +/+ or -/-. After
6 and 24 hours incubation, cells and medium were harvested and the released fatty acids
were measured. Data shown are means + 1 SD.
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3. XS52 cells deacylate the LPS in rough and smooth bacteria in an AOAH-like

manner.

We next asked whether DCs can deacylate LPS in its natural setting, the outer
membrane of Gram-negative bacteria. Since the fatty acids cleaved from LPS and other
bacterial lipids can be degraded by host cells and/or incorporated into cellular lipids, we
measured the disappearance of individual fatty acids from the LPS backbone. We found
that XS52 cells deacylated the LPS in E. coli LCD25 in an AOAH-like manner (Fig.
11A). 3-OH-14:0, the primary fatty acyl chain of lipid A, was not removed from the LPS
backbone, whereas the non-hydroxylated (secondary) fatty acids (12:0, 14:0) were
cleaved over time. Because E. coli LCD25 is a Ra (no O-Ag) mutant strain, then we
tested whether DCs can deacylate LPS in smooth bacteria. A plasmid containing O9-
antigen synthesis genes >* was introduced into E. coli LCD25 and the expression of O9-
antigen in the transfected bacteria was confirmed. The transfected bacteria were lysed
and treated with protease K. Analysis by SDS-PAGE and subsequent silver staining
showed a typical “ladder pattern™ of regularly spaced bands. We found that XS52 cells
were able to deacylate smooth LPS in whole bacteria in an AOAH-like manner (Fig.

11B).
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Figure 11. Deacylation of LPS in E. coli.

(A) XS52 cells deacylate LPS in whole bacteria in an AOAH-like manner. The
secondary fatty acyl chains (12:0 and 14:0) were released while primary fatty acid (3-OH
14:0) remained attached. (B) XS52 cells deacylate LPS-O9 in whole bacteria in an
AOAH-like manner.



72

4. AOAH plays an essential role in deacylating LPS in whole bacteria.

Similar to XS52 cells, BMDC from AOAH +/+ mice deacylated LPS in E. coli
LCD25 in an AOAH-like manner. However, BMDC from AOAH -/- mice deacylated
significantly less LPS than did their wild type counterparts (Figure 12); the apparent
removal of 20-30% of the 12:0 by the -/- BMDC is unexplained, since they were unable
to deacylate purified LPS (Fig. 10) and peritoneal macrophages from AOAH -/- mice did

not deacylate the LPS in E. coli (Fig. 12).
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Figure 12. Deacylation of LPS in E. coli LCD25 by BMDCs or P. macrophages from
AOAH +/+ or -/- mice.

BMDCs and P. macrophages deacylate LPS in whole E. coli in an AOAH-like manner.
LPS deacylation was totally abolished in P. macrophages from AOAH -/- mice.
However, BMDCs from AOAH -/- mice could deacylate small amount of LPS.
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5. Regulation of AOAH activity in XS52 cells.

In vitro, DCs can be induced to mature by inflammatory cytokines, by CD40
ligand, or by microbes or microbial molecules such as LPS and peptidoglycan.

Following the protocol of Yamada and Katz **°

, we treated XS52 cells with 10 ng/ml of
IL-4 for 6 days and for an additional 3 days with a maturation cocktail that included I1L-4,
TNFa, IL-1B and an agonistic CD40 antibody. To assess the maturation state of the cells,
we measured cell-surface markers by using flow cytometry. Increased surface expression
of CD40, a costimulatory molecule, was used to reflect maturation. The LPS binding
receptor, CD14, which is constitutively expressed on the XS52 cell surface, was shown to
be down-regulated on XS52 cells treated with IL-4 and maturation cocktail. We also
measured the phagocytic activity of untreated and treated cells. Immature DCs, which
are highly phagocytic, lose this capability when they mature "7,

After treatment with IL-4 for 6 days and the cytokine cocktail for 3 more days,
CD40 expression on XS52 cells had increased a little (Fig. 13A), while CD14 expression
(Fig. 13A) and phagocytic activity (Fig. 13B) had decreased. These changes were
accompanied by a 6-fold decrease in AOAH activity (Fig. 13C).

In the same experiments, we asked if exposing the cells to LPS or Gram-negative
bacteria would alter their ability to phagocytose or to express AOAH. After XS52 cells
had been incubated with LPS or whole Gram-negative bacteria for 9 days, their surface

expression of CD40 increased, while CD14 expression, phagocytic activity and AOAH

activity were maintained or slightly increased (Figure 13A-C).
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Prolonged incubation in the presence of LPS or E. coli was associated with some
loss of XS52 cell viability. When we treated XS52 with LPS or E. coli for 24 hours, with
no loss of cell numbers, the results were similar: maintenance of CDI14 expression,
phagocytic ability and AOAH activity were accompanied by increased expression of
CD40 (data not shown).

To investigate the basis for the changes in AOAH activity, we measured AOAH
mRNA abundance in XS52 cells using real-time PCR. As shown in the panel D of
Figure 13, AOAH mRNA abundance decreased 8-fold after treatment with the maturation
cocktail and increased 2-fold after treatment with LPS.

Maturation of XS52 cells, when induced by pro-inflammatory cytokines and an
agonistic CD40 antibody, was thus associated with decreases in CDI14 expression,
phagocytic activity, and AOAH activity, while CD40 expression was enhanced.
Although treatment with LPS or Gram-negative bacteria was also followed by increased
expression of the co-stimulatory molecule, CD40, the cells maintained their ability to

recognize LPS, internalize bacteria and deacylate LPS.
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Figure 13. Stimulus induced changes in XS52 cells.

(A) Cell-surface expression of CD14 and CD40 on untreated XS52 cells and on cells
treated with cytokines (IL-4 and maturation cocktail), LPS (10 ng/ml) or E. coli (10
CFU/ml) for 9 days (see Methods). Black line, specific antibody; grey line, control
antibody of the same isotype. (B) Flow cytometric analysis of phagocytosis of BODIPY-
labeled E. coli. Dotted line, cells only; black line, cells with BODIPY-E. coli; grey line,
after pretreatment with Cytochalasin D to inhibit phagocytosis. (C) LPS-deacylating
activity in cell lysates. Each experimental condition was assayed in duplicate; the results
are combined from 9 independent experiments. (D) AOAH mRNA abundance as
assessed by real-time PCR measurements of AOAH and GAPDH mRNA. The data are
combined from 2 independent experiments. In C and D, the bars represent means = 1 SD.

6. Regulation of AOAH activity in BMDCs.

We treated BMDCs with IL-4 and the same maturation cocktail for 2 days. CD40
and CD86 expression increased (Fig. 14A), while phagocytic activity decreased (Fig.
14B). Immature BMDCs expressed very little CD14, and treatment with maturation
cocktail did not change its expression (data not shown). Cytokine-induced maturation
decreased AOAH activity by 6-fold (Fig. 14C).

When BMDCs were treated with 10 ng/ml LPS for 2 days, they expressed more
surface CD40 and CD86 (Fig. 14A) and slightly more CD14 (as previously reported >*;
data not shown), while their phagocytic activity decreased (Fig. 14B). AOAH activity
increased by 3-fold (Fig. 14C). Up-regulation of co-stimulatory molecules has also been
described in Salmonella-infected BMDCs in vitro ' and in response to LPS in vivo *.

Both maturation cocktail and LPS thus augment cell surface CD40 and CD86

expression in BMDCs and decrease their phagocytic activity. Maturation cocktail

decreases BMDC AOAH activity while LPS increases it.
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Figure 14. Maturation-induced changes in BMDC.

(A) Cell-surface expression of CD40 and CD86 on BMDCs and on BMDCs treated with
maturation cocktail (see Methods), LPS (10 ng/ml), CpG ODN (1 uM), GpC ODN (1
uM), and Micrococcus luteus (40 pg/ml) for 2 days. Black line, specific antibody; grey
solid histogram, control antibody of the same isotype. (B) Phagocytosis of BODIPY-
labeled E. coli. Dotted line, cells only; black line, cells with BODIPY-E. coli; grey line,
after pretreatment with Cytochalasin D to inhibit phagocytosis. (C) LPS-deacylating
activity in cell lysates. Each experimental condition was assayed in duplicate; the results

are combined from 2 or more independent experiments. In C, the bars show the means +
1 SE.
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7. Other bacterial agonists also increase AOAH expression in BMDCs.

We next asked whether the augmentation of AOAH activity is LPS-specific, since
LPS is an AOAH substrate. LPS is thought to activate DCs by interacting with the
TLR4-MD-2 signaling complex. To find out if cell activation via other TLRs can
increase or decrease AOAH expression, we incubated BMDCs with bacterial CpGs »*'***
(TLRY agonist) and Micrococcus luteus (Gram-positive bacterium; agonist for TLR2 233
possibly also other TLRs). As is shown in Figure 14C, CpG and ML both increased

AOAH activity. These results indicate that BMDC AOAH can be regulated via signals

downstream of TLRs other than TLR4.

8. After exposure to maturation cocktail or LPS, XS52 cells alter their ability to

deacylate LPS in whole bacteria.

We then asked how the different stimuli affect the ability of XS52 cells to
deacylate LPS in whole bacteria. XS52 cells that had been treated with IL-4 for 6 days
and maturation cocktail for 3 additional days were compared with XS52 cells treated with
LPS and with control cells that had been maintained without stimulation. The ability of
the cells to deacylate LPS in E. coli was abolished in the maturation cocktail-treated
group and was increased by LPS treatment (Fig. 15A). In parallel experiments, we
studied the ability of the cells to degrade bacterial protein. Protein degradation was 4-
fold lower in maturation cocktail-treated XS52 cells than in untreated cells, while LPS-

treatment maintained the protein degradation rate (Fig. 15B). Under the conditions
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studied here, maturation thus altered the cells' ability to degrade bacterial LPS and

protein in a similar fashion.

% of each FA remaining

attached to LPS backbone

)
<

% of each FA remaining
attached to LPS backbone

Mat. cocktail

—%— 30H 14:0

—=12:0
=0=14:0

18 24

LPS

6

Time (h)

12

18

24




80

B
g 1004
Q.
; 804 % —8— Mat. Cocktail
MQ _
.g § 604
©
2 401
o —{+ Control
S 2 W 2
= -4—LPS
C 1 1 1 1
0 6 12 18 24

Time (h)

Figure 15. Impact of exogenous stimuli on the deacylation of LPS and degradation
of bacterial protein in phagocytosed E. coli.

(A) XS52 cells, untreated or treated for 9 days with IL-4 and maturation cocktail or LPS
(see Methods), were allowed to take up [*C]-labeled E. coli for 1 hr. After washing to
remove unattached cells and further incubation for 6 hours, 30% of the 12:0 and 14:0 had
been removed from the LPS backbone in untreated cells, while 60-70% was removed in
LPS-treated cells (p< 0.05). Cytokine treatment abolished the ability of the cells to
deacylate the LPS in E. coli. (B) XS52 cells, untreated or treated with IL-4 and
maturation cocktail or LPS, were incubated with [3H]—arginine—labeled E. coli for 1 hour.
IL-4 and maturation cocktail treatment decreased protein degradation while LPS
treatment maintained it. Treatment with IL-4 and maturation cocktail also reduced
phagocytosis (Fig. 14B); this likely contributed to the decrease in LPS deacylation and
protein degradation seen in these cells. The data shown in each panel are from 1 of 3
experiments with similar results. Error bars indicate SD.

9. Differentiation also influences the bactericidal activity of DCs.

We then studied whether treatment with IL-4 and maturation cocktail or LPS can

change DCs’ bactericidal activity. IL-4- and maturation cocktail-treated XS52 cells were
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less able (by 50%) to kill E. coli, while LPS treatment maintained or slightly increased

killing (Fig. 16.).
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Figure 16. Impact of cell maturation on bactericidal activity.

IL-4 and maturation cocktail treatment decreased the cells’ ability to kill E. coli by
~50%,*, P<0.05), whereas LPS maintained bactericidal activity or increased it by
approximately 20% (#, P=0.1). Data shown are means = 1 SD from 3 independent
experiments.

10. AOAH is not required for bactericidal activity of DCs.

AOAH deacylation of LPS in bacterial outer membrane may contribute to killing
bacteria by disintegrating bacterial membrane or increase its permeability. The ability of
BMDCs from AOAH -/- mice to kill bacteria was compared with that of BMDCs from
+/+ mice. BMDCs -/- killed bacteria at similar efficiency to BMDCs +/+ (Fig. 17),

suggesting that AOAH does not play a role in bactericidal activity. Similarly, bone
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marrow-derived macrophages from AOAH +/+ and -/- mice did not show a difference in

bactericidal activity either (data not shown).
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Figure 17. Bactericidal activity of BMDCs from AOAH +/+ and -/- mice.

BMDCs were prepared from either AOAH +/+ or -/- mice, and tested for their
bactericidal activity. Data shown are means + 1SD.

