'Y

[ KD—AZ?MZ_—664 NTATION PAGE J

torm Approved
OMB8 No (704018

Q16T 1N Qe @IBGE | ROW N1 *EDUrAE S LJING IRE 1MNE 1OF TAV@ening iMITUCLIGON YWOAILR.r G Aelr T Tty AUy

19 jetigey

S wm ¢gUd AU and 10 Ihe Ot e 3t ManGement and 3,d je° 210e1 a0rt REALCLION Proect (0704 188) wrashungton OC 23502

| (Ov:@n AG the . JUHALION O At rmylsa S4nd (OMMENIY (7gAAING 1A DUrgen €41 Mate Of o7« 1T (oe(t B tray
' Dura®n 10 WIshNGION HeadCud! e (- vicey Directogte for intormat-on Operstions eng feoe’s
, ewe = Puv

1 AGENCY USE ONLY (Leave blank) 2. REPORT DATE

3 REPORT TYPE AND DATES COVERED

kAT 7

4 TITLE ANO SUBTITLE

Lipid A and liposomes containing lipid A as adjuvants for
vaccines - Chapter 18
6 AUTHOR(S)

Carl R. Alving

S. FUNDING NUMBERS

7 PERFORPAING ORGANIZATION NAME(S) AND ADORESS(ES)
Division of Biochemistry
Walter Reed Ammy Institute of Research
Washington, DC 20307-5100

8. PERFORMING ORGANIZATION
REPORT NUMBER

9 SPONSORING . MONITORING AGENCY NAME(S) AND ADORESS(ES)
U. S. Amy Medical Research & Development Command
Fort Detrick, Frederick, MD 21701

Walter Reed Ammy Institute of Research
Washington, DC 20307-5100

10. SPONSORING / MONITORING

AGENCY REPORT NUMBER

| 7Y oA S R TS o

i b

t123 3Tty 5 E.f tai cv STATEMENT *
| Approved for public release: distribution unlimited. ‘

e DISTRIBUTION CODE

PE e e T e o bor

Lipid A, Adjuvants, Vaccines, Liposomes

!

SFCURITY CLASSIFI o TNy : . . ¢
S THiS pang

Unclassified

Unclassified Unclassified

".
[N

RS Cr S

PRICE GO0

CIRTATON

LY



AR

9€CLC-€6

Bacterial Endotoxic
Lipopolysaccharides

Volume 11

Immunopharmacology

and
Pathophysiology

Edited by

John L. Ryan, Ph.D., M.D.
Exccutive Director
Infectious Discases Department
Merck Research Laboratories
West Point, Pennsylvania

David C. Morrison, Ph.D.
Associate Director. Cancer Center
Professor of Microbiology,
Molecular Genetics. and Immunology
University of Kansas Medical Center
Kansas City. Kansas

&)

CRC Press
Boca Raton Ann Arbor London Tokyo

9o L1 v v@f




Library of Congress Cataloging-in-Publication Data

Bacterial endotoxie lipopolysaccharides / editors, David C. Morrison,
John Ryan.
p.oon
Includes bibliographical references and indexes.
Contents: v. 1. Molecular biochemistry and cellulur biology —- v.
2. Immunopharmacology and pathophysiology.
[SBN 0-8493-6787-5 (v. 1). — ISBN 0-8493-6788-3 (v. 2)
I. Endotoxins. [, Morrison, David C., 1941- . 1L Ryan, John
Louis. )
[DNLM: 1. Endotoxins. 2. Lipopolysaccharides—physiology. QW
630 B128S)
QP632.E4B23 1992
615.9 5299 —-dc20
DNLM/DLC
for Library of Congress 92-7865
cip
This book represents imformation obtained from authentic and highly regarded sources. Re-
printed material is quoted with permission, and sources are indicated. A wide variety of references
are listed. Every reasonable effort has been made to give reliable data and information, but the
author and the publisher cannot assume responsibility for the validity of all materials or for the
consequences of their use.
Neither this book nor any part may be reproduced or transinitted i any form or by any means.,
clectronic or mechanical, including photocopying, microfilming, and recording. or by any in-

formation storage and retrieval system, without permission in writing from the publisher.