D. Discussion

Deacylation of the lipid A moiety of LPS was first described '* in Dictyostelium
discoideum, a slime mold that digests internalized bacteria as a foodstuff. The discovery
that human neutrophils can also carry out LPS deacylation was reported in 1983 '%, and
subsequent work identified an LPS-deacylating enzyme, AOAH, in myeloid lineage cells
from numerous animals. Mouse, rabbit, and human enzymes have over 70% amino acid
sequence identity/similarity ***, whereas D. discoideum and mouse AOAH genes encode
proteins that have ~30% overall amino acid sequence similarity, with identity in four of

the five sequence motifs that place the enzyme in the GDSL lipase family ''°(A.W.
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Varley, C. Johnson, R.S. Munford, unpublished data). Although the enzyme has thus
been highly conserved during evolution, the role(s) that it plays in modulating immune
responses to LPS are not well understood.

The results of the present experiments provide strong evidence that AOAH is the
major, if not the only, mammalian enzyme that deacylates the LPS contained in
phagocytosed bacteria. We also identified a previously unsuspected role in LPS
deacylation for DCs, key cells in the innate immune response to invading bacteria.

We first found that lysates of immature DCs, whether derived from skin (XS52
cells) or bone marrow, had AOAH activity that was equivalent to the activity found in
peritoneal macrophages and considerably greater than that in several macrophage cell
lines. Second, both XS52 cells and BMDCs deacylated, in an AOAH-like manner, the
LPS contained in the E. coli that they ingested; this ability was greatly diminished in
BMDC and macrophages from AOAH-deficient mice, indicating that this enzyme is
largely, if not entirely, responsible for LPS deacylation in these cells. The absence of
enzymes that remove any of the four glucosamine-linked hydroxylated fatty acids from
LPS suggests that animals may have other mechanisms for digesting, and/or disposing of,
partially deacylated LPS >,

The high levels of AOAH activity found in immature DCs and in macrophages
raise the possibility that these cells play important roles in regulating the body's responses
to bioactive LPS. In this regard, it is intriguing that AOAH-deficient mice have
exaggerated antibody responses to LPS (chapter III); because the ability of extracellular

AOAH to deacylate LPS is quite limited '** and B cells do not produce the enzyme,
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partial deacylation of LPS by phagocytes may be required to limit B cell responses to
gram-negative bacterial LPS in vivo.

The third significant finding from these experiments is that DCs can regulate their
ability to deacylate LPS according to external cues. In response to a mixture of
inflammatory cytokines and an agonistic CD40 antibody, DCs down-regulated their
AOAH activity, whereas LPS treatment increased it. The enzymatic activity measured in
cell lysates changed in concert with the ability of the cells to deacylate the LPS in
phagocytosed bacteria. The regulation of AOAH expression was due, at least in part, to
differential expression or degradation of AOAH mRNA. The finding that LPS treatment
can increase AOAH mRNA abundance in murine macrophages (10-20-fold) and in vivo
in mouse lung and liver (3—6-fold) was described by Cody et al. '*’; whereas none of the
stimuli used in their paper decreased AOAH mRNA or enzymatic activity in
macrophages, we found that treatment with IL-4 and maturation cocktail greatly reduced
AOAH in DCs. Thus, it appears that both up- and down-regulation of this low abundance
enzyme can occur in phagocytes. The results of microarray analyses of AOAH mRNA
abundance in human peripheral blood leukocytes 2> support this conclusion.

Fourth, we found that both XS52 cells and BMDCs also regulate their ability to
internalize and kill E. coli. Although XS52 cells responded to IL-4 and maturation
cocktail treatment by diminishing their ability to phagocytose, kill, and digest E. coli,
exposure to either E. coli or to LPS maintained the cells' phagocytic ability, CD14
expression, AOAH activity, and the ability to kill and digest internalized bacteria.

Expression of a costimulatory molecule (CD40), used here as a marker of maturation,
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increased slightly during the response to all of the stimuli studied. These results are
consistent with the currently accepted paradigm in which immature DCs can internalize
and process bacterial antigens ®, whereas mature DCs lose these capabilities as they gain

238;256;257

296076 - Together with the results of others , our

in antigen-presenting ability
findings suggest that immature DCs contribute not only to the processing of bacterial
antigens but also to the host's innate armamentarium for killing invading bacteria and
disabling their stimulatory molecules.

When BMDCs were treated with LPS, in contrast, their phagocytic activity
decreased as AOAH activity increased. This finding suggests that phagocytosis (as well
as endocytosis '*) and AOAH expression may be regulated independently in BMDCs.
Differential regulation downstream of the LPS signal has also been suggested by the
reduced ability of LPS to induce cytokines in MyD88-deficient DCs whereas LPS
induction of costimulatory molecule expression was intact °'. Similarly, inhibition of p38
SAPK prevented LPS-induced up-regulation of CD80, CD83, and CD86 in monocyte-
derived DCs, but did not affect changes in macropinocytosis or HLA-DR and CD40

.84
expression

. Furthermore, Rescigno et al. found that LPS induced NF-«B translocation
and that inhibition of NF-xB with a serine protease inhibitor prevents D1 (a murine DC
line) maturation (CD86 and class II expression), but does not interfere with the ability of
LPS to prevent DC apoptosis **. In contrast, Sallusto et al. found that human monocyte-

derived DCs respond to LPS as well as TNF and IL-1 with a coordinated series of

changes that include down-regulation of macropinocytosis and Fc receptors,
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disappearance of the class II compartment, and up-regulation of adhesion and
costimulatory molecules .

Finally, it is noteworthy that AOAH activity increased as DCs recognized
microbial agonists that activate them via several different TLRs. Thus, maintaining or
increasing the ability to deacylate LPS seems to be a DC response to sensing diverse
microbial molecules, including those in a gram-positive bacterium (M. [uteus), which
does not contain LPS. Expression of TLR4 is required for LPS, but not gram-negative
bacteria, to induce the maturation of BMDCs 238,

In all phagocytes studied in vitro to date, LPS deacylation has occurred over many

115;119
hours "™

. Thus, it is unlikely that AOAH influences the ability of the phagocytosing
cell to respond to the LPS in a bacterial cell wall. Because the long-term fate of LPS
within phagocytes is unknown, it is possible that LPS deacylation might either diminish a
phagocyte's late responses to LPS, or even reduce the responses of other cells that
encounter LPS, either on the surface of the phagocyte '**'*’, or after the LPS has been

»8 It is also intriguing that animals should

released into the phagocyte's environment
deacylate LPS so selectively: when AOAH acts on ingested E. coli, all of the
hydroxylated fatty acyl chains remain attached to the glucosamine backbone of lipid A.
Previous authors have raised the possibility that the partially deacylated (thus, tetra-acyl)

LPS produced by AOAH could act as an LPS antagonist in vivo '**"%°

. The discovery of
stimulus-regulated deacylation of LPS by DCs provides a new impetus for investigating

the biological significance of LPS degradation by animals and the role(s) that DCs play in

antibacterial host defense.



CHAPTER III. CHARACTERIZATION OF AOAH NULL

MICE

A. Introduction

AOAH specifically removes the secondary fatty acyl chains from the lipid A
moiety of LPS. Many studies have shown that enzymatically deacylated LPS (dLPS) not
only has significantly reduced bioactivity, but it also has an antagonistic activity towards
LPS. To understand the biological function(s) of AOAH in vivo, mice with a disrupted
AOAH gene have been generated. The following hypotheses have been tested:

First, AOAH may contribute to LPS detoxification in vivo. Munford and Hall
found that in the rabbit dermal Shwartzman reaction, an assay for tissue toxicity of LPS,
AOAH-deacylation decreases LPS potency by about 100-fold '*'. In keeping with this
observation, Matsuura et al. demonstrated that lipid A analogs with alkyl-branched
secondary fatty acyl chains (which are resistant to AOAH cleavage) were significantly
more toxic (lower LDsp) in mice than were lipid A analogs with ester-branched fatty
acids’’. However, because in vitro studies have shown that macrophages and DCs

deacylate LPS very slowly "

, it 1s not known whether deacylation can counteract an
animal’s deleterious responses to LPS, which may often be induced in a relatively fast
manner.

Second, AOAH may decrease LPS-induced antibody responses in vivo. LPS is a

TI-1 antigen; it can induce B cell proliferation and differentiation without help from T

cells. LPS can stimulate both LPS-specific and polyclonal (nonspecific) antibody

87
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responses in vitro and in vivo. The in vitro mouse splenocyte mitogenicity assay has
demonstrated that dLPS, with 10-fold decreased potency, is a partial agonist '*'. This
reduction of LPS potency for stimulating mouse cells by AOAH treatment is not as
dramatic as the 100- to 500- fold reduction seen in human cells, a difference that is due to

differences in human and mouse TLR4 and MD2 **%°

. However, these observations were
based on studies that used enterobacterial LPS. Erwin et al. compared the impact of
AOAH-deacylation on the bioactivity of LPSs from bacteria other than enteric bacteria,
and they found that the potency of Neisseria lipooligosaccharide (LOS) in the murine

splenocyte mitogenicity assay was reduced over 100-fold by AOAH deacylation '*’.

In
addition, deacylated Neisseria LOS could block the splenocyte mitogenicity of Neisseria
and Salmonella LPS. Differences in the structure of the lipid A moiety may account for
the different behavior of AOAH-deacylated Neisseria LOS and enterobacterial LPS

toward murine cells ',

This difference allows us to use Neisseria LOS to detect a
significant impact of LPS deacylation in vivo and in vitro.

Animals are constantly exposed to their commensal flora as well as to
microorganisms in their environment. It has been shown that at least some of the natural
antibodies in blood and intestine are induced by specific antigens that animals have been

213;259;260
exposed to 7

. By deacylating LPS and decreasing its immunostimulating activity,
AOAH might play a role in reducing natural antibody production.
Third, AOAH might prevent antoantibody formation. As a consequence of

polyclonal B cell activation following immunization with LPS, the concentrations of

autoimmune antibodies such as rheumatoid factor > and anti-DNA antibodies 2°'
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increase in mouse sera. Izui et al. found immune complexes deposited in renal glomeruli

three days after LPS injection *°'.

Whether AOAH plays a role in modulating antibody
responses to LPS and in preventing autoimmune diseases in vivo is not clear. Because
the antibody response is a relatively long-term event (serum antibody usually peaks at
about 7-10 days after immunization), the slow rate of LPS deacylation may have an
influence on antibody production. However, AOAH expression has been found
predominantly in myeloid cells, such as neutrophils, monocytes-macrophages and DCs,
and not in B cells. Whether these myeloid cells can present the deacylated LPS to B cells,
directly or indirectly, is not known.

Fourth, AOAH may regulate the adjuvant activity of LPS. Because enzymatic
deacylation reduces the bioactivity of LPS, the adjuvanticity of LPS may also be
diminished. In contrast, Matsuura et al. found that lipid A analogs with alkyl-branched
secondary fatty acyl chains had significantly lower adjuvant activity in vitro than had

lipid A analogs with ester-branched fatty acids, suggesting that the deacylation of LPS

may be required for its adjuvanticity.
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B. Materials and Methods

1. Reagents

Unless otherwise indicated, reagents were obtained from Sigma-Aldrich Chemical

Co., St. Louis, MO.

2. Mice

The generation of AOAH null mice by targeted disruption of AOAH gene and the

maintenance of mice were described in chapter II.

3. Lethal toxicity test

Male and female mice, from 6 to 8 weeks old, were tested. AOAH wild type (WT)
or knock out (KO) 129S6/SvEvTac (129) mice (8 mice per group) were challenged with
1x 10 ? bacterial CFU of living avirulent E. coli LCD25 per 25 gram of body weight i.p.
129 and C57BL/6 (B6) mice (AOAH WT or KO, 15-20 mice per group) were injected
with 1.2 and 0.7 mg of purified E. coli LPS 0111:B4 / 25 gram of body weight
respectively i.p. The administered doses of bacteria and LPS were lethal for 50 % of the
animals (LDsgs), as determined in WT mice in pilot experiments. Mice were checked

twice a day for 10 days and the percentage of survivors was calculated.

4. Serum and fecal pellet collection

Blood samples were collected from the tail vein and kept at 4°C for 16 hours.

The sera were then isolated by centrifugation and stored at 4°C with 0.02% NaNj3. Fresh
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fecal pellets were collected, weighed and suspended in PBS with a protease inhibitor
cocktail (Roche) and 0.02% NaN; (1 ml per 100 mg fecal pellet). After the tubes were
vortexed at room temperature for at least 15 minutes and centrifuged, the supernatant was
transferred to fresh tubes. Samples were assayed immediately or stored at -80°C until

analysis.

5. In vitro cytokine production by DCs in response to LPS

BMDCs from AOAH WT and KO 129 mice were prepared and seeded at 5 x
10°/well in 6-well-plates. Cells were treated with 0, 3, 10, and 30 ng/ml of LPS 0111:B4,
and cell culture media were collected at 6 and 24 hours. Nine cytokines (IL-18, IL-2, IL-
4, IL-5, IL-6, IL-10, IL-12, IFN-y and TNF-a) in the media were assayed using

SearchLight Mouse Cytokine Array at Pierce Boston Technology Center.

6. In vitro BMDC maturation with LOS treatment

BMDCs from AOAH WT or KO 129 mice were seeded at 5 x 10°/well in 6-well-
plates and treated with 10, 10?2, 10" and 1 ng/ml of LOS or 1, 10, 10* and 10° ng/ml of
dLOS for 24 hours, and the CD40 expression (mean fluorescence intensity, MFI) was

determined by FACS as described in chapter II.

7. Immunization of mice
Highly purified N. meningitidis LOS (which will be referred to as LOS) was
kindly provided by Drs. M. Apicella and J. Weiss at the University of lowa. Both LOS

and LPS (E. coli LPS 0111:B4) were diluted in PBS at 50 pg/ml and sonicated or
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vortexed vigorously before usage. B6 or 129 mice were injected with 10 pg (200 ul) of
LOS or LPS subcutaneously on the back, and then 5 ug (100 ul) was given via the same
route 2 and 4 weeks later. Blood samples were collected from the tail veins at day 0
(before injection), 7 days after each injection, and one and two months after the third
injection.

In addition to LOS or LPS, mice were immunized with other adjuvants, such as
synthetic lipopeptide (tripalmitoylglycerylcysteine-Gly-Ser-Ser-His-His was synthesized
corresponding to the N terminus of the T. pallidum subspecies pallidum 47-KDa
lipoprotein 2%%), which was generously provided by Dr. M. Norgard (UT Southwestern
Medical Center), and complete Freund adjuvant (CFA, Sigma). Three groups of B6 mice
were injected with 10 pug of LOS, 10 ug of lipopeptide, or 100 pl of CFA:PBS emulsion
(1:1, v/v) s.c., respectively. Mice were bled before and 1, 2, and 3 weeks after the first
injection. Mice were boosted with the same adjuvant at week four and bled one week
after the second injection.

To assay the adjuvant activity of LPS, three groups of mice received LOS (5 ng),
ovalbumin (50 pg, Sigma, grade V), or LOS (5 pg) mixed with ovalbumin (50 pg)
respectively. Mice were given a total of three injections s.c. at 2 week intervals and bled
7 days after each injection.

In the above studies, male mice from 4 to 8 weeks old (5 to 7 mice per group)

were immunized, and both AOAH WT and KO mice were studied and compared.
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8. Enzyme-linked immunosorbent assay (ELISA)

a. Polyclonal (total) antibody

96-well plates were coated with polyvalent goat anti-mouse IgG, IgM and IgA
antibody, which was diluted 1:1000 in buffer that contained 15 mM Na,COs, 30 mM
NaHCOs;, 3 mM NaN;, pH 9.55. After 16 hours incubation at 4°C, the plates were
washed and blocked with 10% FBS PBS at 37°C for 1 hour. Samples and standards were
then diluted in blocking buffer and added to the plates. After incubation for 2 hours at
room temperature, the plates were washed and the detection antibodies, conjugated with
HRP (anti-mouse IgM, total IgG, 1gGs, 1gG, IgG,, and IgA), were added and incubated
for 2 hours at room temperature. Anti-mouse IgM, IgA and total IgG were purchased
from Sigma, and anti-mouse IgG;, IgG;, IgG,, were obtained from Southern
Biotechnology Associates (Birmingham, AL). The plates were washed, and HRP
substrate (PharMingen) was added. After about 10-20 minutes development, the reaction
was stopped by adding 1M of sulfuric acid and plates were read at test filter 450 nm,
reference filter 570 nm using a MRX Microplate Reader (Dynex Technologies

Incorporation, Chantilly, VA).

b. Anti-LPS or anti-LOS antibody

E. coli 0111:B4 LPS diluted in the above coating buffer at 10 pg/ml and N
meningitidis LOS diluted in PBS containing 10 mM MgSOy at 5 pg/ml were used to coat

the wells of 96-well plates. The subsequent steps were the same as for polyclonal

antibody determination.
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In each step of the ELISA, 100 pl of reagents or diluted samples were added. For
polyclonal antibody determination, a standard curve was generated from sera with known
Ig concentrations on the same 96-well-plate and the sample concentrations were derived
from the standard curve. For LOS- or LPS-specific antibody determinations, sera from
mice that had received multiple LOS or LPS injections were used as the standard and

arbitrary units were derived.

¢. Antinuclear antibodies (ANAs)

Measurement of anti-ssDNA (single stranded DNA), anti-dsDNA (double
stranded DNA), anti-histone and anti-histone/DNA were performed as described
previously by Mohan et al. ***. To determine anti-dsDNA antibody concentration, 96-
well plates were precoated with 100 pg/ml of methylated BSA (mBSA) at 37°C for 1 h,
and after washing, the same plates were coated with 50 pg/ml of dsDNA (Sigma,
dissolved in PBS, sonicated and filtered through 0.8 um cellulose acetate) at 37°C for 1 h.
For anti-ssDNA ELISA, the same concentration of dsDNA was boiled for 10 min and
chilled on ice for 10 min before adding to mBSA-precoated plates. For the anti-histone
ELISA, 96-well plates were coated with 10 png/ml of total histone (Boehringer Mannheim)
at 37°C for 1 h. When the anti-histone/DNA concentration was measured, the plates
precoated with histone were washed, 50 pug/ml of dsDNA was added and the then the
plates were incubated at 37°C for 1 h. After the plates were blocked, serial dilutions of

mouse serum were added and incubated at 37°C for 1 h. The following detection steps
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were performed as described above. Fifty ul of reagents or samples were added to each

well.

9. Enzymatic deacylation of LOS

Two hundred pg of N meningitidis LOS (non-radiolabeled LOS mixed with LOS
containing ['*C]-labeled fatty acids) was resuspended in reaction buffer, which contains
sodium acetate 30 mM, pH 5.5; Triton X-100 (0.1%); sodium chloride (0.9%), and
incubated at 37°C with 1 pg of purified human AOAH for 2 or 3 days. The LOS was
then precipitated with ethanol and the released fatty acids were measured. The LOS
pellet was then resuspended in the above reaction mixture and the deacylation reaction
was repeated until about 30% of the [*C]-fatty acids were released. Mock-treated LOS
was subjected to the same incubation as for enzyme treatment, in reaction buffer without

AOAH.

10. Splenocyte proliferation assay and in vitro antibody production assay

Mice were anesthetized and then sacrificed by cervical dislocation. Their spleens
were removed aseptically and transferred to a 6 cm Petri dish containing RPMI medium.
The spleens were mashed into a single cell suspension by using the frosted ends of
microscope slides. The cell suspension was transferred to a 15 ml Falcon tube and
centrifuged. After the RBCs in the preparation were lysed (RBC lysis buffer), the cells
were washed and resuspended in 10 ml of RPMI. The tube was then allowed to stand for
10 min on ice so that debris and large clumps of cells settled to the bottom. The upper 9

ml of cell suspension was transferred to a different tube and the cells were washed twice
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with RPMI and counted. Splenocytes were then diluted in cRPMI medium and seeded at
3 x 10°/100 pl /well in 96-well plates. Various concentrations of LOS treated with
AOAH (dLOS) or mock treated LOS (LOS) or the mixture of both were diluted in
cRPMI medium and added to plates (100 ul /well). The plates were incubated at 37°C
for 24 hours, and 1 uCi of [3H] thymidine (ICN Biomedicals, Inc., Irvine, CA, diluted in
50 ul cRPMI) was added to each well. The plates were returned to the incubator for an
additional 16 hours. Cells were lysed by adding water and the DNA was harvested onto
glass-fiber discs using a PHD cell harvester (Model 200A, Cambridge Technology Inc.
Watertown, MA). The discs were transferred to scintillation vials and soaked in SDS-
EDTA (0.2 ml) for 16 hours to elute the radioactivity before adding scintillation fluid.
Each sample was assayed in quadruplicate and the stimulation index, which is the ratio of
[*H] incorporation into treated cells to the [*H] incorporation into untreated control cells,
was calculated.

To assay in vitro antibody production, splenocytes were incubated with LOS or
dLOS for 7 days, the plates were centrifuged and the total IgM antibody concentration in

the supernatant was measured.

C. Results

1. AOAH does not protect mice from LPS or gram-negative bacterial challenge.

LDsps of gram-negative bacteria or LPS for AOAH WT 129 and B6 mice were

first determined by challenging mice with graded doses of E. coli LCD25 or purified E.



97

coli 0111:B4 LPS i.p. These doses were then used to challenge both AOAH WT and KO
mice and their survival curves were compared.

AOAH WT or KO 129 mice were injected with living avirulent E. coli LCD25 i.p.
(Fig. 18A). An avirulent bacterial strain was used because bacterial virulence
determinants would complicate the analysis. The survival of the WT and KO mice was
similar. The absence of AOAH thus did not render mice more susceptible to gram-
negative bacteria.

In whole gram-negative bacteria, in addition to LPS, there are other bacterial
components that may cause sepsis by themselves or by acting synergistically with LPS,
such as bacterial lipoproteins and DNA containing CpG. These components may obscure
the effects of enzymatic LPS deacylation. We thus decided to challenge mice with
purified LPS. 129 and B6 mice, AOAH WT or KO, were injected with purified E. coli
LPS 0111:B4 i.p. and the results showed that AOAH KO mice were not more susceptible

to LPS than were AOAH WT mice (Fig. 18 B and C).
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Figure 18. Comparison of susceptibility of AOAH WT and KO mice to gram-
negative bacteria and purified LPS.

(A) 129 mice, 8 in each group, were challenged with living E. coli LCD25 i.p., 1 x 10°/25
g body weight. (B) 129 mice, 20 in each group, were injected with 1.2 mg E. coli
0111:B4 LPS/ 25 g body weight, i.p. (C) B6 mice, 15 in each group, were given 0.62 mg
E. coli 0111:B4 LPS/ 25 g body weight, i.p. Mice were checked twice a day for 10 days
and the differences between WT and KO survival curves were analyzed by the log-rank
test.
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2. BMDCs from AOAH KO 129 mice secret less IL-5 before and after LPS

treatment than do BMDCs from AOAH WT mice.

When DCs are exposed to LPS, various cytokines are produced and secreted. It is
known that DCs express quite high amounts of AOAH. Whether the presence of AOAH
can diminish cells’ responses to LPS (cytokine secretion) was tested. BMDCs from
AOAH WT and KO 129 mice were untreated or treated with various doses of E. coli
0111: B4 LPS for 6 and 24 hours, then the secreted cytokines in the culture medium were
determined by SearchLight Mouse Cytokine Array. For the nine cytokines I tested,
AOAH WT and KO BMDCs secreted similar levels of cytokines except for IL-5 (Fig.
19), suggesting that the deacylation of LPS by BMDCs cannot in turn decrease LPS-
induced cytokine secretion. Unexpectedly, BMDCs from AOAH KO mice secreted
significantly less IL-5, both with and without LPS treatment, than did BMDCs from
AOAH WT mice. This observation raises the possibility that AOAH influences IL-5

production by DCs and other cells.
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Figure 19. Cytokine production by BMDCs from AOAH WT or KO 129 mice with
and without LPS treatment.

BMDCs were prepared from AOAH WT and KO mice as described in chapter II.
BMDCs were untreated or treated with 3, 10 and 30 ng/ml of E. coli LPS 0111:B4. Cell
culture media were harvested at 6 and 24 hours after incubation, and concentrations of
nine cytokines were determined by SearchLight Mouse Cytokine Array at Pierce Boston
Technology Center. (A) Cytokine production in response to graded dose of LPS at 24
hours. P values were obtained using paired Student’s ¢ test. (B) Cytokine production by

BMDC:s treated with 30 ng/ml of LPS at 6 and 24 hours. Cytokine levels at 0 hour were
designated as 0.
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3. LOS induces a similar level of CD40 expression on BMDCs from AOAH WT and

KO mice.

I then tested whether the absence of LPS deacylation may cause exaggerated up-
regulation of costimulatory molecules on DCs in response to LPS. BMDCs from AOAH
WT and KO mice were prepared and treated with various doses of LOS or dLOS.
Untreated BMDCs did not express CD40 on the cell surface. Deacylation of LOS
reduced LOS’s potency to stimulate CD40 expression by about 100 fold. However, the
CD40 expression on AOAH KO BMDCs was not higher than that of AOAH WT
BMDCs after LOS treatment (Fig. 20), indicating that the presence of AOAH does not

diminish LPS-induced DC activation or maturation.
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Figure 20. LOS induces similar levels of CD40 expression on AOAH WT and KO
BMDCs.