Direct all inguiries to CRC Press, Inc., 2000 Corporate Blvd., N.W.. Boca Raton, Flonda,
33431

< 1992 by CRC Press, Inc.

International Standard Book Number 0-8493-6787-S (vol. 1)
International Standard Book Number (-8493-6788-3 (vol. J)

Library of Congress Card Number 92-7865
Printed in the United States of America 1234567890

Printed on acid-free paper



Volume 11 Immunopharmacology and Pathopinosiology

I

Chapter 18

AS ADJUVANTS FOR VACCINES
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I. ADJUVANT ACTIVITIES OF
LIPOPOLYSACCHARIDE AND LIPID A

The ability of Gram-negative bacterial lipopolysaccharide (LPS) to serve
as an adjuvant to enhance immune responses (o antigens has been recognized
tfor more than 30 years.' * LPS itself is also highly immunogenic. As evidence
of this it was shown that LPS could sensitize mice to a secondary immune
response with a few tens of molecules (picogram amounts)® and could induce
primary immune responses in rabbits after injection of only a few thousand
molecules.® Because of its potent immunogenicity LPS has been referred to
as a “super antigen.” ™ Adjuvant activity of LPS was subsequently shown 1o
reside in the lipid A moicty, and it was hypothesized that “*LPS is & powertul
immunogen because it is an antigen [polysaccharide] that carries its own
adjuvant [lipid A]."™

The adjuvant activity of lipid A has been confirmed in many laborato-
ries,” ' and activity has also been demonstrated with synthetic analogs of lipid
A7 Y Experiments with chemically modified LPS have led to the conclusion
that only the lipid A portion is required for adjuvanticity, and adequate amounts
of esterified and amidated lipid A fatty acids are also required.”

II. MECHANISMS OF ADJUVANT ACTIVITY

A. INSIGHTS FROM SYNTHETIC LIPID A ANALOGS

The availability of synthetic lipid A ar:logs has permitted analysis of
minimal structural requirements for adjuvant activity. '™ Synthetic analogs
have also provided insights inte the relatively small importance of the disac-
charide structure compared with monosaccharide structures for adjuvant ac-
tivity. In contrast, the fatty acid composition, including stereospecificity, is
extremely critical for expression of adjuvant activity of lipid A.'*"" The
number and composition of lipid A fatty acids would be expected to have an
important effect on aggregation characteristics of lipid A and on the inter-
actions of lipid A with cells, with liposomes, and with liposomal antigen.
Lipid A fatty acids, therefore, might influence the adjuvant effects of lipo-
somal lipid A in vaccine formulations that utilize liposomes as carriers. How-
ever, such influences of lipid A fatty acids cannot be casily predicted, and
the relative efficacies of lipid A analogs can only be determined by empirical
testing in candidate vaccine formulations.

B. ROLE OF MACROPHAGES

Early studies on the fate of radioactively labeled, parenterally injected
LLPS and lipid A demonstrated that both compounds rapidly left the blood
and accumulated in macrophages in the liver and spleen.'™ The concept that
the adjuvant effect of LPS was related to its effect on macrophages was at
least partly based on experiments involving transfer of murine macrophages
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from donor animals to syngeneice recipient animals. Donor macrophages that
had been allowed to ingest antigen in vitro enhanced the immune response
to the antigen in the recipient animals, and enhancement was greatly stimulated
by pretreating the macrophages with LPS, '

The adjuvant etfects of LPS and lipid A on macrophages have now been
well established. The interactions of LPS with macrophages cause myriad
macrophage synthesis and secrctory activities, and signal transduction mech-
anisms that are sometimes referred to as macrophage activation.®* In addition
to the recruitment and activation of macrophages, it is also recognized that
LPS and lipid A stimulate multiple cellular interactions. An important role
of interactions of macrophages with T-lymphocytes has been proposed as a
major basis for adjuvant effects of LPS.”" The cellular interactions induced
by LPS and lipid A are mediated by numerous secreted cytokines. Some of
the complex interactions that occur between mediators and cells as a result
of LPS and lipid A stimulation are illustrated in Figure 1.