BMDCs from AOAH WT and KO mice were treated with 10'3, 10'2, 10" and 1 ng/ml of
LOS or 1, 10, 10% and 10° ng/ml of dLOS for 24 hours, and the CD40 expression (mean
fluorescence intensity, MFI) was determined by FACS. The difference in activity
between LOS and dLOS were quantified graphically by determining the horizontal
distance between their dose-response curves and calculating the ratios of corresponding
LOS or dLOS concentrations.
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4. Comparison of natural antibody levels in sera and intestine of AOAH WT and

KO mice.

Some natural antibodies in serum and in intestinal fluid are produced in response
to specific antigens. Because mice and humans are constantly exposed to commensal and
environmental microbes, AOAH might down-regulate natural antibody production by
decreasing specific and/or polyclonal B cell responses to LPS. To test this hypothesis,
serum samples were collected from non-immunized 129, B6 or C3H/HeN mice and
serum concentrations of IgM, IgGs, IgG, and IgG,, were determined by ELISA (Fig. 21).
For both B6 and 129 mice, AOAH KO mice had similar levels of IgM, IgGs; and IgGa,,
but a lower level of IgG; than did AOAH WT mice. AOAH KO HeN mice had
significantly higher levels of IgM, IgG; and IgG; serum natural antibodies than the wild
type controls. These results suggest that AOAH may play a role in regulating natural

antibody production.
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Figure 21. Natural antibodies in AOAH WT and KO mice sera.

The concentrations of IgM, IgGs, IgG; and IgGa, in sera of non-immunized mice were
determined by ELISA. Student’s ¢ test was used and the lines represent medians of the
samples.

The antibody levels at the intestinal mucosal surface were assessed by measuring
antibody levels in fecal extracts. As shown in Figure 22, AOAH KO 129 mice have

significantly lower IgA levels but slightly higher levels of IgG and IgM in fecal extracts

than do AOAH WT mice. The impaired IgA secretion in the guts of AOAH KO mice is
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probably due to reduced IL-5 secretion in those mice (Fig. 19), because studies have
shown that IL-5 is indispensable for B-1 cell development and their differentiation into
IgA-secreting cells in the gut. However, on the B6 background, the absence of AOAH

was not associated with decreased fecal IgA levels.
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Figure 22. Antibody concentrations in extracts of fecal pellets from AOAH WT and
KO mice.

Fresh fecal pellets were collected and resuspended in PBS with a proteinase inhibitor
cocktail and NaNs;. Total IgA, IgM and IgG concentrations were then measured by
ELISA. The difference between WT and KO was analyzed using Student’s ¢ test. The
medians of the samples are shown.
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5. After immunization with LPS, AOAH -/- mice produce higher levels of specific

and polyclonal IgM and IgG; than do AOAH +/+ mice.

In vitro studies have shown that enzymatic deacylation of LPS by AOAH
decreases the ability of LPS to stimulate B cells. AOAH may thus play a role in
decreasing antibody responses to LPS. For mouse B cells, AOAH treatment has a more
dramatic impact on the stimulating activity of Neisseria LOS than it has on the potency
of enterobacterial LPS. We compared the specific and polyclonal antibody responses in
AOAH WT and KO mice after immunization with Neisseria LOS or E. coli 0111:B4 LPS.
B6 mice were immunized with purified LOS or LPS via subcutaneous injection on the
back. One week after the first injection with either LOS (Fig. 23A) or LPS (Fig. 23B),
AOAH KO mice had significantly higher levels of polyclonal IgM than did WT mice.
AOAH KO mice immunized with LOS also produced higher levels of polyclonal 1gG;
than did WT mice at one week after the first injection. After the second and the third
injections of either LOS or LPS, KO mice made about 7-10-fold more IgM and IgGs than
did WT mice. One and two months after the last injection, although the total antibody
titers dropped, KO mice still had significantly higher levels of IgM and IgGs; in their sera
than did WT mice. In contrast, the polyclonal 1gG; and IgG,, levels were comparable
between WT and KO mice. Similar results were observed in 129 mice: AOAH KO mice
produced higher levels of polyclonal IgM and IgGs but not IgG, or 1gG,, than did AOAH

WT mice after immunization with LOS or LPS (data not shown).
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AOAH KO B6 mice also made significantly higher levels of anti-LOS- or LPS-
specific IgM (Fig. 23C) and IgGs (data not shown) than did AOAH WT mice. Anti-LOS
or LPS IgG; or IgG,, were not detectable.

These results suggest that AOAH may play a role in negative regulation of

polyclonal and specific antibody responses to LPS in vivo.
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Figure 23. AOAH KO mice make higher polyclonal and specific IgM and IgG;
antibody responses to LOS or LPS immunization than do AOAH WT mice.

AOAH KO and WT male mice (5 or 6 in each group) were immunized with purified
Neisseria LOS or E. coli LPS 0111:B4 three times at two weeks intervals, s.c. on the
back. The three injection times are indicated by arrows. 10 pg of LOS or LPS was given
with the first injection, and 5 pg with the second and the third injections. Mice were bled
before the first injection, one week after each injection and 1 and 2 months after the third
injection. Sera were isolated and assayed for polyclonal and specific antibodies by
ELISA. (A) Polyclonal antibody concentrations in B6 mice immunized with LOS. (B)
Polyclonal antibody concentrations in B6 mice immunized with LPS. (C) Anti-LOS or
LPS antibody concentrations in B6 mice immunized with LOS or LPS. Means + 1 SD
are shown. Student’s ¢ test was used to compare the increased serum Ig concentrations,
which were obtained by subtracting Ig concentrations in the pre-immunization sera from
Ig concentrations in the post-immunization sera.
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6. Deacylated LOS maintains its ability to induce anti-LOS specific response.

AOAH diminishes polyclonal antibody responses to LPS, suggesting that dLPS
has reduced ability to induce polyclonal antibody production. B6 WT mice were
immunized with 0.5 pug of LOS or dLOS s.c. Three weeks after the primary injection,
mice were boosted with a second dose of 0.5 pug of LOS or dLOS s.c. and one week after
the second injection, mice were bled. Both total I[gM and anti-LOS specific IgM
concentrations in serum samples were measured by ELISA. LOS induced significantly
higher level of polyclonal IgM response than did dLOS (Fig. 24A), suggesting that
deacylation abolishes the B cell mitogenicity of LPS. However, dLOS stimulated similar
anti-LOS specific IgM as did LOS (Fig. 24B), suggesting that deacylation may maintain

the ability of LOS to induce antibody to itself.
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Figure 24. dLOS has decreased ability to induce polyclonal antibody response while
preserving the ability to generate anti-LOS specific response.

B6 mice were immunized with 0.5 pg of LOS or dLOS s.c. 3 weeks later, mice received a
second injection of LOS or dLOS and blood samples were then collected one week later.
(A) Polyclonal IgM concentrations in mouse sera. (B) Anti-LOS specific IgM
concentrations.  Student’s ¢ test was used to compare the increased serum Ig
concentrations, which were obtained by subtracting Ig concentrations in the pre-
immunization sera from Ig concentrations in the post-immunization sera. The medians of
the samples are shown.

6. Splenocytes from AOAH WT and KO mice respond similarly to LOS.

We then tested whether macrophages and DCs in spleen can deacylate LPS, and
therefore diminish LPS’s ability to stimulate B cell mitogenesis. Splenocytes from
AOAH WT and KO mice were isolated and treated with graded doses of LOS or dLOS in
vitro. For both AOAH WT and KO splenocytes, dLOS showed much less ability to
stimulate splenocyte proliferation (Fig. 25A); dLOS inhibited LOS’s activity in the same
assay (Fig. 25B), in keeping with the ability of deacylated Neisseria LOS to act as an

antagonist. Similarly, deacylation decreased LOS’s activity to stimulate splenocyte
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secretion of IgM by about 25 fold (Fig. 25C). However, LOS did not induce exaggerated
proliferation or differentiation responses in splenocytes from AOAH KO mice,
suggesting that, in such an in vitro system, deacylation of LOS by myeloid cells is not

able to decrease B cell responses to LOS.
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Figure 25. Splenocytes from AOAH WT and KO mice have similar dose-response
profiles to LOS or dLOS.

(A) Splenocytes were treated with 0.008, 0.04, 0.2, 1 and 5 pg/ml of LOS or dLOS and
the proliferation of splenocytes was measured by [*H]-thymidine incorporation. (B)
Splenocytes were treated with 0.2 pg/ml of LOS mixed with 0.01, 0.2, 0.5, 1 and 2 pg/ml
of dLOS and splenocyte proliferation was measured. (C) Splenocytes were treated as in
(A) for 7 days, and the IgM in the culture supernatant was measured by ELISA.
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7. After exposure to LOS or LPS, AOAH KO mice produce higher levels of anti-

nuclear antibodies than do WT mice.

Since AOAH KO mice made much more polyclonal antibody than AOAH WT
mice after LOS or LPS immunization, we then asked whether autoimmune antibodies
such as anti-nuclear antibodies were also elevated in AOAH KO mice. Anti-ssDNA,
anti-dsDNA, anti-DNA/histone and anti-histone IgM and IgG were measured in the sera
of B6 mice after the second injection of LOS (Fig. 23). I found that AOAH KO mice
made significantly higher levels of anti-nuclear IgM and IgG than did WT mice (Fig. 26).
The anti-nuclear antibody responses highly correlate with polyclonal antibody responses,
suggesting that elevated anti-nuclear antibody levels in KO mice may be caused by

exaggerated polyclonal antibody response to LOS.
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Figure 26. Anti-nuclear antibodies in sera from LOS-immunized AOAH WT and
KO mice.

Sera from B6 mice, obtained after the second injection of LOS, were assayed for anti-
nuclear antibodies. Student's 7 test was used to compare antibody levels in WT and KO
mice, and the medians of the samples are shown.
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8. AOAH does not alter the adjuvant activity of LPS.

We then tested whether AOAH plays a role in regulating the adjuvant activity of
LPS. B6 mice were immunized with LOS, OVA or LOS mixed with OVA s.c. Anti-
OVA antibodies in mouse sera were measured by ELISA (Fig. 27). Both AOAH WT and
KO mice that received OVA mixed with LOS made moderately higher amounts of anti-
OVA IgM and dramatically higher levels of IgG; than did mice that received LOS or
OVA only. Anti-OVA IgG,, and IgGs were not detectable. However, AOAH KO mice
did not make substantially more or less anti-OVA antibodies than did WT mice, whether
OVA was injected with LOS or not, indicating that AOAH does not regulate the adjuvant

activity of LOS.
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Figure 27. The adjuvant activity of LPS in AOAH WT and KO mice.
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B6 mice received three injections of LOS, OVA or OVA+LOS s.c. at two weeks interval.
The arrows indicate times of injection. Each group had 6 mice, male and female. Mice
were bled before and one week after each injection. The serum anti-OVA IgM and IgG;
concentrations were determined and compared between AOAH WT and KO mice. (A)
Anti-OVA IgM concentrations in mice that injected with LOS, OVA or OVA mixed with

LOS. (B) Anti-OVA IgG; concentrations in mouse sera.
means = 1SD. Student's 7 test was used.

The data shown represent
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9. Polyclonal responses to adjuvants other than LPS.

I then asked whether the exaggerated antibody response to LPS in AOAH KO
mice is specific for LPS immunization, since LPS is the substrate of AOAH. I
immunized mice with two other adjuvants, lipopeptides and complete Freunt’s adjuvant
(CFA), and compared the antibody responses between AOAH WT and KO mice.
Synthetic lipopeptides retain the TLR2-stimulating activity of bacterial lipopeptides.
CFA is essentially made of killed Mycobacterium bacilli suspended in incomplete
Freund’s adjuvant (ICF), which is a mixture of paraffin oil and mannide monooleate
(85:15, v:v). Killed mycobacteria can activate TLR2 and ICF induces TLR2 but not

TLR4 expression in the livers of mice ***.

Both lipopeptide and CFA induced slightly
increased polyclonal IgM (much less than that induced by LOS) after the first
immunization, while polyclonal IgG; was not elevated. When the mice were boosted
with the second dose of adjuvant, the serum polyclonal IgGs levels were dramatically
increased. In response to lipopeptide, AOAH KO mice made more IgM (but not more
IgGs) than did AOAH WT mice (Fig. 28), suggesting that AOAH may also release the
ester-bound fatty acyl chains from lipopeptide, therefore reducing its biopotency in vivo

(See Chapter IV). The polyclonal responses to CFA did not reveal a difference between

AOAH WT and KO mice.
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Figure 28. Polyclonal antibody responses to lipopeptides and CFA.

B6 mice were given LOS, lipopeptide, 10 pg/mouse or CFA: PBS emulsion (1:1, v:v)
100 ul, s.c. on the back. There were six or seven male mice in each group. Four weeks
after the first injection, mice received the second injection of the same adjuvants, same
dose, and s.c. Arrows indicate the times of the injections. Blood samples were collected
before the first injection, 1, 2, and 3 weeks after the first injection, and 1 week after the
second injection. Polyclonal IgM and IgG; concentrations were determined by ELISA.
(A) Serum polyclonal IgM concentrations in mice immunized with LOS, lipopeptide or
CFA. The bar graph shows the serum IgM concentrations after the second injection. (B)
Serum polyclonal IgGs concentrations. The bar graph represents the serum IgGs level
after the second immunization. Means = 1 SD are shown and the P values were obtained
by Student’s ¢ test.