C. EFFECTS OF LPS ON ANTIGEN PRESENTATION

In recent years the concept of the macrophage as an antigen presenting
cell (APC) has emerged.** A key element in the process of antigen presentation
is the participation of major histocompatibility gene complex (MHC) mole-
cules. For induction of an immune response against foreign antigens, class
II MHC molecules (also known as lIa molecules) are expressed by the APC,
and recognition by helper T-cells of a complex of processed antigen with Ia
on the surface of the APC is the initial event leading to an immune response.”*
It has now been demonstrated that LPS can stimulate induction of enhanced
la expression by murine macrophages.?** Besides recruiting and stimulating
macrophages to enhance the immune response against antigens, LPS also
clicits macrophages that cause increased antigen catabolism. This latter pro-
cess can lead to down-regulation of the immune response.™

D. EFFECTS ON SUPPRESSOR T-CELLS

The immune response to pneumococcal polysaccharide is greatly ampli-
fied by the use of monophosphoryl lipid A (MPL).* The enhancing cffect
of MPL was attributed to the inactivation of suppressor T-cell activity, and
this may represent a further ad* vant mechanism for lipid A.

III. VACCINE STRATEGIES

Among the most desirable attributes of a modern adjuvanted vaccine are
that the vaccine should be safe and that the adjuvant should increase the
specific efficacy of the vaccine to a sufficiently high level that the benefit
of the adjuvant outweighs any risk and reactogenicity associated with the
adjuvant.** Althovgh many of the most successful vaccines have had annoying
but tolerable reactogenic characteristics, the evolution of vaccine technology
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has now led to proliteration of myriad peptide and recombinant protein an-
tigens that have inherently high levels of safety because of their punty. Un-
fortunately, simplificd soluble protein antigens do not necessarily have high
levels of inherent immunogenicity. In many cases this is because the oniginal
antigen is membrane-associated. and nits native form at and ity associated
neighboring environment are handled by the immune system as o particle
Purticulate antigens undergo efficient processing and presentation by mac-
rophages. Soluble antigens are much more likely to be processed by other
types of APCs such as B-lymphocytes or dendritic cells. Macrophages. be
cause of their complicated biotogical roles as scavenger and secretory cells,
are more hikely to induce potent immune responses to compley foreign an-

bgens.

A. SAFETY

As noted carlier. macrophages are widels believed to serve as the target
cell for LPS and hipid AL and also tor many other types of adjuvants Un-
tortunatels. the same properties that stimulate seerctory events Teading to
enhancement of the immune response can somehmes also cause undesirable
local or systemie reactions that it the potential usetuliess of 1LPS and hpid
A s adjuvants. One of the most common adverse reactions to vacaines s
pyrogemaity. and s perhaps rome in the present conteat o note that 1n
many instances the efticacy of the vacane may be dependent on the presence
of LPS. either as an umintended contaminant or as an antegral part ot the
antigen. and the LPS may also be responsble for induction ot pyrogemicity

Hoas well known that ditterent botogical ettects ot LPS and ipid A can
be related to ditterent chemical moteties inthe structure of EPS and ipid A
It has been argued that certain so-catled “heneticnd ™ etfects may bedentified
with cherical structures that are ditterent than the structures associated with
Ctoxie” etfects T The concept that nontoxice structures night be produced
that retan the potent adjuvant ettects of hipd A has generated optimism and
interest in hpid A among investigators an the ticld ot vacamoelogy

1. Lipid A Analogs
Ribr and colleagues hase demonstrated that an MPL tormulation exhibits
reduced lethality and pyrogemaity. but snll retamns antitumor and adjuvant

activities CH I the same content, at has also been o major goal in the
hipd A bosynthesis field to produce hipid A analogs that would retain ben-
cticial biological activities . imcluding adjuvanticity . but lack endotoxie actis
ity U Both of these approaches, vie | chenucally altered native hpid A
and synthetic low tovaty analogs of hpid AL show considerable promise as
adjuvants tor vacaines One posaible miting tactor to these approaches would
be b sigmiticant residual reactogenicnty of the hpd A formulation were sufl
observed at doses ot ipid A that would be required for optimal immune
responses Intravenousty administered MPL has been tested 10 a Phase |l



434 Bacterial Endotoxic Lipopolvsaccharides
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FIGURE 2. Effecr of infusion of bptd A (10 g kgy on leukocyte counts tmean @ SEMy an
rabbits. Lipid A that was in 0.5% triethy lamine (TEA), or in hiposomes. was diluted wth .97
NaCtand mtused duriig 1 honto four rabbits Sivcontrods recensed 0.5% ThA m 0 9% NaCl
tFrom Reference 3404

in humans. ™ The maximal safe intravenous dose in humans was estimated
to be 100 pgem’. but even at 25 pg'm’ minor episodes of tever, gastroin-
testinal symptoms, and chills were often observed. ™ Most vaccine formula-
tions are given intramuscularly or subcutancously, and it is possible that these
Jatter routes of administration might result in less reactogenicity than the
INEravenous route.

2. Liposomes Containing Lipid A

Another approach that hus been employed in an etfort to widen the gap
hetween reactogenicity and adjuvanticity has been toincorporate lipid A into
hposomes. Among the activities of lipid A that are reduced by incorporation
into liposomes are included: Limulus Iyvsate coagulation in virro, " ™ ncutro-
e in rabbits . stimulation of both interleukin 1% and wmor necrosis factor”
by a macrophage cell line. pyrogemeity ain rabbits ™ and fethal toxicity to
mice M Intravenously antused hipid A charactenisticatly induces & profound
neutropenta in rabbits, with a nadir reached several hours after imtiation of
intusion. As shown in Figure 20 neutropemia was not induced by liposomal
hpd A

One of the most common complaints associated with many vacaines s

)

the oceurrence of tever In many cases pyrogenie reactions are due to the
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TABLE |
Effect on Pyrogenicity of Incorporating Native Lipid A and
Monophosphory! Lipid A in Liposomes®

Mavimum

‘nic pt . .
nonpyrogenic dove Decrease in prrogeaicity of

Free Liposomal liposomal compared with
Lipid A\ type lipid \ lipid A free lipid A
S nnnnesota RS9 ERTH - NERMN
MP hipid A MPLY TN ~ IS told

Datis obtained torm Reterence 30

Maxumum nonpyrogenic dose was the mavimam Dpid \dese o e tharditnes
CAUSE N INCTeSe 11 lemperatuse of 106 0 or preater moans of thoee tabbits coer
a 3-h period

MP Iipid A s amonephosphony Uhprd A trachion derived Trom Saeenne D
RS9S Tipid A

presence of 1PS or liptd AL either as a contaninant or as an annigen i the
vaccine. As mentioned carlier. MPU s ess pyrogemie than nadive bpad A
when tested 1n arabbit pyrogeniaty model Inexpenments designed to explore
the roles of physical environment and chemical structure on pyrogeniciy .
MPL was approximately 40-told less pyrogenie than the native hipid A trom
which the MPE was dernved imaamum nonpyrogeme dose ot 00 32 compared
with 0.00% e ko (Table T Liposomes turther reduced the pyrogenicity by
at feast 25-told (Table 1. thus causing liposomal MPL to be 1000 fold fess
pyrogenic than tree natne id A Vacane grade Iiposamal MPL prepared
tor human use according to Good Manutacturing Practices (GMP1 as pro
mulgated by the US. Food and Drug Admimistration, was X-told less pyro
gemic et tmavmum nonpyrogeme dose of 66 g ot liposomal MPL per
Kilogram) ** Inclusion ot alumimum hvdroade talumy as a nonhiposomal wd
puvant reduced the pyrogenicity of GMP iposomal MPL stil turther cap
provmatels entold more).” Tt e theretore. estimated that GMP Tiposomal
MPL adsorbed o alum may be approxvimately SO000-told Tess pyrogenie than
native lipid A alone