D. Discussion

Treatment of LPS with AOAH diminishes the biopotency of LPSs, as shown most
dramatically in the rabbit dermal Shwartzman reaction '*'. Deacylation also abolishes the

122-125 In

ability of LPS to stimulate human endothelial cells, neutrophils and monocytes
addition, dLPS is a LPS-specific inhibitor that can antagonize intact LPS activity by
competing for LBP, CD14, and probably TLR4 -MD-2 '*°. The generation of AOAH KO
mice made it possible to study the biological functions of AOAH in vivo.

First, I tested whether AOAH can diminish LPS toxicity in vivo. AOAH WT and
KO mice were challenged with either purified LPS or living Gram-negative bacteria and
their survival curves were compared. The results showed that AOAH did not protect
mice from LPS or Gram-negative bacterial challenge. This result was not totally

unexpected. First, LPS is deacylated at a very slow rate (over many hours), while

cytokine responses to LPS are much faster. For example, TNF-a and IL-1 are released
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within minutes after LPS exposure. However, Wang et al. have reported that a late
mediator, high mobility group-1 (HMG-1) protein, which was found in mouse serum

from 8 to 32 hours after LPS exposure, causes lethality in mice 2%

It will be interesting
to find out whether AOAH can diminish HMG-1 production in mice exposed to LPS.
Second, in the toxicity studies described above, E. coli LPS 0111:B4 or E. coli LCD25
was used to challenge mice. For mouse cells, deacylation of enteric bacterial LPS
decrease its bioactivity to a lesser extent than does deacylation of Neisseria LOS. By
using LOS instead of LPS to challenge mice, we may be able to see a more convincing
difference if AOAH has a protective role in vivo.

When BMDCs from AOAH WT and KO mice were treated with LPS, KO
BMDCs had comparable cytokine responses to WT BMDCs, despite the fact that WT
BMDCs are able to deacylate LPS. Similarly, the absence of AOAH did not increase
CD40 expression in response to LOS, although dLOS has much less ability to stimulate
CD40 expression than does LOS. These in vitro results suggest that the real time
deacylation of LPS by DCs cannot in turn influence their responses to LPS, probably due
to the slow deacylation rate.

BMDCs from AOAH WT 129 mice produced a small amount of IL-5 at 24 hours
in the absence of LPS treatment, probably caused by the spontaneous secretion or the
presence of trace amount of stimuli although low endotoxin FBS (<0.06 EU/ml) was used
to prepare the culture medium. However, unstimulated BMDCs from AOAH KO mice

did not produce IL-5. In addition, after exposure to LPS, WT BMDCs secreted about

twice as much IL-5 as did KO BMDCs. It has been found that HMG-1, the late mediator
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of LPS responses, binds to the conserved lymphokine elements-0 (CLEO) in the IL-5

promoter, which is essential for the expression of IL-5 %

. It is conceivable that LPS may
induce more HMG-1 protein secretion in AOAH KO BMDCs, which depletes the nuclear
pool of HMG-1 so that IL-5 production is decreased. However, HMG-1 also binds to
CLEO in the IL-4 promoter, and IL-4 production was not significantly lower in the
culture medium of AOAH KO BMDCs than that of WT BMDC. HMG-1 thus seems
unlikely to account for the observed difference in IL-5 production.

LPS induces specific and polyclonal antibody responses in vivo and in vitro.
Enzymatically deacylated LPS, especially enzymatically deacylated Neisseria LOS, has
much lower activity in stimulating proliferation of murine splenocytes. I studied whether
AOAH plays a role in modulating antibody responses to LPS. After the mice were
injected with LOS or LPS s.c., AOAH KO mice produced higher levels of LOS- or LPS-
specific and polyclonal IgM and IgG; than did AOAH WT mice, suggesting that AOAH
deacylates LOS or LPS in vivo and diminishes their stimulatory activity toward B cells.
AOAH is found predominantly expressed in myeloid leucocytes, such as DCs,
monocytes-macrophages and neutrophils, but not in B cells (data not shown). LPS would
presumably be deacylated by myeloid cells first and then the deacylated LPS would be
presented to B cells directly or indirectly. An interaction of B cells with DCs or
macrophages has been shown by Balazs et al, who found that blood-derived CD11¢"
DCs capture and transport the TI-II antigen PC to marginal zone B cells, and that this

process promotes B cell differentiation. Similarly, peritoneal macrophages provide

support to PC-specific B-1 cells. In addition, this DC-B cell interaction requires the
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interaction of DC-derived soluble ligands, BAFF and APRIL with their B cell receptors
14 Whether DCs or macrophages can transport LPS to B cells, interact and activate B
cells, whether the deacylation of LPS by DCs modulates B cell activation, and whether
DCs and B cells interact directly or via BAFF and APRIL remain to be understood.
Because LPS deacylation occurs intracellularly, how macrophages and DCs would
present dLPS to B cells or other macrophages and DCs is not clear. dLPS may be
recycled to phagocyte surface, be exocytosed, or be released when the phagocytes die. In
the study described here, mice were immunized with LPS s.c., so epidermal or dermal
DCs might take up LPS, deacylate it, and regulate B cell function in the draining lymph
nodes.

Although the concentration of LPS required to stimulate a specific LPS antibody
response is about 1000 times lower than the concentration needed to induce polyclonal
responses in vitro, the LPS dose (10 or 5 pg) I used in these in vivo studies increased both
specific and polyclonal antibodies (especially in KO mice) and the specific responses
correlated very well with polyclonal antibody responses, indicating that the increased
anti-LPS antibody is quite likely a consequence of increased polyclonal responses.

The amplified polyclonal antibody responses to LPS in AOAH KO mice led to
the augmented activation of autoimmune B cells and the elevated secretion of
autoantibodies. Anti-DNA antibody and RF production following LPS immunization in
mice was reported in the 1970’s, and the deposition of immune complexes in the kidney
was also observed *°'. In AOAH KO mice, probably as a consequence of amplified

polyclonal antibody responses, several autoimmune antibodies (anti-nuclear antibodies,
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ANA) were elevated after LPS immunization. ANAs of both IgM and IgG isotypes were
significantly higher in the AOAH KO mice than in the AOAH WT mice; pathogenic

antoantibodies in SLE are predominantly of IgG isotype %

Both the early anti-
DNA/histone ANA in SLE and the putatively pathogenic anti-dsDNA ANAs were
elevated in AOAH KO mice. The renal histology or pathology of those mice will be
studied. Because autoimmunity may be caused by more than one defective gene,
impaired T cell function may be required to induce organ damage, as shown by Shi et al.
268

Self-reactive B cells are deleted in the bone marrow and those self-reactive B
cells that make their way to the periphery are either deleted or rendered anergic. Studies
have shown in some cases that anergic B cells can be stimulated by LPS to divide and
differentiate into antibody-secreting cells. To avoid autoimmunity caused by polyclonal
activation of B cells by TI-1 antigens, mechanisms that negatively regulate TI-1 antigen-
induced polyclonal antibody production must be involved. Degradation of TI-1 antigens
might be one of these mechanisms. AOAH deacylates LPS and diminishes LPS
bioactivity, and therefore may prevent the overstimulation of autoreactive B cells.

When mice were immunized with low dose (0.5 pg) of LOS or dLOS, dLOS
induced less polyclonal IgM than did LOS. However, dLOS maintains the ability to
induce anti-LOS specific I[gM. Thus, deacylation of LPS by AOAH may diminish
unwanted polyclonal antibody responses while maintaining the potentially protective

anti-LPS specific antibody response.
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Surprisingly, although in vitro the deacylation of E. coli LPS decreases its
bioactivity to a much less extent (by about 10-fold) than does the deacylation of Neisseria
LOS (by about 100-fold) '*’, AOAH seems to have similar impact on the antibody
responses to LPS and LOS immunization in vivo. This result suggests that the way that
LPS is deacylated and presented to B cells or other cells may be different in vivo from
that in vitro, or that AOAH may have functions other than deactivating LPS; for example,
AOAH may regulate LPS trafficking inside cells, the exocytosis of LPS, or the efflux of
LPS from the cell surface °'.

The effects of AOAH on in vivo antibody responses to LPS have not been
reproduced in vitro. Although dLOS has much reduced activity in stimulating splenocyte
proliferation and IgM secretion, AOAH deficiency did not influence splenocyte
responses (proliferation and IgM secretion) to LOS. In vivo, the DCs in the periphery
probably take up and deacylate some of LPS before they reach the regional lymph nodes
and interact with B cells or other cells. Pilot experiments have been performed to allow
BMDC:s to capture and deacylate LOS first and then the loaded BMDCs were added to
splenocytes in culture. However, BMDCs from AOAH KO mice did not induce higher
levels of splenocyte proliferation or antibody secretion than did WT BMDCs. The
specific microenvironment or the architecture of lymphoid organs may thus be important.

AOAH deficiency has an impact on the IgM and IgG; responses to LPS, but not
on IgG; and IgGy, responses. IgM and IgG; are the predominant antibody isotypes
induced by LPS and decreased degradation of LPS leads to persistent B cell stimulation.

The restriction of exaggerated antibody responses to IgM and IgG; in AOAH KO mice
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may be caused by over-stimulation of B-1 or marginal zone B cells since they are high
responders to LPS and preferentially secrete IgM and IgGs '*°. Whether the LPS injected
s.c. can reach the spleen or peritoneal cavity and whether the lymph nodes have B cells
similar to B-1 cells or marginal zone B cells are not clear. B-2 cells, which can also be

activated by LPS '742%

may be responsible for part of the IgM response.

Over the two-month period after the last immunization, the IgM and IgGs titers in
AOAH KO mice dropped by about 30-60%, but they were still significantly higher than
those in AOAH WT mice, despite the fact that the IgM and IgGs titers in AOAH WT
mice declined relatively slowly. The half-lives of mouse IgM and IgGs are about 0.5 and
4 days respectively. These results suggest that in both AOAH WT and KO mice, new
IgM and IgG; were synthesized even two months after immunization. The slowly
declining antibody titer in AOAH KO mice suggests that some other mechanisms may be
involved in the elimination or degradation of LPS.

In the serum of AOAH KO HeN mice, the levels of natural antibodies of IgM,
IgG; and IgG; are higher than those of wild type control mice. For 129 and B6 mice, the
KO and WT mice have comparable serum levels of IgM and IgG isotypes, except for
IgGj, which is less abundant in AOAH KO 129 (p=0.0005) and possibly also in AOAH
KO B6 (p=0.0581) mice. These results suggest that AOAH may play a role in
modulating natural antibody production. Unexpectedly, AOAH KO 129 mice had about
6-fold less IgA in their fecal pellet extracts than did WT control mice. This result might

be explained by the impaired IL-5 secretion observed in AOAH KO DCs in vitro.

Studies using either IL-5 or IL-5 receptor o deficient mice have shown that IL-5
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signaling is required for B-1 cell development and IgA secretion at mucosal surfaces by
B-1 cells 2'**'°. However, Corcoran et al. have reported that 129/Sv mice have an IL-5
signaling defect in B cells and reduced number of B-1 cells in the peritoneal cavity >
Similar levels of IgA were detected in fecal pellet extracts from AOAH WT and KO B6
mice.

I also studied the role that AOAH plays in LPS's ability to be an adjuvant. In both
AOAH WT and KO mice, the presence of LOS slightly augmented the anti-OVA IgM
response to OVA compared with the response to OVA by itself. With the adjuvant, anti-
OVA IgG; production was dramatically induced especially after the second injection,
suggesting that antigen specific T cells were activated and promoted B cell differentiation
and isotype switching. However, LOS showed similar adjuvant activity in AOAH WT
and KO mice, indicating that AOAH does not play an essential role in regulating LOS
adjuvanticity. This is interesting since AOAH can regulate LPS-induced B cell responses
but not the ability of LPS to enhance antibody production to a protein. The lipid A
analog MPL has provided good evidence that the toxicity and adjuvanticity of LPS can be

232;233
separated ~*

. The adjuvant activity of LPS may require much less TLR4-stimulation
than does B cell activation and more TLR4 signaling does not increase the adjuvant effect.
Thus, enzymatically deacylated LOS or partially deacylated LOS may be good enough to
induce adjuvant activity, while they cannot induce B cell activation.

Whether other adjuvants can induce the different antibody response in AOAH

WT and KO mice has also been investigated. CFA contains TLR2 agonists, including

lipoarabinomannan. Lipopeptides are also TLR2 agonists. CFA and lipopeptide induced
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lower levels of polyclonal antibody secretion than did LOS. IgM and IgGs; polyclonal
antibodies were comparable in AOAH WT and KO mice immunized with CFA.
Lipopeptide induced significantly higher polyclonal IgM in AOAH KO mice than in WT
mice, while the polyclonal IgGs levels were similar in those mice. These results suggest
that AOAH may release fatty acyl chains from bacterial lipoproteins, and possibly
decrease their bioactivity (Chapter IV). However, in vitro evidence that AOAH can
deacylate bacterial lipoproteins is still missing. The similar polyclonal IgG; levels
probably reflect the fact that, unlike LPS, lipopeptide may not preferentially induce 1gGs;
responses.

LPS is not the only substrate of AOAH. AOAH also is enzymatically active
towards certain phospholipids and is highly homologous to trypanosomal inositol
deacylase, which releases fatty acyl chains from an intermediate in GPI anchor
biosynthesis. It is thus possible that AOAH may have other functions in vivo. AOAH
KO mice have begun to help us understand the biological roles of AOAH and will

continue to do so.



CHAPTER IV. OTHER POTENTIAL AOAH SUBSTRATES:
BACTERIAL LIPOPROTEINS AND ENTEROBACTERIAL

COMMON ANTIGEN

A. Introduction

In the outer membrane of gram-negative bacteria, in addition to LPS, there are
outer membrane proteins (OMP), including bacterial lipoproteins. Bacterial lipoproteins
are generally very active substances immunologically and some of them have been found
to be tightly bound to LPS *”'. Enteric gram-negative bacteria also possess a unique cell
surface glycolipid, the enterobacterial common antigen (ECA). Both bacterial
lipoproteins and ECA have ester-linked fatty acyl chains, which makes them potential
substrates for AOAH.

The N-terminus of lipoproteins is a cysteine residue to which a diacylglycerol and
an amide-bound fatty acyl chain are covalently attached (Fig. 29). The most abundant
bacterial lipoprotein is Braun’s lipoprotein (BLP), which has 58 amino acid residues.
BLP exists in two forms, a free form and a form that is covalently linked to
peptidoglycan (murein) by the C-terminal domain **. About 65-75% of the fatty acids

hydrolyzed from purified BLP were 16:0 and 18:1 >,
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Figure 29. Schematic diagram of the chemical structure of N-terminus of bacterial
lipoproteins.

The N-terminal glycerylcysteine contains two ester-linked and one amide-linked fatty
acid. R1, R2 and R3 represent fatty acyl chains.

Bacterial lipoproteins are agonists for TLR2, and recently, TLR1 and TLR6 have
been shown to heterodimerize with TLR2 and modulate its ligand recognition and

26275 Bacterial lipoproteins or synthetic lipopeptide analogs have

signaling efficiency
been shown to activate mouse B cells, mouse and human macrophages and DCs and even
to induce lethal shock 727?77 Furthermore, bacterial lipoproteins have been shown to
act synergistically with LPS to induce proinflammatory cytokine production and lethal
shock '°.  Lipoproteins lose their bioactivity when the ester-linked fatty acids are
removed by alkaline hydrolysis. The two ester-linked fatty acyl chains of lipoproteins
might also be released by AOAH, with a resulting decrease in biopotency.

Discovered 40 years ago by Kunin et al., ECA is found in all members of the
family enterobacteriaceae. ECA contains a long linear polysaccharide chain, which is

composed of a conserved trisaccharide repeat. The trisaccharide unit consists exclusively

of N-acetyl-D-glucosamine, N-acetyl-D-mannosaminuronic acid and 4-acetamido-4, 6-
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dideoxy-D-galactose. Three forms of ECA have been found, phosphoglyceride-linked
ECA (ECApg), LPS-linked ECA (ECA;ps) and cyclic ECA. ECApg is formed by
covalent linkage of the polysaccharide chain to phosphoglyceride (PG) and it is
nonimmunogenic. The PG-derived fatty acids are predominantly 16:0, 16:1 and 18:1.
Immunogenic ECAjps occurs only in bacterial rough mutants with appropriate cores.
ECA¢ps consists of ECA chains linked to the complete R1, R4 or K12 core region of LPS
that lacks O-antigen; only about 5% of the cores are substituted with ECA polysaccharide

8

chains *’®.  The O-translocase, which is responsible for the transfer of O-antigen from the

lipid carrier to the LPS core, was found to be required for the occurrence of ECApps 2.
The third form of ECA occurs as the cyclic form (ECA.y.), which consists of four to six
trisaccharide repeat units. ECA, has not been found in E. coli. Both ECAps and
ECA|ps are found on the outer leaflet of the bacterial outer membrane, and on SDS-
PAGE, they have a ladder-like pattern characteristic of polymers made of a homologous
series of repeat units. Because the PG moiety of ECApg has two ester-linked fatty acids,
ECApg might also be an AOAH substrate.

When the deacylation of LPS in whole bacteria by DCs or macrophages was
studied, I found that not only were fatty acids derived from LPS released over time, but
fatty acids derived from other bacterial components were also lost from the interface of
B-D extraction. In this study, I demonstrated that both bacterial lipoproteins and ECA
are present at the interface of a B-D extraction of E. coli cells and I tested whether they

can be deacylated by AOAH. In addition, I found that ECA contributes to preventing

bacteria from being phagocytosed by DCs.
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B. Materials and methods

1. Treatment of E coli LCD25 with proteinase K

E. coli LCD25 were cultured in 2 x minimal medium that contained ["*C] sodium
acetate so that the fatty acyl chains in the bacteria were ['*C]-labeled (chapter II). The
bacteria were then treated with 75 pg/ml of proteinase K in buffer which contained 1mM
CaCl,, 0.5% SDS and 0.01 M Tris, pH 7.8, at 37 °C for 16 hours. Mock-treated bacteria

were incubated in buffer without proteinase K.

2. Purification of murein-BLP complexes
A bacterial pellet was resuspended in PBS and sonicated. The bacterial
suspension was then added dropwise to a 10 x volume of boiling 4% SDS; the mixture

was stirred while it cooled and centrifuged at 22,000 g for 2 h. The sediment was

resuspended in water by vigorous vortexing.

3. Treatment of BLP with lysozyme

Some of the BLP is bound to murein; treatment with lysozyme can digest the
murein and free the BLP. Purified murein-BLP complexes were incubated with 100

pg/ml of lysozyme in 0.01 M Tris, pH 7.6 at 37 °C for 16h.
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4. Western blotting

Western blotting was used to test whether BLP is present in the interface of a B-D
extraction of bacteria. E. coli LCD25 or a BLP-deficient strain, JE5505 280, were
subjected to B-D extraction and the interface materials were isolated and treated with or
without lysozyme. The resulting materials were electrophoresed on a 8-16% gradient
SDS-polyacrylamide gel and transferred to nitrocellulose (Immobilon-P, Millipore,
Bedford, MA). All of the samples were prepared in sample buffer (2.5% SDS, 22%
glycerol in Tris base and trace bromophenol blue) and were boiled before loading onto
gels. After blocking of the nitrocellulose for 16 hours at 4°C with 10% nonfat milk in
TTBS (150 mM NacCl, 50 mM Tris, 0.1% Tween-20, pH 7.5), the blots were incubated
with a purified monoclonal mouse anti-BLP antibody, 1C7 (T505), diluted 1:1000 in
blocking buffer, at room temperature for 1 hour. The blots were then washed with TTBS
and incubated with horseradish peroxidase (HRP)-conjugated goat anti-mouse antibody
at room temperature for 1 hour. After washing with TTBS, peroxidase substrate was
added (Western Lighting Chemiluminescence Reagent Plus, PerkinElmer Life Sciences,
Inc., Boston, MA) and film (Kodak) was exposed to the blots for 5 to 30 seconds and
developed. The monoclonal anti-BLP antibody was generously provided by J. Hellman
(Massachusetts General Hospital, Boston). Bacterial strain JE5505 was kindly provided
by our collaborator, P. D. Rick (Uniformed Services University of the Health Sciences,

Bethesda, MD).
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4. Generation of ECA deficient E coli LCD25

WecA (rfe) and WecG (rffM) genes encode transferases that catalyze the
synthesis of lipid I and lipid II respectively, and which are the first two intermediates in

the biosynthesis of the ECA trisaccharide unit *!

. The WecA gene is also essential for
the synthesis of LPS O-antigens in E. coli O8, O9 and O16. The disrupted WecA and
WecG gene was introduced into LCD25 using Pl-transducion as described **'. First,
bacterial strains 21548 and 21568, which contain WecA::Tn10 and WecG::Tnl10 genes
respectively, were resuspended in TB with 5 mM CaCl,, and a P1 bacterial phage lysate
was added at 1:1000 dilution. After 5 hours incubation at 37 °C with shaking, the
bacteria were killed by chloroform, and the culture medium which contained the P1
phage with WecA::Tnl0 or WecG::Tnl0 was harvested by centrifugation. E. coli
LCD25 were resuspended in 10 mM MgSO4 and 5 mM CaCl,, and serial dilutions of P1
phage with WecA::Tn10 or WecG::Tn10 medium were added and incubated at 31°C for
30 min without shaking. Sodium citrate (final concentration of 0.5 M) was added to stop
transduction. LB medium was added and after 1 hour of incubation at 30 °C with
shaking, the bacteria were spread on LB plates that contained tetracycline (selecting
bacteria with WecA::Tn10 or WecG::Tnl0 genes) and kanamycin (selecting LCD25).
The successful disruption of ECA production was demonstrated by the lack of the ladder-
like pattern when the ["*C]-labeled bacteria were resolved on SDS-PAGE and subjected
to autoradiography. Bacterial mutant strains 21548, 21568 and P1 lysate were kindly

provided by P. D. Rick.
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5. Label bacteria with BODIPY

E. coli LCD25, LCD25 WecA-, LCD25 WecG-, LCD25 016, LCD25 WecG-,
016 were cultured, washed and resuspended at 1x 10° CFU/ml in medium that contained
0.15 M NaCl and 0.1M Na,CO;, pH 8.3. 10 pl of BODIPY solution (10 mg/ml,
Molecular Probes, Inc., Eugene, OR) was added to 1 ml bacterial suspension, and
incubated at room temperature for 1 hour. The bacteria were collected by centrifugation
at 3000 g for 5 minutes and washed twice with the above medium. After the bacteria

were resuspended in 1 ml of PBS, they were examined using a fluorescent microscope.

C. Results

1. After bacteria are incubated with DCs, fatty acids derived from bacterial

components other than LPS are lost from the Bligh-Dyer interface.

As described in chapter II, to study the deacylation of LPS in whole bacteria, I
actually measured the loss of 3-OH 14:0, 12:0 and 14:0 from the interface of a B-D
extraction. Katz et al. have shown that LPS contributes almost all of the 12:0 and about
75% of the 14:0 at the B-D interface '". I found that 16:0 was also lost from the
interface when E. coli were incubated with DCs, with a rate similar to those observed for
12:0 and 14:0 (Fig. 30). The bacterial molecules that contribute this 16:0 and whether

AOAH can release fatty acids from these molecules are not known.
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Figure 30. Palmitate (16:0) is lost from the interface of the Bligh-Dyer extraction.
E. coli LCD25 with ['*C]-labeled fatty acids were incubated with BMDCs as described in

chapter II. The loss of 12:0, 14:0 and 16:0 from the interface of B-D extraction was
determined.

The fatty acid compositions of purified LPS and the interface of bacterial B-D
extraction were then compared. Because 3-OH 14:0 is exclusively derived from LPS, the
relative amount of non-hydroxylated fatty acids was obtained by comparing with the
amount of 3-OH 14:0 (Table. 2). In the B-D extraction interface, almost all of the 12:0,
the majority (78%) of 14:0 and part of 16:0 are derived from LPS, while the minority of
14:0, some of 16:0, and almost all of the 16:1 and 18:1 are derived from bacterial
components other than LPS. Since molecules present at the interface of B-D extraction
are presumably amphiphilic, bacterial lipoproteins, which have hydrophilic protein
portion and hydrophobic fatty acids, may be present at the interface. Degradation of the

protein portion of bacterial lipoprotein may lead to the loss of the amphiphilic property of
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lipoprotein molecules and therefore their disappearance from interface. I compared the
fatty acid composition of B-D interface of bacteria treated with proteinase K with that of
mock- treated bacteria by HPLC (described in Chapter II). Proteinase K treatment
decreased 16:1, 16:0 and 18:1 at the interface (Table 3), suggesting that bacterial
lipoproteins are present at the interface of the B-D extraction and contribute mainly to

16:1, 16:0 and 18:1.

Table 2. The relative amount of fatty acids derived from the interface of Bligh-Dyer

extraction of purified LPS and whole E. coli LCD2S.

Purified LPS IF of bacteria
3-OH 14:0 1.00 1.00
12:0 0.23 0.24
14:0 0.25 0.32
16:1 0 0.06
16:0 0.17 0.31
18:1 0 0.06

Interface material was subjected to acid/base hydrolysis and the amount of each species
of fatty acids was measured by HPLC. The amount of non-hydroxylated fatty acids was
expressed relative to the content of 3-OH 14:0 in the same preparation.
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Table 3. Some of the fatty acids in the interface of Bligh-Dyer extraction are
derived from bacterial lipoproteins.