Despite the virtual chinination ot pyrogenicity. iposomal MPL sl serves
as an extremely potent adjuvant for inducing humoral immunity against h
posomal protein antigens both ain amimals™ tFigure 2 and humans © The
previoushy expressed concern that ipid A i hiposomes would serve as an
adiuvant only at pyrogenic coneentrattons, and that ipid A would. thus, be
unaceeptable for use in humans.’ has, therefore, been proved to be un
tounded  The strong adjusant etfects of nonpyrogemic formuliations ot Lipo
somal ipid A are also consistent with the observations mentioned carher that
adjpuvant eftects of certam synthetic hpid A analogs can be dissociated trom
pyrogenie cettects
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FIGURE 3. Immunc response of individual monkeys to liposomes containing a recombinant
antigen containing epitopes from the circumsporozoite protein of Plasmodium fulciparum. The
liposomes contained either native lipid A (0.5 or 44 pg/kg, as indicated) or monophosphoryl
lipid A (4 pg/kg) as an adjuvant. The liposomes were udsorbed with alum where indicated. The
FSV-! formulation (Falciparum Sporozoite Vaccine-1) consisted of the antigen alone adsorbed
to alum, and this was the same vaccine that was previously tested in a human clinical trial.
(From Reference 40.)

B. ENHANCEMENT OF IMMUNOGENICITY

In the context of vaccine usage an adjuvant is defined as a substance that
enhances the specific immune responsc against an antigen. Research on the
effector mechanisms of various adjuvants has revealed that different adjuvants
may work at different stages or locations in the immune response. A rational
strategy in formulating a vaccine would, therefore, be to enlist combinations
of substances that could cxert adjuvant effects at more than one point. This
would allow additive effects to occur, and it might permit the usage of smaller
amounts of each adjuvant component, thus promoting increased safety.
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Because of the central role played by macrophages in adjuvant mecha
nisms of LPS and lipid A, a logical approach would be to promote increased
delivery of LPS or lipid A to macrophages. One of the most effective methods
currently being employed to deliver therapeutic substances to macrophages
is to use liposomes as carriers. %

1. Use of Liposomes

Liposomes have been highly successful as carriers of antigens and ad-
juvants.*” The theoretical basis for interactions of liposomes with the immunc
system and for enhancement of immune responses against liposomal protein
antigens has been extensively reviewed elsewhere.*” Liposomes provide a
means to reconstitute hydrophobic antigens, or to encapsulate soluble antigens
or peptides. They also provide a solid surface for the chemical attachment of
antigens.

Intravenously injected liposomes are rapidly removed from the blood and
are avidly ingested by macrophages in the liver and spleen where they undergo
gradual degradation. The fate of intramuscularly or subcutaneously injected
liposomes is dependent to a great extent on the scavenging characteristics of
local tissue macrophages or macrophages recruited to the site in response to
an inflaimmatory or adjuvant stimulus. For example, liposomal antigen (ad-
cnovirus hexon) that was injected intramuscularly was slowly released from
the injection site with a half-life for clearance of 30 to 44 h.** It is, therefore,
cvident that a transient sustained release or depot effect contributes to the
mechanism by which intramuscularly injected liposomal antigen interacts with
thc immune system. The depot effect of liposomes probably does not sub-
stantially enhance the adjuvant effect of lipid A compared with that observed
with lipid A alone since it has been reported that subcutaneously injected
lipid A alone has a half-life at the injection site of more than 15 d.%

As noted earlier, liposomes also attenuate the toxic effects of lipid A,
but the adjuvant effect of lipid A is retained even in the absence of pyrogenicity
or other types of reactogenicity. It is, therefore, possible that the blocking of
the toxicity of lipid A by liposomes is partly due to retardation of release of
lipid A into the environment and also due to degradation of liposomal lipid
A along with the liposomes in macrophages.

2. Adjuvant Effects of Liposomes Containing Lipid A

Early studies demonstrated that lipid A enhanced the murine immune
responses against liposomal haptens consisting of lipid derivatives of either
2,4-dinitropheny! or fluorescein groups.”-* It was soon suggested that lipo-
somes containing lipid A (or liposomes containing LPS) could stimulate im-
mune responses against liposomal proteins,®*! or even against lipid A as an
antigen.” Lipid A proved to be such a potent adjuvant that antibodies were
even induced against both the liposomes themselves and liposomal phospho-
lipid constituents.*?:%* '

AR et
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Liposomes containing lipid A have been used as adjuvants for enhancing
immune responses to cholera toxin:”**% herpes simplex antigens, including
glycoprotein-enriched antigens®” and a peptide-palmitic acid conjugate:® Ep-
stein-Barr virus membrane antigens:™ Plasmodium falciparum sporozoite an-
tigens, including a peptide-protein conjugate.® and a recombinant protein;™
an unconjugated 25-amino acid peptide from the active site of acetylcholin-
esterase:™ and tumor-associated glycophingolipids.®!