IF of bacteria IF of bacteria + PK
3-OH 14:0 1.00 1.00
12:0 0.16 0.14
14:0 0.20 0.18
16:1 0.02 0.005
16:0 0.10 0.04
18:1 0.02 0.00

E. coli LCD25 with ["*C]-labeled fatty acids was treated or untreated with proteinase K
75 ng/ml at 37 °C for 16 hours. The treated or untreated bacteria were subjected to B-D
extraction and the interface material was collected and hydrolyzed with acid/base. The
released fatty acids were purified by B-D extraction and analyzed by using HPLC. The
ratios of non-hydroxylated fatty acids to 3-OH 14:0 in the same preparation are shown.
Note that there was less 16:1, 16:0 and 18:1 in the proteinase K-treated interface.

2. Braun’s lipoprotein is present at the interface of the B-D extraction.

The most abundant bacterial lipoprotein, BLP, occurs in a free form and a murein-
bound form. Treatment of the murein-bound form BLP with lysozyme, which can digest
peptidoglycan, releases the free form of BLP. The B-D interfaces prepared from E. coli
LCD25 and from a BLP-deficient strain, JE5505, were untreated or treated with
lysozyme, and then resolved on SDS-PAGE and detected with an anti-BLP monoclonal

antibody. The untreated interface contained both the free form (about 6 KDa) and
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murein-bound form (which is present at the top of the stacking gel because of the large
molecular weight) of BLP (Fig. 31 lane 1). The treatment with lysozyme decreased the
molecule weight of the murein-bound form of BLP, and a ladder-pattern of BLP was
detected because of the incomplete digestion of murein (Fig. 31 lane 2). The specificity
of this monoclonal antibody is shown by its inability to recognize the B-D extraction
interface of JE5505. Similar results are shown in Figure 33. The B-D interface was
isolated from LCD25 with [14C]-1abeled fatty acids, resolved on SDS-PAGE, and then the
bacterial components that contained fatty acids were detected by autoradiography.
Murein-bound BLP was present at the top of the gel; after lysozyme treatment, its
molecular weight dropped to about 14.3 KDa (Fig. 33, comparing lane 1 and 2, 3 and 4).
This change was more obvious in the ECA deficient mutant (Fig. 33, lane 3 and 4). ECA

deficient mutants will be described later.
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Figure 31. Western blotting analysis shows that BLP is present at the interface of
the Bligh-Dyer extraction of E. coli.

E. coli LCD25 and a BLP deficient strain, JE5505, were subjected to B-D extraction and
the interface material was isolated and treated or untreated with 100 pg/ml of lysozyme at
37°C for 24 h. The interface materials were then resolved on 8-16% gradient SDS-PAGE,
transferred to nitrocellulose, and developed using monoclonal anti-BLP antibody as
primary antibody. Lanes 1, 2, interface material of E. coli LCD25 untreated or treated
with lysozyme; lanes, 3, 4, interface material of BLP deficient mutant JE5505 untreated
or treated with lysozyme. Markers shown at the left are the apparent molecular weights
(KDa).
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I also analyzed the fatty acids attached to BLP. After purified murein-bound BLP
is hydrolyzed with acid/base, the released fatty acids are purified and resolved on TLC

system II. The majority of fatty acids attached to BLP are 16:0 or 18:1 or both (Fig. 32).

IF BLP

g

3-OH 14:0 =
12:0 =—

14:0 =—
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-

Figure 32. The fatty acids derived from BLP comigrate with 16:0 on TLC.

Fatty acids hydrolyzed from BLP by acid/base treatment were analyzed on TLC system 2
as described in chapter II. The relative positions of the fatty acids derived from the
interface of B-D extraction were shown on the left.
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3. ECA is present at the interface of B-D extraction.

Because ECA has a hydrophobic diacylglyceride moiety and a hydrophilic
polysaccharide chain, we reasoned that it might also be present at the interface of the B-D
extraction. WecA::Tnl0 was introduced into E. coli LCD25 so that ECA synthesis was
abolished and the fatty acids in the resulting bacterial strain (LCD25, WecA-) could be
highly radiolabeled. The B-D interface of LCD25 and LCD25, WecA- were isolated and
resolved on SDS-PAGE (Fig. 33). ECA is present at the interface and shows the
expected ladder-like pattern on the gel; this pattern is missing in the ECA deficient strain
LCD25, WecA-. Because LCD25 LPS has K12 core, which is an acceptor for ECA
polysaccharide chains, the ladder pattern could be ECA;ps or ECAps. However, the
former form was excluded because when the gel was stained by silver, the ladder-like
pattern was absent (data not shown), while the LCD25 LPS can be stained with silver on
the same gel. The O-fatty acyl substituent at the position 1 of PG is mainly 16:0, and at
position 2, 18:1, 16:1, and 16:0 are attached 278 " ECA thus contributes to some of the
16:1, 16:0 or 18:1 at the B-D interface. Because the amount of ECA is about one tenth of
that of LPS, and each ECApg has 2 fatty acyl chains, ECA may contribute less than one

tenth of nonhydroxylated fatty acids at the B-D interface.
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Figure 33. ECA is present at the interface of the Bligh-Dyer extraction.

['“C]-labeled E. coli LCD25 with or without ECA was subjected to B-D extraction, and
the interface material was isolated, untreated or treated with lysozyme, and then resolved
on 15% SDS-PAGE. The bacterial components with fatty acyl chains in the interface
were shown by autoradiography. Lanes 1, 2, interface of E. coli LCD25, untreated (1) or
treated with lysozyme (2); lanes 3,4, interface of ECA deficient E. coli LCD25 (WecA-)
untreated (3) or treated with lysozyme (4). The markers shown at the left are apparent
molecule weights (KDa).
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4. AOAH does not deacylate bacterial lipoproteins or ECA under conditions that

are optimized for LPS deacylation in vitro.

Then I tested whether AOAH was able to deacylate other bacterial components in
the interface in viro. The B-D interface of ['*C]-labeled E. coli LCD25 was incubated
with purified human AOAH in the reaction mixture used for measuring LPS deacylation
(see Materials and Methods in Chapter II), and the released fatty acids were separated by
TLC (Fig. 34). 12:0 and 14:0 were cleaved by AOAH treatment, while only a very small
amount of 16:0 was released, suggesting that under such a in vitro condition, bacterial

lipoprotein and ECA cannot be deacylated by AOAH.
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Figure 34. AOAH does not release 16:0 from the interface of Bligh-Dyer extraction
in vitro.

The B-D interface of LCD25 with ["*C]-labeled fatty acids was isolated and incubated
with purified human AOAH in a reaction mixture as described in chapter II, at 37 °C for
16 hours. The released fatty acids were then extracted and resolved by two steps of TLC,
as described in chapter II. Shown above is the second step of TLC. AOAH-released
non-hydroxylated fatty acids (right lane) are compared with acid/base hydrolyzed non-
hydroxylated fatty acids (left lane).
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5. 16:0 is lost from the interface of Bligh-Dyer extraction after the bacteria are

incubated with AOAH -/- macrophages.

Then I asked whether peritoneal macrophages from AOAH -/- mice can release 16:0
from the interface and found that although KO macrophages were unable to release 12:0
or 14:0, they released 16:0 at about the same rate as did WT macrophages (Fig. 35).
Because the loss of bacterial lipoproteins from the interface can be due to either the
degradation of the protein portion or the release of lipids from of bacterial lipoprotein, I
can not conclude that AOAH cannot deacylate bacterial lipoprotein based on this
experiment alone. For a similar reason, because it is not clear whether the polysaccharide
chain of ECA can be degraded, and whether the disappearance of 16:0 from the interface

is caused by the deacylation of ECA is not known.
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Figure 35. Peritoneal macrophages from AOAH -/- mice release 16:0 from the
interface of a B-D extraction.

Peritoneal macrophages, prepared from AOAH -/- and +/+ mice as described in Chapter
11, were allowed to take up ['*C]-labeled E. coli LCD25 and digest them. The cells and
medium were harvested at 0, 6 and 24 hours and then subjected to B-D extraction. The
percentages of fatty acids remaining at the interface of the B-D extraction were measured
and calculated. AOAH -/- macrophages were unable to remove 12:0 and 14:0 from the
LPS in the interface, yet they did deplete the 16:0.
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6. ECA helps bacteria evade phagocytes.

The functions of ECA are not clear. The growth and physiology of ECA-deficient
mutants appear unaltered in vitro. Studies have shown that ECA may increase bacterial
survival in mice and therefore render them more virulent 2**?*.  After ["*C]-labeled
LCD25 or LCD25, WecA- were incubated with BMDCs, about 4 or 5 times more LCD25,
WecA- were captured by BMDCs than were the parental strain LCD25 (Fig. 36). This
result suggests that, similar to O-antigen, ECA may prevent bacteria from being captured
by phagocytes.
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Figure 36. BMDCs capture more ECA-deficient bacteria than control bacteria.

['*C]-labeled bacteria were added (bacteria:cell ratio = 50: 1) to BMDCs, which were
prepared from B6 mice and seeded at 5 x 10°/ well in a 6-well-plate. After incubation for
1 hour, the medium was aspirated, the cells were washed twice with cRPMI to get rid of
unbound bacteria, and the cells were then harvested. The radioactivity associated with
the cells was measured by scintillation counting and the percentage of the total dpm that
bound to the cells was calculated. Experiments were done in quadruplicate and means *
1SD are shown. P values were obtained using Student’s 7 test.
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To further determine and compare the roles of ECA and O-antigen in bacterial
anti-phagocytosis, | transfected a plasmid (pPR1461) that contains genes for expressing
an O-antigen, O16, into either LCD25 or LCD25, WecG-. The WecG gene encodes an
enzyme that catalyzes the second step in ECA unit synthesis; LCD25, WecA- could not
be used in this study because the WecA gene is also important for the synthesis of many
O antigens, including O16. The successful abolition of ECA synthesis by disrupting the

WecG gene and the introduction of O16 antigen expression is shown in Figure 37.
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Figure 37. Disruption of WecG gene and introduction of O16 synthesis genes into
LCD25.

WecG::Tnl0 was introduced into LCD25 by P1 phage, and a plasmid containing O16
synthesis genes was transfected into LCD25 or LCD25, WecG- by electroporation.
Bacterial fatty acids were labeled with ['*C]-acetate, the B-D interfaces of the labeled
bacteria were resolved on SDS-PAGE and bacterial components containing fatty acyl
chains were detected by autoradiography. Lane 1, LCD25; 2, LCD25, WecG-, lacking
the ECA-ladder; 3, LCD25, O16, which has both ECA and the high molecular weight
016 ladder ; 4, LCD25, WecG-, 016, which lacks ECA but possesses O16 antigen; 5,
LCD25, WecA-.
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I then incubated BMDCs with the various bacteria and, after washing off the
unbound bacteria, I stained the cells and bacteria and counted the number of bacteria that
associated with the BMDCs under the microscope (Fig. 38). Each BMDC captured a
median of one LCD25, about four WecA- and about eight WecG-. Unexpectedly, in this

study, O16 did not prevent bacteria from binding to BMDC:s.
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Figure 38. ECA-deficient bacteria are more susceptible to being captured by
BMDCs.

BMDCs were seeded at 5 x 10°/ well onto cover slips in a 6-well-plate, and after
incubation for 16 hours at 37°C, E. coli LCD25 with or without ECA or O16 were added
at a bacteria:cell ratio of 50:1. After incubation for 1 hour at 37 °C, the unbound bacteria
were washed away, and the cells and bacteria were stained with the HEMA 3 Staining Set
(Biochemical Sciences Inc). The number of bacteria that associated with each cell was
counted; a total of 100 cells were evaluated and the medians are shown.
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Because the method used for this study did not distinguish intracellular bacteria
from extracellular ones, I next studied whether ECA contributes to evading phagocytosis
by labeling the various bacterial strains with BODIPY and measuring the intracellular
fluorescence by FACS (Fig. 39). The results showed that BMDCs phagocytosed
substantially more WecA- and WecG- bacteria than control bacteria. Expression of O16

also helped bacteria escape BMDC phagocytosis.

12001
©
S , 1000-
g 2
g g 800
E3 500-
£S
ST 4004
)
o 200~
0 (%)
Q v & nNO &
Q O O e) O
\/0 @0 $® x@@
O
O
ECA + - - + -
O-Ag - - - + +

Figure 39. ECA and O-antigen protect bacteria from phagocytosis by BMDCs.