Onc of the difficulties that is often encountered in adjuvant research lies
in evaluating the relative efficacy of an adjuvant in comparison to other
adjuvants. There are no standardized techniques aailable for this purpose
because of the existence of multiple adjuvant mechanisms and immunological
techniques. Different chemical and physical structures of adjuvants often
preclude standardization of all the different possible variables. Comparative
evaluation of adjuvants such as lipid A, analogs of lipid A, LPS, and muramyl
dipeptide can be a heroic undertaking.® However, some of these difficulties
can be overcome with liposomes. Many variables can be simultancously
controlled by utilizing liposomes containing both the antigen and the adjuvant.
In one study, direct comparison of the adjuvant effects of liposomal lipid A
with liposomal lipophilic MDP derivatives demonstrated that, under the con-
ditions employed. lipid A had stronger adjuvant effects than lipophilic MDP
(Figure 4).%

3. Liposomal Vaccine

The first injectable liposomal vaccine was administered to human vol-
unteers in a Phase I trial in October 1989.4° The liposomes contained a
recombinant protein antigen having repeat sequence epitopes from the cir-
cumsporozoite protein of P. falciparum. MPL was included in the liposomes
as an adjuvant, and the liposomes containing antigen and MPL were also
adsorbed to aluminum hydroxide to prolong the depot effect and provide
further adjuvant activity. At the highest dose tested, 2.2 mg of liposomal
MPL was administercd with each intramuscular injection of vaccine (at O,
12, and 20 weeks). Despite the extremely high doses of liposomal MPL
(approximately 12-fold greater than the maximum safe dose of intravenous
free MPL in humans).* the liposomal MPL exhibited virtually no acute toxic
effects. The results from this phase 1 human trial have demonstrated that
extremely high levels of specific IgG antibodies against the appropriate an-
tigenic cpitopes have been achicved.

The success of the human liposomal vaccine in providing exceptionally
high levels of serum_antibodies validates the concept that lipid A can be
combined with other types of carriers and adjuvants to provide additive ad-
juvant activities. The high doses of MPL employed also demonstrate that
potent adjuvant effects can be achieved in the absence of toxicity. Because
of the success of this initial vaccine for including enhanced immunity, ad-



Volume 1 Immunopharmacology and Pathophyvsiology 439
0000 [ LIPOSOMAL ADJUVANT: o s g
9000 |- | b
CFA
8000 |- {NO LIPOSOMES}
\. D
<" 7000 |- \
P LPID A, '
> 6000
(2]
£ sooo} NO LIPOSOMES
= OR ADJUVANT
< 4000} {CT ALONE)
= /
3000+
2000 F B30-MOP
v N
NO ADJUVANT
1000 IN LIPOSOMES
{CONTROL)
0 - 4 L L j 1 1
0 ! 2 3 4 5 6 7 8 9 10

WEEKS AFTER PRIMARY IMMUNIZATION

FIGURE 4. Immune response against cholera toxin (CT) alone, CT associated with complere
Freund's adjuvant (CFA), liposomes, or liposomes containing lipid adjuvant. Each line is the
mwean of two rabbits immunized cither with 3 ug CT alone (i.v. injection), or with 5 pg CT
cither emulsified with CFA (s.c. injection), attached to the surface of liposomes with no adjuvant,
or attached to the surface of liposomes containing either lipid A or one of two forms of lipophilic
MDP, CH{(CH,),,CO-MDP (stearoyl-MDP, or L18-MDP) or {CH(CH}),,],CHCO-MD? (B30-
MDP) (i.v. injection). The maximum measurable level of radioimmunoassay (RIA) units in the
assay was 107, Therefore, for those data points for CFA and lipid A in which this latter value
is illustrated, the actual values achieved were probably higher. (From Reference §5.).

ditional candidate human liposomal vaccines employing other antigens and
MPL have been proposed, and several are now in advanced stages of devel-
opment for initial clinical trials.
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