LCD25 with and without ECA or O16 were labeled with BODYPY and the MFI of
bacteria were measured by FACS. Bacteria were added to BMDCs at a bacteria:cell ratio
of 50:1 and incubated at 37 °C for 1 hour. Then the intracellular bacterial fluorescence
of BMDCs was measured by FACS after quenching the extracellular fluorescence with
trypan blue. As controls, BMDCs were incubated with bacteria at 4 °C. The relative
phagocytic activity was calculated as (intracellular MFI at 37 °C - intracellular MFI at 4
°C) + bacterial MFI.
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D. Discussion

Lipoproteins have been found in both Gram-positive and Gram-negative bacteria.
Bacterial lipoproteins differ from mammalian lipoproteins in that bacterial lipoproteins
contain a N-terminal triacylated cysteine, a unique structure that can be recognized as a
PAMP by mammals. Similar to LPS, bacterial lipoproteins have profound
immunoregulatory functions. Lipoproteins induce proinflammatory cytokine production
in macrophages and DCs and lethal shock in LPS-responsive and —nonresponsive mice '°.
It has been shown that microbial lipoproteins activate cells in a TLR2 dependent manner,
requiring the lipid element for optimal activity. Little is known how bacterial
lipoproteins can be degraded or inactivated by animals so that their immunostimulatory
potency can be diminished. Conceivably, the peptide portion of lipoproteins can be
degraded by proteinases. To decrease biopotency, the peptide bonds close to N-terminus
have to be cleaved because the triacylated cysteine with a few attached amino acids is
still bioactive. Alternatively, the lipid portion of the lipoprotein may be cleaved by
lipases. AOAH is a candidate lipase because it cleaves ester-linked fatty acyl chains
from LPS and phospholipids.

When I began to study the deacylation of LPS in whole bacteria, I found that, in
addition to 12:0 and 14:0, which are derived mainly from LPS, 16:0 was also lost from
the interface of the B-D extraction. I found that bacterial lipoproteins, such as Braun’s
lipoprotein, were present at the interface and contributed to the content of 16:0, 16:1 and
18:1. However, purified AOAH failed to deacylate the lipoproteins at the interface in the

reaction buffer that is used for measuring LPS deacylation. Furthermore, BMDCs from
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AOAH null mice could also release 16:0 from the interface, suggesting that the loss of
16:0 from the interface may be caused by the degradation of the protein part of
lipoproteins or deacylation of lipoproteins by other lipases.

In contrast, there is evidence suggesting that AOAH may deacylate bacterial
lipoproteins in vivo and thereby reduce their B-cell stimulatory activity. After AOAH
WT or KO mice were immunized with  synthetic lipopeptide
(tripalmitoylglycerylcysteine-Gly-Ser-Ser-His-His), significantly more polyclonal IgM
response was induced in AOAH KO mice than in WT mice (chapter III), which is similar
to what has been observed in LPS-immunized mice. Purified bacterial lipoprotein will
now be used to immunize AOAH WT and KO mice to test if AOAH influences the
production of antibodies specific for the protein moiety. If it can deacylate bacterial
lipoproteins, AOAH could have a broad spectrum of functions, regulating host responses
not only to gram-negative bacterial but also to gram-positive bacteria.

ECA was also found to be present at the interface of the B-D extraction. This was
shown by resolving the B-D interface from ['*C]-labeled bacteria on SDS-PAGE.
Because ECA-derived fatty acids are mainly 16:0 and 18:1, ECA contributes to the 16:0
band on TLC. It is not known whether ECA can be degraded by mammalian cells. In
vitro, purified AOAH did not release 16:0 from the interface, indicating that ECA is not
deacylated under such conditions.

The functions of ECA are not known. ECApg is not immunogenic and does not
possess stimulatory activity towards mammalian cells. Valtonen et al. have found that

the absence of ECA reduced the mouse virulence of S. typhimurium inoculated i.p. by
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about 10 fold ***. Nnalue et al. have shown that ECA contributes to the increased
survival of Salmonella species in mice in vivo **. In this study, I found that ECA renders
bacteria able to evade phagocytes, which may partially explain these results.

BMDCs captured 4- or 5-fold more ECA-deficient E. coli LCD25 than their
parental strain, as determined by measuring cell-associated bacterial radioactivity or
direct counting of cell-associated bacteria. The phagocytosis experiments showed that
both ECA and O16 prevent phagocytosis. Like the O-antigen of LPS, the long
polysaccharide chain of ECA may protect bacteria from phagocytosis, the fusion of
phagosome-containing bacteria with lysosomes ® and complement attack °. Furthermore,
ECA may render enteric bacteria resistant to solubilization by intestinal enzymes and the

lipids in bile, which may explain why ECA is unique to enteric bacteria.



CHAPTER V. CONCLUDING REMARKS AND FUTURE

DIRECTIONS

AOAH is a unique mammalian enzyme that specifically removes the secondary
fatty acyl chains from the lipid A moiety of LPS '. AOAH-treated LPS has
dramatically reduced tissue toxicity, as shown in the rabbit dermal Shwartzman reaction
21 In vitro experiments with human cells revealed that enzymatic deacylation not only

122126 g far, no

decreases LPS bioactivity but also converts LPS to its own antagonist
enzymatic activity that releases the primary fatty acyl chains or degrades the lipid A

backbone has been identified. Partial deacylation of LPS might be an economical and

effective way to diminish animals’ responses to LPS.

A. Stimulus-regulated deacylation of LPS by DCs.

AOAH activity has been found primarily in myeloid cells, such as neutrophils and
monocytes-macrophages. Immature DCs, which are mainly distributed in tissues that
interface with the external environment, also can capture, kill and digest microbial
invaders with high efficiency. In this study, I found that, in addition to their ability
degrade bacterial protein, immature DCs express high levels of AOAH and deacylate the
LPS in E. coli they have phagocytosed in an AOAH-like manner. These results
underscore the point that DCs are not mere “mobile sentinels” to initiate adaptive
immunity, but they also play a pivotal role in innate immunity. More importantly, in
addition to processing and presenting protein antigens, they degrade one of the most

bioactive bacterial molecules, LPS, and may regulate immune responses to it.
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The expression of AOAH in DCs is also regulated by exogenous stimuli.
Maturation cocktail (IL-4, TNF-a, IL-1 and agonistic CD40 antibody) induced the
“typical” maturation of DCs, which decreased their phagocytic activity and increased cell
surface expression of costimulatory molecule(s). AOAH expression was dramatically
reduced in maturation cocktail-treated DCs, suggesting that the ability to deacylate LPS
is a feature of immature DC. In contrast, when they were treated with LPS or whole E.
coli, DCs upregulated costimulatory molecule(s) yet they maintained or increased AOAH
expression. The regulation of AOAH expression occurred at the mRNA level, as shown
by real-time PCR. In keeping with this finding, Cody et al. reported that LPS treatment
could increase AOAH mRNA abundance in murine macrophages (10-20-fold) and in
vivo in mouse lung and liver (3—6-fold). Furthermore, upregulation of AOAH expression
was not restricted to stimulation by LPS, the AOAH substrate. Other TLR agonists, such
as CpG ODN (TLR9) and M. luteus (TLR2), also increased AOAH expression, indicating
that the ability to deacylate LPS is regulated by multiple conserved microbial molecular

“patterns”.

In addition, I have shown that XS52 cells treated with maturation cocktail have
decreased ability to phagocytose, to kill bacteria, to degrade bacterial proteins and to
deacylate LPS, whereas exposure to LPS maintains or increases the DCs’ ability to take
up and kill bacteria and to digest bacterial components. Thus, in response to different
environmental stimuli, DCs coordinate AOAH expression and LPS deacylation with
many other anti-bacterial responses, increasing or decreasing their ability to degrade this

important bacterial molecule.
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In the future, whether AOAH plays a role in presenting bacterial antigens will be
studied. Various studies have shown that LPS molecules can interfere with the
presentation of bacterial protein antigens. Forestier et al studied the intracellular
trafficking of Brucella LPS and found that the LPS initially accumulated within the

146

lysosomes of macrophages, followed by recycling to the plasma membrane . The same

authors also demonstrated that Brucella LPS specifically associates with MHC II

258

molecules in APCs “°; at the cell surface of macrophages, LPS clusters are highly

enriched in MHC II molecules, so that the LPS molecules might interfere with antigen

286 In addition, studies suggest that the presence and the

presentation to CD4" T cells
length of the O-antigen of LPS may influence the presentation of bacterial protein
antigens to T cells 287288 AOAH might alter the physical properties of LPS and
modulate its influence on antigen presentation. In the bacterial outer membrane, LPS is
tightly associated with bacterial outer membrane proteins, presumably by hydrophobic
interactions between the fatty acyl chains of LPS and the hydrophobic regions of
membrane proteins. Deacylation may decrease the hydrophobicity of LPS and induce

disaggregation of complexes of LPS and outer membrane proteins, thus facilitating

membrane protein processing and presentation.

B. Characterization of AOAH null mice.

Although AOAH can detoxify LPS in vitro, the absence of AOAH did not make
mice more susceptible to LPS or Gram-negative bacterial challenge. This is probably
because LPS deacylation occurs at a relatively slow rate and is unable to counteract the

(quicker) cytokine responses to LPS. In keeping with this observation, in vitro
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experiments showed that AOAH deficiency did not cause exaggerated cytokine responses
or surface expression of costimulatory molecules by DCs. The slow rate of LPS
deacylation is probably due to the nature of the reaction, the low abundance of AOAH

and the slow traffic of LPS to the intracellular “deacylation” compartment.

AOAH-deficient mice showed expanded polyclonal antibody responses to LPS,
indicating that AOAH plays an important role in negatively regulating mitogenicity of
LPS. Because B cells do not express AOAH and AOAH is not very active in
extracellular fluids, the ability of AOAH to decrease polyclonal antibody formation
suggests that some of the injected LPS may be deacylated by AOAH-bearing phagocytes,
such as DCs, macrophages and neutrophils, prior to interacting with B cells. DCs are of
special interest because they can take up antigen from peripheral sites and migrate to
lymphoid tissues, interacting with T or B cells. DCs have been suggested to facilitate B

9

cell function ** and to transport antigen to B cells in initiating and modulating TD

responses '*>. Balazs et al. have shown that a DC subset promotes TI-II Ag-specific

plasma cell differentiation in vivo and in vitro '*. My results suggest that DCs or

macrophages also modulate B cell responses to a TI-1 Ag, LPS, in vivo.

Correlating with the exaggerated polyclonal responses, autoimmune antibodies,
such as anti-nuclear antibodies, were dramatically elevated in AOAH-null mice
immunized with LPS. For a TD-antigen to activate B cells, cognate T cell help is
required; therefore, only when both T and B cell tolerance is broken, can autoimmune
antibody be produced. However, little is known how animals remain tolerant after they

are exposed to polyclonal B cell activators. In this study, I show that the ability to
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degrade and deactivate LPS diminishes the production of autoimmune antibodies. Thus,

AOAH may be important for avoiding infection-induced autoimmunity.

When mice were injected with a low dose of LPS or dLPS, dLPS had less ability
to stimulate polyclonal responses in vivo than did LPS, yet it retained the ability to induce
anti-LPS specific antibodies. AOAH may thus preserve the ability of LPS to induce

antibodies to itself.

In addition to LPS, AOAH null mice also had increased antibody responses to
lipopeptide. AOAH may be able to deacylate and deactivate bacterial lipoproteins.
Because bacterial lipoproteins are present in both Gram-negative and —positive bacteria,
AOAH may be capable of regulating antibody responses to a wide range of bacterial
infections. However, as discussed in Chapter IV, in vitro evidence that bacterial

lipoproteins can be AOAH substrates remains to be obtained.

LPS is also an adjuvant, i.e., it can enhance the immune response to a protein
antigen. Adjuvants are known to be able to increase antigen presentation and provide
costimulation to T cells. I found that AOAH deficiency did not alter the ability of LPS
to act as an adjuvant, indicating that the deacylation of LPS by APCs, such as DCs and
macrophages, does not have an effect on the cells’ ability to activate T cells despite the
fact that AOAH has such a dramatic impact on B cell function. Deacylation of LPS then
maintains its beneficial adjuvant activity and antigenicity, while diminishing its

nonspecific antibody stimulatory and potentially harmful activities.
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In the future, whether AOAH null mice also have exaggerated antibody responses
to whole Gram-negative bacteria will be studied. How DCs or macrophages present the
deacylation information to B cells and whether BAFF or APRIL is required will be also
be investigated. The kinds of B cells (B1, MZB, or B2 cells) that produce the polyclonal
antibody will be evaluated. Histology or pathology of kidneys and other organs from
LPS immunized AOAH KO and WT mice will be compared. Although AOAH may be
critical in regulating B cell tolerance after LPS immunization, the induction of tissue
lesions in AOAH null mice may require additional check points, such as breaking
tolerance in T cells. Mice with the disrupted AOAH gene will be bred with an
autoimmune-prone strain that has impaired T cell function, such as MLR /p#/Ipr mice,
which harbor a mutation in FAS gene and have reduced activation-induced T cell death.
The epistatic interaction of AOAH -/- and /pr may lead to severe autoimmune diseases

before or after LPS immunization.
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